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Abstract

The reinforcement of polymers using fillers, whether inorganic or organic, is common in
modern plastics. Polymer nanocomposites or, with a more inclusive term, polymer
nanostructured materials, represent a radical alternative to these traditional filled polymer
compositions. In contrast to ordinary polymer systems where reinforcement is on the order of
microns, polymer nanocomposites are exemplified by discrete constituents on the order of a
few nanometers. In the past decade polymer/clay nanocomposites have emerged as a new
class of materials and attracted considerable interest in research and development worldwide
after initial reports from the Toyota group on Nylon 6 / clay nanocomposites. Enormous
amount of work has been done on preparation and characterization of polymer/organoclay
nanocomposites because by this approach it is possible to impart much improved mechanical,
thermal, electrical properties with respect to their macro and micro counterparts.

There are now many well-developed techniques that are used to produce conventional
polymer blends and composites, and various products have been widely commercialized.
There are also numerous papers, patents, books, and handbooks that introduce and discuss the
development and application of various polymeric blends and composites. Over the past two
decades, however, biodegradable/compatible polymers and polymers from renewable
resources (PFRR) have been attracting increasing attention, primarily for two major reasons:
environmental concerns, and the realization that our petroleum resources are finite. A third
reason for the growing interest in polymers from renewable resources relates to adding value

to agricultural products, which is economically important for many countries.

The present thesis is organized and presented in seven chapters. A brief overview of polymer
nanocomposites, of the different fillers used for the preparation polymer composites, and of
the different matrices used for polymer nanocomposites are discussed in the first chapter. The
scope and objectives of the thesis are described in the second chapter. In the third chapter,
various characterization techniques used in this work such as wide angle X-ray diffraction
(WAXD), small angle X-ray scattering (SAXS), optical microscopy, scanning electron
microscopy (SEM), transmission electron microscopy (TEM), Infrared spectroscopy (IR),
differential scanning calorimetry (DSC), polarized light optical microscopy (PLOM),

thermogravimetric analysis (TGA), etc. are described. The fourth chapter describes poly(e-

xiii



caprolactone) (PCL) based nanocomposites. For this, PCL was reinforced with different
kinds of nanofillers such as clay nanoparticles and different types of electrospun nanofibers.
The effect of those nanofillers on PCL matrix structure, morphology, tensile mechanical
properties and degradation behavior was analyzed. The fifth chapter deals with poly(lactic
acid) (PLA) based composites, in which PLA was reinforced with clay nanoparticles,
electrospun nanofibers and also natural fibers. We tried to study the morphology, properties,

and degradation behavior of these materials, etc.

In the sixth chapter, the efficiency of particles filled electrospun nanofibers as reinforcement
for poly(butylene succinate-co-adipate) (PBSA) was studied. Thus, the effect of those fibers
on PBSA structure, morphology, and physical mechanical properties was elaborated. It was
observed that by using this kind of nanofillers, it is possible to control the structural
morphology of pristine polymer matrices and thus their mechanical properties and

degradation behavior. Finally, in the seventh chapter, the general conclusions are given.

Xiv



Abstract (Italian)

Il rinforzo dei polimeri con cariche, sia organiche che inorganiche, € una comune strategia
nella moderna industria delle materie plastiche. I nanocompositi polimerici, o secondo una
definizione piu ampia i materiali polimerici nanostrutturati, rappresentano una radicale
alternativa alle tradizionali formulazioni dei compositi polimerici. Al contrario dei sistemi
ordinari, in cui la carica ¢ dell’ordine di grandezza dei micron, i nanocompositi polimerici
contengono costituenti discreti di dimensioni nanometriche. A partire dal lavoro del gruppo
della Toyota, nello scorso decennio, i nanocompositi polimerici con argilla sono emersi come
una nuova classe di materiali che ha attratto I’interesse del mondo della ricerca e sviluppo sia
accademico che industriale. Da allora ¢ stata svolta un’enorme mole di lavoro riguardo la
preparazione e la caratterizzazione di questo tipo di nanocompositi perché grazie a questo
approccio é possibile impartire proprieta meccaniche, termiche ed elettriche molto migliori

rispetto ai pitl comuni micro e macrocompositi.

Oggi esistono molte tecniche sviluppate e mature per produrre compositi e blend polimerici
convenzionali e sono stati posti in commercio moltissimi prodotti. Inoltre & disponibile
un’ampia letteratura scientifica che introduce e discute gli sviluppi e le applicazioni di questi
materiali. Negli ultimi due decenni, tuttavia, ¢ cresciuto I’interesse per polimeri
biodegradabili/biocompatibili e per polimeri da fonti rinnovabili, principalmente per due
motivi: attenzione all’ambiente ¢ la constatazione che le riserve di petrolio siano finite. Una
terza ragione di interesse per i polimeri da fonti rinnovabili consiste nel valore aggiunto che
tali materiali possono dare ai prodotti agricoli, un aspetto di grande interesse economico per

molti paesi.

Il presente lavoro di tesi &€ organizzato e presentato in sette capitoli. I nanocompositi
polimerici saranno brevemente introdotti, assieme ai diversi additivi ed alle diverse matrici
impiegate nei nanocompositi polimerici. Lo scopo e gli obiettivi della tesi sono descritti nel
secondo capitolo. Nel terzo capitolo sono descritti i metodi usati per la caratterizzazione dei
materiali, come la diffrazione dei raggi X ad alto angolo, la diffusione dei raggi X a basso
angolo, la microscopia ottica, la microscopia elettronica a scansione, la microscopia
elettronica in trasmissione, la spettroscopia infrarossa, la calorimetria differenziale a

scansione, la microscopia ottica in luce polarizzata e la termogravimetria. Il quarto capitolo

XV



descrive i nanocompositi basati sul poli(e-caprolattone) (PCL). Il PCL e stato rinforzato con
diversi tipi di nanofiller come nanoparticelle di argilla e diversi tipi di nanofibre da
elettrospinning. E stato analizzato I’effetto di questi nanofiller sulla struttura, sulla
morfologia, sulle proprieta meccaniche e sul comportamento di degradazione del PCL. Il
quinto capitolo presenta i risultati riguardanti i compositi dell’acido polilattico (PLA), nei
quali il PLA e stato rinforzato con nanoparticelle di argilla, nanofibre da elettrospinning ed
anche con fibre naturali. Anche in questo caso, abbiamo studiato approfonditamente struttura,
morfologia e proprieta di questi materiali.

Nel sesto capitolo, ¢ stata studiata 1’efficienza di nanofibre da elettrospinning caricate da
particelle inorganiche come rinforzo per una matrice di poli(butilen succinato-co-adipato)
(PBSA). E stato quindi investigato I’effetto di queste fibre sulla struttura, sulla morfologia e
sulle proprieta del PBSA. Si é osservato che usando questo tipo di nanofiller & possibile
controllare la morfologia e la struttura delle matrici polimeriche e quindi le loro proprieta
meccaniche ed il loro comportamento di degradazione.

Il settimo capitolo, infine, presentera le conclusioni generali.
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CHAPTER 1

INTRODUCTION




1. Introduction

In our modern civilization, materials are key components. The development of mankind
passed through several important epochs, like Stone Age, Bronze Age, and Iron Age and later
on Steel Age (the industrial revolution). Post to World War 11, the developments in industrial
chemistry brought to the market many synthetic polymeric materials very close to the modern
civilization, thus now we are living in Polymer Age. Polymer Science deals with the
polymers, polymer blends, polymer composites, filled polymers, investigation methods and

the study on control of the properties of these materials.[1]

In recent decades, especially composite materials based on polymeric materials have been an
area of interest in both academics and industry as well. ‘Composite’ is a blend of two or more
components, one of which is made up of stiff and strong material (filler), and the other one is
a ‘binder’ or ‘matrix’ (polymer) which holds the filler in place. When the different
components (filler and matrix) are mixed together, the resulting composite material will
retain the individual (both filler and matrix) identities and both directly influence the

composites final properties.[2]

Natural fibers have been playing a major role in the field of composite materials. The term
natural fiber covers a broad range of vegetable, animal and mineral fibers. However, in the
composite industry, it usually refers to wood fibers and agro-based bast, leaf, seed, and stem
fibers. When these fibers are used in plastic composites, they can provide significant

reinforcement to the new material.

Though, natural fibers are in use since several decades, interest in them is reduced with the
development of synthetic fibers. The success of synthetic fibers in providing significant
reinforcement to the polymer matrices with better performance pushed down the use of
natural fibers in polymer composite materials.[1] Some of the most employed synthetic fibers
are glass fiber, aramid, poly ethylene, graphite, boron, silicon carbide, silicon nitride, silica,

alumina silica, etc.[2]

As the 21 century unfolds, the development in science and technology allowed researchers
to better understand structure-property relationship in polymeric composite materials. Some
important features of nanoscale materials, and the development in nano science &

technology, allow researchers to use them in polymeric composite materials, which afford



unique opportunities to create novel materials with unique and useful properties. Normally,
the term nano encompasses the 1-100 nm range. These novel materials promise new
applications by exploiting the unique synergisms between constituents that only occur when
the length scale of the morphology and the critical length associated with the fundamental
physics of a given property coincide. We can consider nanoscience and nanotechnology as a
revolutionary science in the multidisciplinary area combining chemistry, physics, material

science, electronics and bio sciences.[3]

Polymer nanocomposites (PNC) are a novel class of composites that are particle-filled
polymers in which; at least, one dimension of the dispersed particles is in the nanometer
range. Polymer nanocomposites have been an area of intense industrial and academic
research for the past twenty years. PNCs represent an alternative to conventional filled
polymers or polymer blends— a staple of the modern plastics industry. In contrast to
conventional composites, where the reinforcement is of the order of microns, PNCs are

exemplified by discrete constituents of the order of a few nanometers.

Okada et.al [4] from Toyota research group was the first who prepared commercial polymer
nanocomposites by solution polymerization of Caprolactam in the clay galleries. Later on,
this product was marketed by UBE Industries and Bayer. Currently, these nylon 6-based
nanocomposites are used to make belts for Toyota car engines and also for the production of

packaging film.[3]

Depending on how many dimensions of the particles are in nanometer range, nanoparticles
are mainly categorized into three types. First, when all the dimensions are in the order of
nanometers, they are called isodimensional nanoparticles, such as spherical silica
nanoparticles [5,6] and some nanoclusters,[7] etc. The second type, when two dimensions of
the particles are in the nanometer range and the third one is larger, which usually form an
elongated structure, is called nanotubes or nanowhiskers, for example carbon nanotubes,[8]
and cellulose nanowhisker.[9,10] The third type of nanoparticles is characterized by only one
dimension in the order of nano range. In this case the particles are present in the form of
sheets one to a few nanometer thick to hundreds to thousands nanometer long, for example

layered silicates (LS).



In the past two decades, a very wide range of research has been carried out to study the
preparation of PNCs, their structure-property relationship, characterization of PNCs, and their
end-use applications. Scientists discussed the PNCs by considering the various potential
nanofillers such as carbon nanotubes (CNTSs), Silica (Si), Talc, nano biofillers, and layered
silicates (LS). In this chapter, we try to give a brief introduction of some filler and few

examples of their reinforcement in various polymers.[3]

1.1 Fillers from Bio sources

The unstable price of petrochemicals, and very finite deposits of other mineral sources,
increases the demand for sustainable fillers in polymer industry to develop strong, light and
bio friendly materials. Natural fibers possess high strength and stiffness but are difficult to
use in load-bearing applications by themselves because of their fibrous structure. In fiber-
reinforced composites, the fibers serve as reinforcement by giving strength and stiffness to
the structure while the plastic matrix serves as the adhesive to hold the fibers in place so that
suitable structural components can be made. A broad classification (nonwood and wood
fibers) of natural fibers is represented schematically in Figure 1.1, whereas Figure 1.2

displays images of several natural fibers with reinforcement potential.

Reinforcing natural/biofibers

| Nonwood natural/biofibers | | Wood fibers |
Straw . = —
fibers | Bast | | Leaf | | Seed/fruit
Examples: Examples: Grass .
!(cnaf, flax, Cotton, coir fibers Examples:
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hard woods
: ‘ Recycled
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. Henequen, sisal Loutiipies: . wood fibers
Rice/wheat/ enequen, ; Bamboo fiber, switch Examples:
corn straws pineapple leaf fiber grass, eleph: as ;
E S L , elephant grass Newspaper/
magazine
fibers

Fig.1.1. Schematic representation of reinforcing natural/biofibers classification [11]



Fig.1.2. Digital photographs of some natural fibers and sources of natural fibers [11]

Nanoscale biofillers also can be synthesized from naturally occurring fibers, such as, hemp,
flax, wheat, wood fibers, and starch, and so on. Possibility of chemical treatment and
modifications to these fibers allows obtaining nanoscale fibers (6-60 nm). These nanofibers
are used in different polymer systems to enhance the properties.[12-16]

1.2A. Layered Silicates (LS)

Layered silicates are probably the first kind of filler which was used for the preparation of
polymer-based nanocomposites. The most commonly used LS in nanocomposites belong to
the structural family known as the 2:1 phyllosilicates. They are important in many areas, like
automobile industry, constructions, ceramics, paper industry, cosmetic industry, bio
materials, and electronic field, etc. They include natural and synthetic clays such as mica,
bentonite, magadite, laponite, fluorohectorite and so on. Their crystal lattice consists of two-
dimensional layers where a central octahedral sheet of alumina or magnesia is fused to two
external silica tetrahedra by the tip so that the oxygen ions of the octahedral sheet also belong
to the tetrahedral sheets. The layer thickness is around 1 nm and the lateral dimensions of



these layers may vary from 300 A to several microns and even larger depending on the
particular silicate. These layers organize themselves to form stacks with a regular van der
Waals gap in between them called the interlayer or the gallery space. Isomorphic substitution
within the layers (for example, AI** replaced by Mg** or by Fe®* or Mg?* replaced by Li*.)
generates negative charges that are counterbalanced by alkali or alkaline earth cations
situated in the interlayer. As the forces that hold the stacks together are relatively weak, the
intercalation of small molecules between the layers becomes easier.[17] The structure of
phyllosilicates is shown in Figure 1.3.
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Fig.1.3. Structure of 2:1 phyllosilicates

Layered silicates are hydrophilic in nature, so when they are mixed with a polymer, obtaining
very well dispersed structures is difficult. Thus, LS has to be modified into organophilic by
exchanging the cations of the interlayer with organic cationic surfactants such as
alkylammonium or alkylphosphonium salts. The maximum extent to which these cations can
be exchanged is called Cation Exchange Capacity (CEC), and is generally expressed in
mequiv/100 g. Montmorillonite, Hectorite, and Saponite are the most commonly used layered
silicates. In some studies, for reducing the hydrophilicity of the clays, the hydroxyl groups at

the edges of the platelets are reacted with silane coupling agents.



Nowadays, several pristine and organoclays are available commercially. Commercial
organoclays include Cloisite 10A, 15A, 20A and 30B produced from Southern Clay Products
(U.S.A)),[18] Bentone 107, 108, 109 and 2010 from Elementis Specialties Company,[19]
Nanomer 1.30P, 1.31PS, 1.44P, 1.44PS, 1.44PT and 1.28E from Nanocor, Inc. (U.S.A.),[20]
Nanofil 2, 5, 9, SE 3000 and SE 3010 from Sud-Chemie (Germany)[21] as well as Dellite
72T from Laviosa Chimica Mineraria (Italy). Synthetic fluoromica clays (Somasif ME100)
are supplied to Asian customers by Co-op Chemicals, Japan. Most of these commercially
available organoclays are modified with ammonium cations and few of them are with silane

modification.

Amongst all the potential nanocomposite precursors, those based on clay and layered silicates
have been more widely investigated probably because the starting clay materials are easily
available and their intercalation chemistry has been studied for a long time.[17,22] The
important characteristics pertinent to application of clay minerals in polymer nanocomposites
are their rich intercalation chemistry, high strength and stiffness and higher aspect ratio of
individual platelets, abundance in nature and low cost. Their unique layered structure and
high intercalation capabilities allow them to be chemically modified to be compatible with
polymers, which make them particularly attractive in the development of clay-based polymer

nanocomposites.

Therefore, very low loading of clays is required to achieve equivalent properties compared to
the conventional composites. Finally, and importantly, they are ubiquitous in nature and,
therefore, inexpensive. Owing to the nanometer-size particles obtained by dispersion, these
nanocomposites exhibit markedly improved mechanical, thermal, optical and physico-
chemical properties when compared with the pure polymer or conventional (microscale)
composites. There are several reviews and books published highlighting the major
developments in this area of polymer/clay nanocomposites and which discuss various
preparation techniques, the characterization and the properties that those materials can

display; in addition to their potential and commercial applications.[23-38]



1.2B. Layered Double Hydroxides (LDHs)

Layered double hydroxides (LDHSs), known as anionic clays, consist of a stacking of positive
hydroxylated layers [M1** M,* (OH) 5] ** separated by interlayer anionic species and water
molecules [Axq™.nH20], where M?* is a divalent metal ion (such as Mg**, Zn*"), M** is a
trivalent metal ion (such as AI**, Cr®"), and A is an anion with valency q (such as COs%, CI,
NOj3 ).[39] Because of their highly tunable properties and unique anion exchange properties,
LDHs are considered as a new emerging class of layered materials for the preparation of
polymeric nanocomposites.[39,40] These clays are used in many different fields such as poly
vinyl chloride (PVC) stabilizers, medical applications, electrodes, anion exchangers, catalysts

and catalyst precursors.

Fig.1.4. Idealized structure of an LDH, with interlayer carbonate anions [41]

Perkalite is organically modified synthetic clay based on magnesium-aluminum layered
double hydroxide modified with hydrogenated fatty acid, also referred as hydrotalcite.
Recently perkalite attained more interest in polymer-clay nanocomposites, because upon
compounding with polymers, perkalite can be delaminated to nanoscale level, resulting in
improved polymer properties such as thermo-mechanical, flame retardant, barrier and

rheological properties.[42,43]



Nanocomposites preparation methods

Several strategies have been used for the preparation of polymer-layered silicate
nanocomposites. They are explained briefly in the following paragraphs.

Solution mixing

When the polymer solution is mixed with a dispersion of clay, the polymer chains intercalate
and displace the solvent within the interlayer of the silicate. Upon solvent removal, the
intercalated structure remains, resulting in the formation of nanocomposites. The requirement
of large quantities of solvents and the non-availability of many compatible polymer-clay
solvent systems limits the use of this method.

In-situ intercalative polymerization

In this method, the layered silicates are swollen within the liquid monomer or a monomer
solution so that the polymer formation can occur in between the intercalated sheets.
Polymerization can be initiated either by heat, radiation, by the diffusion of a suitable initiator
or by an organic initiator/catalyst fixed via cation exchange inside the interlayer before the

swelling step.

Melt intercalation

The melt intercalation method has become the standard technique for the preparation of
polymer layered silicates (PLS) - nanocomposites. This method involves annealing, statically
or under shear, a mixture of polymer and organoclay above the softening point of the
polymer. This method has great advantages over either in-situ intercalative polymerization or
polymer solution intercalation. First, this method is environmentally benign due to the
absence of organic solvents. Second, it is compatible with current industrial process such as

extrusion and injection molding.

The enhancement of the mechanical properties depends on the interaction of the polymer
chains on the clay platelet surface. This is mainly affected by the amount of clay loading and

the extent of dispersion so as to allow maximum platelet surface available to interact.
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Therefore, the key issue in the design of polymer—clay nanocomposites is to monitor the
dispersion of clay platelets on a nanometer scale in a polymer matrix. Accordingly, it is
necessary to understand the interaction between the clay surface and the intercalants to
prepare the desired morphology of (exfoliated) clay—polymer nanocomposites. In other
words, understanding the structure of organoclays and the interaction of surfactant—clay is of

crucial importance to the design, fabrication and characterization of nanocomposites.

Nanocomposites can be classified in to three types depending on the structure and
arrangement of the clay in the polymer matrix. They are (a) intercalated nanocomposites, in
which the polymer chains are inserted in the interlayer gallery and the interlayer distance
increases, resulting in a well ordered multi-layer morphology built up with alternating
polymeric and inorganic layers (b) flocculated nanocomposites which are similar to
intercalated nanocomposites wherein the clay platelet sizes have been increased by
flocculation due to hydroxylated edge-edge interaction and (c) exfoliated or delaminated
nanocomposites, where the individual clay layers are separated and uniformly distributed in a

continuous polymer matrix.
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Fig.1.5. Structure of clay in nanocomposites with corresponding wide angle X-ray scattering (WAXS)

and transmission electron microscopy (TEM) results [28]

Although the intercalation chemistry of polymers when mixed with appropriately modified
layered silicates has long been known,[17,20] the field of polymer/clay nanocomposites has
gained momentum only recently. Two major findings have stimulated the revival of interest
in these materials: first the report from the Toyota research group of a nylon-6 (PA-
6)/montmorillonite nanocomposite,[21] which showed pronounced improvements in thermal
and mechanical properties; and second the observation by Vaia et.al that it is possible prepare

nanocomposite by melt mixing the polymers with layered silicates.[44]

Applications and commercial developments of PNCs

Many applications of polymer nanocomposites based on clays have emerged owing to their
markedly improved performance in mechanical, thermal, barrier, optical, electrical, and other
physical and chemical properties. An increasing number of commercial products have

11



become available. Current and potential commercial applications of nanocomposites have
been described in the literature.[45,46] Some of the commercial products available in the
market, their characteristics and their applications are listed in the Table 1. These polymer
nanocomposites offer high performance with significant weight reduction and affordable

materials for applications in automotive and aerospace industry.

Tablel.1: List of the main applications of nanocomposite polymers [28]

Barrier films Organic clays Nylon 6

Packaging Organic clays PP

Electro conductive materials Nanotubes Nylon 12, PETG, PBT, PPS, PC,
PP

Colored parts in the automotive Nanotubes PPO/nylon

sector

Bottles and films Organic clays Nylon 6

Cables and wires Organic clays EVA

Various uses Organic clays Nylon 6

Injection Organic clays PP

Beer bottles Organic clays Nylon MDX6

Transport, the sea sector Organic clays Unsaturated polyester

Various uses, electroconductive Organic clays Nylon 6, PP

materials

Flame-retardant materials Clay, mica Nylon 6

Various uses Clay, mica POM

Various uses Organic clays Nylon 6, 12

Fuel systems for cars Organic clays Nyon 6, 66

Various uses Organic clays Nylon 6

1.3. Electrospun Nanofibers

Exploitation of electrostatic forces for spinning fibers is not a new approach, since it has been
known for more than one hundred years. The recent interest in nanotechnology has brought to
a rediscovery of the electrospinning technique, due to its capability of yielding fibers in the
submicron range to nano range.[47,48] Mainly because of this reason, electrospun nanofibers

attracted a huge interest in research community, as testified by the ever increasing scientific
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literature on the subject. Most of these reports are focused on the use of nanofibers in fields
such as nanocatalysis, tissue scaffolds, protective clothing, filtration, and optical electronics.
It is very surprising, though, that very few works exist on the use of such fibers as fillers in

polymer-based composites.

Metal collector

Polymer solution

“
Non-woven nanofiber Single nanofibers —_—

membrane —
Fig.1.6. Schematic diagram to show polymer nanofibers by electrospinning [48]

AN

Electrospinning is currently the only technique that allows the fabrication of continuous
fibers with diameters down to a few nanometers. The method can be applied to synthetic and
natural polymers, polymer alloys, and polymers loaded with chromophores, nanoparticles, or
active agents, as well as to metals and ceramics. Fibers with complex architectures, such as
core-shell fibers or hollow fibers, can be produced by special electrospinning methods. It is
also possible to produce structures ranging from single fibers to ordered arrangements of
fibers. Electrospinning is not only employed in university laboratories, but is also
increasingly being applied in industry. In 1745, Bose described aerosols generated by the
application of high electric potentials to drops of fluids.[49] Electrospinning, also known as
electrostatic spinning, has its basis in early studies. Electrospinning, first introduced by
Formhals[50] and later revived by Reneker[51,52] uses high voltage (about 10-20 kV) to
electrically charge the polymer solution for producing ultra-fine fibers (diameters ranging
from a few nanometer to larger than 5 pm).[51] Figure 1.6 shows a schematic illustration of
the basic electrospinning setup, which essentially consists of a pipette or a syringe filled with
polymer solution, a high voltage source and a grounded conductive collector screen. In
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addition, a metering syringe pump can be used to control the flow rate of the polymer
solution. The needle of the syringe typically serves as an electrode to electrically charge the
polymer solution and the counter electrode is connected to the conductive collector screen.
Figurel.7 shows examples of Scanning Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM) images of Polyamide (PA) and Polylactide (PLA) respectively.

Fig.1.7. Left: SEM image of fibers of PA produced by melt electrospinning. Right: TEM image of
fibers of PLA produced by solution electrospinning [53]

The scope of possibilities presented by electrospinning encompasses a multitude of new and
interesting concepts. This rapid development is reflected by the increasing numbers of
scientific publications and patents. Figurel.8 shows year by year increase in number of

publications based on electrospinning.

Ultra-fine fibers of biodegradable polymers produced by electrospinning have found potential
applications in tissue engineering due to their high surface area to volume ratios and high
porosity of the fibers.[54-57] Moreover, the flexibility of seeding stem cells and human cells
on the fibers makes electrospun materials most suited for tissue engineering

applications.[58,59]
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Fig.1.8. Number of scientific publications per year (2000-2010) with the keyword “electrospinning”

(source: Web of Science)

The fibers produced can be used systematically to design the structures such that they do not
only mimic the properties of the extracellular matrix (ECM), but also possess high strength
and high toughness. Although electrospun fiber reinforced polymer composites have
significant potential for development of high strength/high toughness materials and materials
with good thermal and electrical conductivity, very few studies have investigated the use of
electrospun fibers in composites.[60-63] Traditional reinforcements in polymer matrices can
create stress concentration sites due to their irregular shapes and cracks propagate by cutting
through the fillers or travelling up, down and around the particles. However, electrospun
fibers have several advantages over traditional fillers allowing extending the nanocomposite

concept to fiber-reinforced materials.[61]

1.4. Polymer matrices

The large varieties of polymers were used for the preparation of polymer nanocomposites
using different fillers, such as, nylon, polypropylene, polyethylene, polybutene,
polyurethanes, etc. After the pioneer work by Toyota group, enormous amount of work has
been carried out on preparation of polymer based nanocomposites. Now the focus is moving
towards polymer nanocomposites which are light, possessing good mechanical properties,
and eco friendly i.e. bio compatible/degradable, for mainly two reasons: environmental

concerns and the realization that our petroleum resources are finite. In this regard, several
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research groups developed different nanocomposites based on bio compatible/degradable
polymers which are obtained from fossil sources, as well as from renewable resources.
Particularly, more attention has been paid on polymers from renewable resources because
they allow adding value to agricultural products, which is economically important for many
countries. So far, different biocompatible/degradable polymers were used such as poly
caprolactone (PCL), poly lactic acid (PLA), poly hydroxybutyrate (PHB), poly butylene
succinate (PBS), natural rubber, starch, cellulose etc. Several researchers also reported
nanocomposites based on blends of biocompatible/degradable polymers or obtained blending

these polymers with non-degradable polymers.
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2. Scope and Objectives

The reinforcement of polymers using fillers, whether inorganic or organic, is common in
modern plastics. Polymer nanocomposites or, with a more inclusive term, polymer
nanostructured materials, represent a radical alternative to these traditional filled polymer
compositions. In contrast to ordinary polymer systems where reinforcement is on the order of
microns, polymer nanocomposites are exemplified by discrete constituents on the order of a
few nanometers. The nanoparticles may be spherical, plate like nanolayers or nanowires.
Uniform dispersion of these nano sized fillers produces a very large increase of the interfacial
area between the nanoparticles and the host polymer. The immense internal interfacial area
and the nanoscopic dimensions between nanoparticles fundamentally differentiate polymer
nanostructured composites from normally filled plastics and composites.[64] This allowed
obtaining multifunctional, high-performance properties much improved with respect to those
attainable with traditionally filled polymeric materials. In the past decade polymer/clay
nanocomposites have emerged as a new class of materials and attracted considerable interest
in research and development worldwide after initial reports from the Toyota group on Nylon
6 / clay nanocomposites.[21] Enormous amount of work has been done on preparation and
characterization of polymer/organoclay nanocomposites because by this approach it is
possible to impart much improved mechanical, thermal, electrical properties with respect to
their macro and micro counterparts.[27,28,44,46,65-67] There is a large potential associated
to the preparation and analysis of nanocomposites filled with a wide spectrum of
nanoparticles, which are available commercially, and many others, which can be prepared
easily in the laboratory. However there are limitations in the use of these organoclay-based
nanocomposites, especially because of the difficulties in homogeneously dispersing the filler

in the matrix, and therefore in efficiently increasing the interfacial area.

The analysis of structure and morphology of the dispersed nanoparticles, polymer phase and
the interface of the nanocomposites plays a major role in understanding the properties of
these materials. These can be studied by using various techniques such as wide angle X-ray
diffraction (WAXD), small angle X-ray scattering (SAXS), optical microscopy, scanning
electron microscopy (SEM), transmission electron microscopy (TEM), differential scanning
calorimetry (DSC), polarized light optical microscopy (PLOM), thermogravimetric analysis

(TGA), etc. A thorough characterization of the structure and morphology of these materials is
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key for optimizing their formulation and for exploiting the properties of the nanofillers to
their fullest extent. The structure and morphology of the nanocomposites obtained can be
assessed by WAXD by which one can understand the intercalation of the polymer in the
interlayer gallery if any and the semicrystalline structure of the polymer phase. SAXS allows
exploring smaller angles than WAXD, so larger periodicities, typical of intercalated systems,
Marigo et.al for example proposed a SAXS approach for a quantitative and very detailed
description of the dispersion of the filler in polymer matrices.[68] SEM study can give the
morphology of the tactoids formed and the topology of the surface of the polymer. TEM
studies can help in understanding the dispersion of the nanoparticles in the polymer matrix;
DSC analysis helps in understanding the crystallization Kinetics of the nanocomposites,
melting behavior etc. TGA allows studying the thermal degradation of prepared

compositions.

This project is focused on preparing high-performance nanocomposites using bio degradable
polymers such as PCL, PLA and PBSA reinforced with different kinds of nano fillers like
organo clays and electrospun nano fibers. A fundamental part of this work deals with the
characterization of all prepared composites in order to study the effect of the used nano fillers
on their polymer matrix. We studied the effect of nanofillers on structure, morphology,
thermal behavior, physical-mechanical properties and degradation behavior of polymer
matrices. These polymers are now not economically viable because their low physical
mechanical properties do not balance their higher cost. Therefore, objective of this study is to
develop biodegradable polymer nanocomposites reinforced with economically cheap nano

fillers to enhance their properties.
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3. Characterization Techniques

3.1. Wide angle X-ray diffraction (WAXD)

WAXD transmission patterns were recorded by a diffractometer GD 2000 (Ital Structures),
working in Seeman-Bohlin geometry and with a quartz crystal monochromator on the
primary beam (CuK,; radiation). When the basal spacings of clay were of interest, WAXD
patterns were recorded by a Philips X’Pert PRO diffractometer, working in the reflection
geometry and equipped with a graphite monochromator on the diffracted beam (CuK,
radiation). The application of the least-squares fit procedure elaborated by Hindeleh and
Johnson [69] gave the degree of crystallinity by weight which was then transformed in degree

of crystallinity by volume (®waxp).[70]
3.2. Small angle X-ray scattering (SAXS)

The SAXS patterns of the samples were recorded by a MBraun system, using a CuKa
radiation from a Philips PW 1830 X-ray generator. The data were collected by a position
sensitive detector and were successively corrected for blank scattering, desmeared and

Lorentz-corrected.

Finally, the Lorentz correction was applied: I;(s) = 4ns*I(s), where 1;(s) is the one-
dimensional scattering function and I(s) the desmeared intensity function, being

s =(2/A)sin6.[68,71-73]
SAXS Data Analysis

A fitting method of SAXS patterns was developed on the basis of a theoretical model
referring to the Hosemann model [74] that assumes the presence of lamellar stacks having an
infinite side dimension. This assumption takes into account a monodimensional electron

density change along the normal direction to the lamellae.
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The intensity profile was evaluated as:

Where:

1s)=1'(s) +1"(s (1)

(2)
(pc _pA)2 x |l_ FC|2(1_|FA|2)+|1_ FA|2(1_|FC|2)

1" (s) = A4725°D (1_ FCFA)2
" (s)= (pcz—sz . Re{ F0-F Fi-(F.F,)" )}
2725°DN A_F.F) 5

In these equations, Fc and Fa represent the Fourier transforms of the distribution functions of
the crystalline and of the amorphous regions, respectively, pc and pa are the electron densities
of the crystalline and amorphous regions, respectively, N is the average number of polymeric
lamellae in the stacks and D the average long period. A fitting procedure of the calculated
one dimensional scattering functions with the experimental ones allows to optimize the
values of the crystalline (C) and amorphous (A) region thicknesses. Crystallinity (®saxs) was
evaluated as the ratio between the thickness of the crystalline regions over the long period
D=A+C. Employment of a two-phase model was justified by the fact that all the samples

shared the same transition layer thickness of 20 A, as evaluated according to Ruland.[75]

3.3. Scanning electron microscopy (SEM)

SEM pictures were obtained by an XL30 Scanning Electron Microscope (Philips). All
considered specimens were gold coated. Samples were fractured in liquid nitrogen before

they were gold coated.

3.4. Field emission scanning electron microscopy (FESEM)
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The morphology of the electrospun Nylon 6 and poly vinyl pyrrolidone (PVP) mat was
investigated by Field Emission Scanning Electron Microscopy (FE-SEM, S-4700, Hitachi

Co., Japan) at an accelerating voltage of 10 kV after sputter coating the specimens with OsO,.

3.5. Infrared spectroscopy

Infrared (IR) absorption spectra were acquired on a FTIR Nicolet 5700 spectrometer
equipped with a Germanium Attenuate Total Reflectance accessory Thermo Smart
Performer. The spectral region spanned from 4000 to 600 cm™, with a resolution of 4 cm™.
Two hundred and fifty-six acquisitions were gathered. A cross section of the materials was

sampled, in order to detect the signals of both electrospun fibers and matrix.
3.6. Transmission Electron Microscopy (TEM)

For TEM, 80 nm ultra-thin sections were prepared by an ultramicrotome (Ultracut E,
Reichert-Jung) with a 35° Diamond knife (Diatome, Switzerland) at room temperature. TEM
pictures were obtained by a TEM LEO 912 (Zeiss, Germany) at an accelerating voltage of
120 kV.

3.7. Differential scanning calorimetry (DSC)

All the measurements were carried out with a TA Instruments mod.2920 calorimeter
operating under N, atmosphere. Polymer samples weighing about 5 mg closed in aluminum
pans were used throughout the experiments. Indium of high purity was used for calibrating

the DSC temperature and enthalpy scales.
3.8. Polarized light optical microscopy (PLOM)

The crystallization behavior of the samples was studied with a Leica DM400M polarized
light microscope. The samples were placed between a glass slide and a cover slip and were
kept at 180°C for 10 min, to ensure uniform melting and to delete their thermal history. The
slide was then transferred to a Mettler FP82HT hot stage set at 100°C. The photomicrographs
were taken between cross-polarizers with a Leica DFC280 digital camera. In order to suitably
compare the behavior of different samples, photomicrographs were taken for all samples after

20 minutes of isothermal crystallization.
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3.9. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was performed with a TA Instruments SDT 2960
simultaneous TG/DSC system. The scans were recorded at a heating rate of 10°C/min in a
temperature range from 25 to 900° C. Experiments were done under nitrogen atmosphere.
The onset of the degradation (Tonset) Was calculated as the intersection between the starting

mass line and the line of maximum gradient tangent to the TG curve.
3.10. Universal testing machine (UTM)

The tensile properties of the samples were measured using an Instron Model 3345 mechanical
tester at room temperature. The strain rate was 5 mm min™. Five measurements were
performed for each sample. The stress at break (in MPa), strain at break (in %), the stress at
yield (in MPa), the strain at yield (in %), and Young’s modulus (in MPa) have been

measured.
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CHAPTER 4

PCL BASED COMPOSITES
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4. Poly (caprolactone) (PCL) based Nanocomposites

4.1 Introduction
PCL is linear semi crystalline polyester, characterized by a relative low glass transition
temperature (T4 -60°C) and produced by the ring opening polymerization of g-caprolactone,

the repeating unit of PCL is showed below.
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Even though it is a synthetic polymer, it is biocompatible and biodegradable, either through
hydrolytic or enzymatic cleavage along the macromolecular chain. Its potential uses are
currently being examined in biodegradable packaging materials,[76] in pharmaceutical
controlled release systems and other medical applications, such as suture filaments. The
attractiveness of PCL can be further improved through the enhancement of its properties by
preparation of nanocomposites. Some of such composites have been reported in the
literature[76-95] and they exhibit excellent flexibility, low density and easy processability of
polymers in conjunction with the high strength, rigidity and heat resistance of inorganic
materials. The observed enhancements are on mechanical properties, thermal stability, gas

barrier properties, electric properties, even on biodegradation rates.

Additionally, although a lot of work has been done with PCL nanocomposites with different
nanofillers, still there is a possibility to improve the performance of such material. This
chapter is discussed in three parts, first the preparation of PCL nanocomposites reinforced
with organo clay nanoparticles and the effect of organo clay on PCL matrix. In second part,
we prepared PCL composites filled with electrospun nylon fibers. Finally, in third part we
discussed the preparation of PCL composites with two different types of electrospun fibers
i.e. nylon6 and polyvinyl pyrrolidone (PVP) and mixture of these two fibers as reinforcement.
In all cases, we tried to explore the effect of the filler on structure, morphology, thermal
behavior, physical-mechanical properties and the degradation of matrix polymer i.e. PCL.
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4.2 Structure, Morphology, and Biodegradability of Poly (ge-caprolactone)-

Based Nanocomposites

Although a lot of work has been done on the synthesis, properties, and characterization of
PCL nanocomposites, little attention has been paid toward the relationship between molecular
weight, structure, morphology, and biodegradation of PCL nanocomposites. In this work,
biodegradable PCL/organically modified clay nanocomposites were prepared by a solvent
casting method using different amounts of organoclay and polymer matrices with different
average molecular weights. The structure of the nanocomposites was characterized using
WAXD and SAXS. Biodegradation studies were carried out and the influence of structure on
the degradation of nanocomposites was studied by WAXD. DSC was used to understand the
crystallization behavior of the prepared nanocomposites. Tensile properties were also
measured. Finally the degradation behavior of prepared composites was studied in compost

environment.
Experimental

Sample Preparation For the preparation of composites, three PCL matrices differing in
number average molecular weight (M), that is, 80,000, 42,500, and 10,000 g/mol, were

purchased from Sigma-Aldrich and used as received. The organoclay was Cloisite 15-A
(Southern Clay Products). Cloisite 15A is a commercial montmorillonite organomodified by
ion-exchange with dimethyl dehydrogenated tallow quaternary ammonium salt. All the
nanocomposites were prepared by a solvent casting method using different amounts of
organoclay (1, 3, and 5% by weight) and polymer matrices with different average molecular
weights. Samples were coded as PCLx-y, where x indicates the average molecular weight of
the matrix (80 for M_ = 80,000 g/mol; 42 for M_ = 42,500 g/mol; 10 for M_ = 10,000
g/mol), and y indicates the filler content. 10 grams of PCL were completely dissolved in 200
mL of tetrahydrofuran. Subsequently, the appropriate mass of clay was added, under vigorous
stirring. Mixing time was not less than 6 hr. After such time, the solvent was allowed to
evaporate by bland heating at 40°C, and a solid composite was obtained. To carry out the
subsequent analyses, the materials were compression molded into films by application of heat

and pressure in a press (Alfredo Carrea, Genova, Italy) at 90°C for 5 min, followed by
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quenching in ice and water. The samples obtained were evenly white-yellow in color, except

for those containing 5% clay, which were more brownish and much less homogeneous.

The structure of the nanocomposites was characterized using WAXD and SAXS.
Biodegradation studies were carried out and the influence of structure on the degradation of
nanocomposites was studied by WAXD. DSC was used to understand the crystallization

behavior of the prepared nanocomposites. Tensile properties were also measured.

Results and discussion

The structure and morphology of the nanocomposites were studied by WAXD and SAXS.
Figure 4.2.1(a) shows WAXD patterns, in the low angle region where clay basal peaks

appear, of the nanocomposites based on PCL with different molecular weight.
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Fig. 4.2.1. a) WAXD traces of the composites and of the neat filler in the angular region of the basal
peaks of clay. b) WAXD trace of sample PCL80-1, in the angular range of the diffraction signals of

the polymeric crystalline cell

In all the composites, the 001 basal peak shifted toward lower angles from its original
position, that is, 3.5° 20, with a correspondent increase in interlayer space of about 8 A.
Kiersnowski [87] reported that the height of two caprolactone molecules is 7.4 A. Chen and
Evans [76] assessed the height of a monolayer of PCL as 4 A. Our results are therefore
consistent with a flat arrangement of polymer chains creating bilayers of PCL absorbed onto
the silicate platelets inside the gallery [87]. For the two series of samples based on PCL with
the lowest molecular weights, the shift is more significant for low clay contents. The basal
peak is severely weakened in sample PCL42-1, meaning that most of the regularity in the
stacking of the aluminosilicatic layers is lost, and an exfoliated structure is approached.
Differently from the composites prepared with matrices of lower average molecular weight,
the composite based on PCL80 with the largest increase in clay interlayer spacing was the

one containing 5% clay.

The region of the WAXD spectra at angles wider than those of Figure 4.2.1(a) showed the
reflections due to the polymeric matrix. Figure 4.2.2(b) shows an example of the obtained
WAXD patterns in this angular range, the other samples displayed WAXD spectra super
imposable to this. The patterns of all the samples were those typical of PCL with two major
peaks at 21.3 and at 23.7° 20. Such WAXD traces were fitted, deconvoluting the contribution
of the crystalline and amorphous domains of the specimens and thus obtaining the degree of

crystallinity. The degree of crystallinity evaluated by WAXD (®waxp), Was about 44% for
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both the matrices and the composites, irrespectively of their average molecular weight. Clay
did not have a measurable effect on this feature of the structure, because the degree of

crystallinity remained constant as a function of filler content.[80,81]
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Fig. 4.2.2. SAXS patterns (dotted lines) of the considered samples. Traces calculated during the fitting

procedure (solid lines) are also shown

SAXS was used to investigate the semicrystalline framework of the material on a larger scale,
typical of lamellar stacks. The SAXS experimental traces are shown in Figure 4.2.2 and were
fitted according to a method, which was shown [73,96] to reliably determine the thicknesses
and distributions of the crystalline and amorphous layers, the long period and the

crystallinity, along with their distribution, associated to lamellar stacks.

Table 4.2.1 shows the data describing the morphology of the stacks in all the considered
samples. It can be noted that SAXS crystallinity (®saxs), that is, the crystallinity associated

to lamellar stacks, tends to increase as a function of clay content with all molecular weights

of PCL.
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In other instances, it was highlighted that the nanofillers may exert a minor role in shaping
the structure at a crystalline cell level, but it has its most significant effects on polymer
lamellae.[97-103] This is exactly what was observed in our case. The crystallinity detected by
WAXD was unaltered by addition of clay, whereas SAXS, which probes the lamellar
morphology of the matrix, evidenced a significant modification as a consequence of the

presence of the filler.

Table 4.2.1: Morphological parameters of the lamellar stacks obtained by SAXS analysis of the
samples. The thickness of the crystalline (C) and amorphous layer (A), the long period (D), and the
crystallinity (®saxs), along with their relative distributions (c/C = oa/A, op/D) are shown. Samples
PCL10-5 and PCL42-5 are not shown, since their SAXS patterns were barely detectable and were not
fittable.

Sample  C(A) A (A) D(A) D (%) oc/C oa/A 6p/D
PCL10 67 47 114 58 0.24 0.24 0.17
PCL10-1 76 51 127 59 0.25 0.25 0.18
PCL10-2 85 50 135 63 0.33 0.33 0.24
PCL42 73 53 126 58 0.27 0.27 0.19
PCL42-1 85 57 142 60 0.39 0.39 0.27
PCL42-2 85 54 139 61 0.39 0.39 0.28
PCL80 81 81 163 50 0.47 0.47 0.34
PCL80-1 84 83 167 50 0.46 0.46 0.33
PCL80-2 84 81 164 51 0.47 0.47 0.33
PCL80-5 86 77 164 53 0.46 0.46 0.32

Moreover, ®saxs is always larger than ®waxp, Which in our samples is never higher than
45%. This divergence can be explained considering the difference between the two
techniques. SAXS is only sensitive to the crystalline regions organized in lamellar stacks,
whereas WAXD allows the detection of all the regions contributing to the semicrystalline
framework, including the amorphous phase located between the lamellar stacks. Therefore,
WAXD crystallinity (®waxp) IS lower because the contribution of crystalline domains is
““diluted’” by the interstack amorphous. The difference between ®waxp and @saxs IS much
lowered using PCL80 rather than PCL42 or PCL10 as a matrix. This means that in the
samples with larger PCL chains, the quantity of interstack amorphous material is much
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lowered, and that most of the noncrystalline material is confined within the lamellar stacks. It
appears that the lamellar morphology of low molecular weight matrices is affected by the
presence of clay more than high-molecular weight matrices. This is also reflected by the
considerable increase in the thickness of the crystalline layer of the composites with respect
to the matrix, which is much larger in the case of PCL10 than for PCL80. Moreover, the
distributions of the thickness of the crystalline layer, of the thickness of the amorphous layer,
and of the long period were increased by increasing the clay content when the low molecular
weight matrices were used. However, this effect was not observed in PCL80 samples.
Finally, the fact that the lamellar stacks of lower molecular weight matrices are more
sensitive to the presence of clay is evidenced by the fact that the SAXS diffractograms of the
samples with 5% of clay are so severely weakened to be not fittable for PCL10-5 and PCL42-
5, because of the disruption of the ordered lamellar stacks. The presence of a fittable SAXS
signal for PCL80-5 is a sign that PCL80 as a matrix is more resistant to the interference of
clay. Kiersnowski et.al [87] reported contrasting results with respect to ours. They found that
the composites had thinner lamellae and a lower ®saxs with respect to the matrix polymer.
However, they studied in situ polymerized PCL composites, in which the attainment of the
structure and morphology were dictated also by the polymerization process and also by the
excellent exfoliation of the filler, which can be achieved by this technique. In our case, only
intercalation could be attained, so the mobility of the chains was different and thus the

crystallization conditions.
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Fig.4.2.3. DSC patterns for a) the first heating ramp and b) cooling ramp of the considered samples

The crystallization behavior of the samples was studied by DSC (Fig. 4.2.3). No difference in
melting temperature was noted between the matrix and the composites (Fig. 4.2.3(a)),
whereas the crystallization temperature decreased by adding clay to the polymer matrix (Fig.
4.2.3(b)). Saturation of this effect was observed, that is, further addition of clay did not
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further modify the crystallization temperature. For example, in the composites based on
PCL42, the crystallization temperature decreased from 31°C in the matrix to 26°C in the
composites. This reflects an inhibiting effect on crystallization due to clay. Analogous results
were obtained with the other molecular weights. This effect could appear to be reverse than
which has been frequently reported, that is, clay normally acts as a nucleating
agent.[76,79,93,94,104,105] Actually, it has been argued that clay has not a univocal
influence on the rate of crystallization, but the quantity and dispersion of this filler is a key in
tuning its nucleating effect, because the presence of dispersed clay can actually slow down
the crystal growth rate. Kiersnowski and Pigtowski [88] noted that too large a quantity of
filler, that is, in their case more than 10%, reduces the crystallization rate, whereas smaller
quantities increase it. Chen and Evans [76] and Pucciariello et.al [93] observed nucleation
only with exfoliated clay, whereas this effect was severely weakened or was reversed for
intercalated nanocomposites. The inhibition effect brought about in our samples has a double,
conflicting consequence. On one hand, it slows down and hinders the crystallization process,
and on the other hand, at the same time, it allows a longer time for the polymer to attain a
more regular ordering. The constancy in the degrees of crystallinity measured by WAXD is
consistent with a balance between these two effects. Such a behavior has been observed

before, for example, in polyethylene [106-108] or polypropylene [103,109].

Tabled.2. 2: Tensile properties of the samples based on the PCL80 andPCL42 matrices

Sample Modulus Stressat  Strainat Stressat  Strain at
(MPa) yield yield (%) break break (%)
(MPa) (MPa)

PCL42 352+25 157409 7.0+04 159+0.2 467+31
PCL42-1 338+29 140+08 121+0.7 157+0.1 884+37
PCL42-2 312+30 124+06 100+08 17.2+03 1120+56
PCL42-5 283+11 148+07 144+09 126+03 52+15
PCL80 283+21 149405 101+08 173+0.2 637+32
PCL80-1 274+26 121+01 135+09 144+0.2 792+45
PCL80-2 238+23 115+06 179+0.7 16.7+0.1 1170+54
PCL80-5 418+36 11.2+06 119+06 145+03 848+43

The tensile properties of the samples based on the PCL42 and PCL80 matrices were

measured with a universal testing machine and are summarized in Table 4.2.2. The stress
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versus strain curves are shown in Fig. 4.2.4. No measurement was performed on the samples
based on PCL10, because they had very poor mechanical properties, which did not even
allow preparing suitable specimens for testing. The composites retained the modulus, stress at
yield, and stress at break of their respective matrix. It is noteworthy that large increases in the
strain at yield and strain at break were obtained. In other words, addition of clay does not
influence their stiffness but greatly enhances its ductility. This behavior is highly unusual in
nanocomposites. Previous reports on the preparation of PCL nanocomposites with a variety
of fillers normally reported an increase in modulus, at the expense of elongation at break.
[81,89,91,92,94,95,110] Physical-mechanical properties obtained for the PCL42-5 sample
are worse than the other compositions, and this behavior may be due to the higher amount of

clay, which in turn leads to nonhomogenous dispersion of clay in polymer matrix.
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Fig.4.2.4. Tensile stress vs. strain curves of the samples of the a) PCL42 and b) PCL80 series
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The biodegradability of the PCL/clay nanocomposites was evaluated by burying specimens in
organic compost. The tests were carried out in a crystallizer at room temperature at 100%
relative humidity. Samples were retrieved at given time intervals and weighted. The
nanocomposites based on PCL10 were very brittle, so we were unable to take them out to
weight, but samples were completely disappeared after 8 weeks in compost. Images of buried
samples of the PCL42 and PCL80 series are shown in Figs. 4.2.5 and 4.2.6, at time 0 and
after 13 weeks.

PCL 42 series before degradation

PCL42-0 PCL42-1 PCL42-2 PCL42-5

PCL 42 series after degradatlon

PCL42-0 PCL42-1 PCL42-2 PCL42-5

Fig.4.2.5. Samples of the PCL42 before the biodegradation experiment and after 13 weeks in compost

PCL 80 series before degradation

TN

PCL80-0 PCL80-1 PCL80-2 PCL80-5

PCL 80 series after degradation

F 5 n 4

PCL80-0 PCL80-1 PCL80-2 PCL80- 5
Fig.4.2.6. Samples of the PCL80 series before the biodegradation experiment and after 13 weeks in

compost

For PCL10 samples, we did not collect the images due to their unavailability at week 13.
Figures 4.2.7 and 4.2.8 show the trend of the mass residue as a function of time for the
samples of the PCL42 and PCL8O0 series, respectively.

36



In all cases, rapid loss in weight was observed after 8 weeks. The rate and extent of
biodegradation decreased in the composites with respect to the matrix. It is surprising that
among the many articles on PCL-based nanocomposites, very few works report studies on
biodegradation. Wu and coworkers [95] reported that clay-containing nanocomposites
underwent a more difficult degradation by bacteria, and they argued that it may possibly due
to the recalcitrant nature of clay towards biodegradation. Lee et.al [90] attributed the
hindering effect of clay toward biodegradation to the fact that the barrier effect due to the
filler prevents water from exerting hydrolysis. Along with the role that clay exerts per se, it is

likely that also the structure of the matrix may be important also.
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Fig.4.2.7. Mass residue of the samples of the PCL42 series as a function of time
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Fig.4.2.8. Mass residue of the samples of the PCL80 series as a function of time

To understand the effect of the structure on biodegradation, the degree of crystallinity of the
samples of the PCL42 and PCL80 series was measured by WAXD at time zero and after 13

weeks, and the results are tabulated in Table 4.2.3.
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Table4.2.3: Crystallinity degree of the samples of the PCL42 and PCL80 series before and after
biodegradation

Sample % of crystallinity at time 0 | % of crystallinity after 13 weeks
PCL42500 44 46
PCL42500 1% 44 49
PCL42500 2% 44 51
PCL42500 5% 44 48
PCL80000 44 51
PCL80000 1% 44 47
PCL80000 2% 42 47
PCL80000 5% 42 45

Samples with PCL10 were not included in the comparison, due to their unavailability after 13
weeks. After exposing to the biodegradation, in all samples the degree of crystallinity
increased, meaning that the less ordered portion of the sample was preferentially degraded.
GPC measurements made on samples before and after degradation showed an increase in the
average molecular weight as a result of biodegradation. Degradative processes therefore
preferentially attack shorter chains, those which tend to be more involved in the amorphous
phase, and therefore, they subtract short chains from the system, resulting in an increase in
average molecular weight. Biodegradation thus affects the amorphous domains of the matrix,
and it appears to be favored by a less crystalline framework. The composites exhibit thicker
lamellae and more crystalline stacks, and therefore, they degrade slowly and to a lesser
extent. In the case of our samples, there is not a clear and univocal trend of biodegradation
rate or residue as a function of either crystallinity degree or clay dispersion. For example,
samples PCL 80-1 and 80-2 share a very similar semicrystalline framework, because they
have the same crystallinity by WAXD and a very similar lamellar morphology, nevertheless
PCL80-1 degrades faster than PCL80-2. Obviously, a complex interplay of various factors
influences the biodegradation behavior; nevertheless the role of the semicrystalline

framework appears to be important.
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Conclusions

Intercalated PCL/organoclay nanocomposites were successfully prepared by solution mixing
using THF as a solvent. The thickness of crystalline lamellae increased in low-molecular
weight polymer nanocomposites by increasing clay amount, and this effect was weakened in
the case of nanocomposites with high-molecular weight polymer. Crystallization temperature
was decreased by adding clay, and therefore, in these systems, the filler acted as an inhibitor
of crystallization, rather than as a nucleant, as it has been frequently reported. The modulus of
the prepared nanocomposites was unaltered, but their ductility increased, which is an unusual
behavior in nanocomposites. In all cases, biodegradation started after 4 weeks and rapid
change occurred after 8 weeks. Biodegradation rate was reduced with the addition of clay to
polymer, coherently with the observed increase in the lamellar thickness brought about by
this filler. Along with the effect on biodegradation of clay dispersion and quantity, in this
report, it was shown that the semicrystalline framework has a role as well. Monitoring of the
degree of crystallinity before and after biodegradation showed that in this process the
amorphous regions are preferentially attacked. Although further investigation is still needed
to single out the effect of all the relevant factors, this could offer a strategy for calibrating the
biodegradability of PCL, by tuning the relative quantities of amorphous and crystalline

domains.

4.3 Poly (e-caprolactone) filled with electrospun nylon fibers: A model for a

facile composite fabrication

In this work, a fabrication approach is presented that allows to prepare composites based on
polycaprolactone filled with nylon 6 (NY) nanofibers by compression moulding. This work is
intended as a proof of concept for the use of electrospun fibers as cheap and easily prepared
fillers. PCL was chosen as a matrix because it is a very attractive biodegradable and
biocompatible material, although not with outstanding physical mechanical properties. [111]
The possibility to improve the performance of such material could open a wide array of
possible applications, also allowing the substitution of some less environmentally friendly
materials. Moreover, PCL has a quite low melting point, so it was a very suitable candidate
for the proposed fabrication approach, which is based on the percolation of the molten matrix
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within the pores of the electrospun nylon fibers mat. Care was taken to use a small amount of
nylon fibers, since the availability of electrospun nanofibers on a large scale is still difficult,

and also to avoid possible problems in the waste management of the materials.
Experimental
Samples and sample preparation

The matrix used for the samples was polycaprolactone, purchased from Sigma-Aldrich

(Milano, Italy). This material is reported by the producer to have a melt index of 1.9 g/10 min
(80°C/0.3 MPa), average molecular weight M_ ~ 42,500 and M, ~ 65,000. Nylon 6

electrospun nanofibers were used as fillers. Nylon pellets (relative viscosity of 2.8) were
obtained from Kolon Industries, Inc., Republic of Korea. The pellets were dried in vacuum
oven at 100°C to remove adsorbed moisture. Electrospinning was carried out by taking 22
wit% (viscosity, 1320 cps) nylon solution in formic acid/acetic acid (80/20, wt/wt) with an
applied voltage of 22 kV and tip to collector distance of 12 cm. Just after electrospinning,
nylon 6 nanofibers were placed under vacuum to remove residual solvent. The porosity, total
pore area, average pore diameter and bulk density of the fiber mat was 67.7%, 1.71 m2/g,
10.8 Im and 0.1463 g/mL, respectively, as measured by mercury porosimetry (Auto Pore IV
9500 V1.05, Serial: 243, Micrometrics Instrument Corporation, USA). Preparation of the
composites was made by impregnation of the electrospun fibers mat with the molten PCL, by
the compression moulding approach schematized in Fig. 4.3.1 and Table 4.3.1. The
nanofibers mat was sandwiched between PCL films. By application of heat and pressure in a
press (Alfredo Carrea, Genova, Italy) at 90°C, PCL was melted and percolated between the
voids in the mat, constituting a continuous phase in which the fibers were dispersed. Three
composites were prepared, differing by fiber content and by preparation procedure. Sample
PCL/NY3 was prepared as a sandwich of one layer of nylon mat between two PCL films.
PCL/NY5 was obtained from two layers of nylon mat alternated by PCL films. PCL/NY8

was prepared interposing all the nylon fibers between two PCL layers.
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heat + pressure

Fig.4.3.1. Preparation procedure of the PCL/NY composites

The structure of the nanocomposites was characterized using WAXD and SAXS. Interfacial
adhesion was studied by SEM; DSC was used to understand the crystallization behavior of
the prepared nanocomposites. The melting behavior was studied by melting the samples with
a ramp from room temperature to 250°C at 10°C/min. The crystallization behavior was
studied in two ways. In the first one, the thermal history was cancelled by a 5 min long
isotherm at 100°C, subsequently the samples were cooled down to room temperature at
10°C/min. In the second one, cancellation of thermal history was made by a 5 min long
isotherm at 250°C, followed by a cooling at 10°C/min to room temperature. Both cases were
followed by a further heating ramp to 250°C, to observe the melting peaks of the constituents
of the material. The tensile properties of the samples (dimensions 30 mm X 10 mm X 0.5
mm) were measured using an Instron Model 3345 mechanical tester at room temperature. The
strain rate was 5 mm min™. Five measurements were performed for each sample. The stress
at break (in MPa), strain at break (in %), the stress at yield (in MPa), the strain at yield (in

%), and Young’s modulus (in MPa) have been measured with relative errors of max. 9%.
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Table 4.3.1: Composition and preparation procedure of the samples

Sample Fibre Preparation
content setup
(% wiw)
PCL 0
PCL/NY3 3
PCL/NY5 5
PCL/NY8 8

Results and discussion

NC 10.0kV 6.4mm x300 SE(U) 7117/08

Fig.4.3.2. FE-SEM micrographs of (a) the cross section of the fiber mat and (b) of a detail of the

fibers

Figs. 4.3.2 and 4.3.3 show FE-SEM and SEM micrographs of the electrospun nylon fibers
employed in this work. Compared to the fiber diameter obtainable by conventional melt
spinning, i.e. about 30 um, [63] the average diameter of our electrospun fibers was 800 nm.

LI
100um
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These can hardly be considered electrospun nanofibers, nevertheless their diameter is about
one order of magnitude smaller (i.e. their specific surface areas are more than 10-times

larger) [112] than ordinary nylon fibers. The quality of the fibers was good, with a smooth

surface and no trace of beads.

Fig.4.3.3. SEM micrographs of the nylon electrospun fibers at different magnifications (A) 1000x, (B)
3000x

As better detailed in experimental section, inclusion of the fibers in a continuous PCL matrix
was done by percolating, in a compression moulding press, molten PCL within the interstices
of the fibrous mat (Fig. 4.3.1). The electrospun fiber mat included in the matrix was isotropic.
Operating at an intermediate temperature between the melting points of PCL (T,PCL =
60°C) and of nylon (T,NY > 210°C), i.e. working at 90°C, it was possible to preserve the
network of the electrospun fibers, while at the same time creating a homogenous PCL

polymeric matrix.

= PCL/NYS8
‘E PCL/NY5
= - _PCL/NY3
g PCL

- nylon fibers

I [ [ [ [ [ [ I
10 15 20 25 30 35 40 45
Diffraction angle (°20)

Fig.4.3.4. WAXD traces of blank PCL matrix, of pure electrospun fibers and of the composites
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Table 4.3.1 summarizes the composition of the samples and also shows a schematic of the
precursor assembly of materials before the compression moulding step. The effect of such a
preparation procedure on the structure and morphology of the composites was studied by
wide angle X-ray diffraction (WAXD). Fig. 4.3.4 shows the diffractograms of the blank PCL
matrix, of pure electrospun fibers and of the composites. The entity of crystalline peaks is
very weak in electrospun nylon fibers, with respect to the amorphous halo that dominates the
diffractogram of this material. Obviously the polymer was not allowed enough time, during
the electrospinning processing, to properly crystallize. The patterns of all the other samples
were those typical of PCL with two major peaks at 21.3° and at 23.7° 26, [105] without the
appearance of nylon peaks, due to the low quantity and crystallinity of this filler. The trend of
the degrees of crystallinity as measured by WAXD (Table 4.3.2) showed an increase, albeit
slight, of the crystallinity of the composites with respect to the pristine matrix.

Table 4.3.2: Degree of crystallinity obtained by WAXD and morphological parameters of the
lamellar stacks obtained by SAXS analysis of the samples. The thickness of the crystalline (C) and
amorphous layer (A), the long period (D), and the crystallinity (®saxs), along with their relative
distributions (c/C = 6a/A , 6p/D and 6,/@saxs), and number of lamellae (N) are shown.

Sample QWAXD C A D oc/lC  op/D  @saxs Oy/Psaxs N
% A A A %

PCL 49 101 42 144 0.06 0.04 70 0.01 48
PCL/NY3 52 79 64 143 0.02 0.02 55 0.02 47
PCL/NY5 51 83 64 147 0.04 0.02 57 0.02 50
PCL/NY8 55 88 64 152 0.01 0.01 58 0.02 50

DSC confirmed the presence of a nucleating effect due to the fibers. As said in experimental
section, the crystallization behavior was studied in two ways. In the first one, the thermal
history was cancelled by a 5 min long isotherm at 100°C, which was a temperature high
enough to melt PCL, but not the nylon fibers. In this way, the nucleating effect of the fibers
could be evaluated. In the second set of thermal experiments, cancellation of thermal history
was made by a 5 min long isotherm at 250°C, therefore melting both the matrix and the
electrospun fibers before starting the cooling ramp, so excluding the effect on nucleation of

the fibrous morphology of nylon. Both cases were followed by a further heating ramp to
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250°C, to observe the melting peaks of the constituents of the material. Results are

summarized in Table 4.3.3.

Table 4.3.3: Thermal data obtained in the DSC experiments. Data regarding melting of nylon are not

shown, since they were constant in all the tests.

Before After cancellation of thermalAfter cancellation of thermal
cancellation ofhistory at 100°C (fibrous nylonhistory at 250°C (fibrous nylon
thermal history  jnetwork preserved) network destroyed)
Sample To™ AHp™ T,(°C) T.* (°C) AHn ™ T.(°C)" Tm " AHp "
(°C) (kJ/mol) (kJ/mol) (°C) (kJ/mol)
PCL 59.3 76 28.0 56.9 58 31.3 55.6 64
PCL/NY3 60.1 74 34.3 57.2 58 33.6,191.3 57.3 62
PCL/NY5 60.4 77 35.0 57.9 56 33.7,1915 575 63
PCL/NY8 59.0 71 35.0 57.3 55 33.6,192.1 56.7 60

" The lower temperature corresponds to the crystallization peak of PCL, the higher temperature

corresponds to the crystallization of nylon.

A significant and consistent increase of the crystallization temperature (T.) was observed in
the composites with respect to the matrix. It is interesting to note that this increase in T was
observed both after selective melting of only the PCL matrix and also after melting of both
PCL and nylon, but it was larger in entity in the first case, when the large interfacial area of
electrospun nylon fibers could be exploited as a nucleating surface. This nucleating effect
seems to be saturated, i.e. adding further filler did not bring about significant increases in the
crystallization rate, probably because at that point the rate determining step became crystal
growth rather than crystallite nucleation. No other marked effect was exerted by the presence

of fibers on the thermal behavior.
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Fig.4.3.5. SAXS patterns (dotted lines) of the considered samples. Traces calculated during the fitting

procedure (solid lines) are also shown

Fig. 4.3.5 shows the SAXS patterns of the considered samples. The experimental traces due
to the matrix and to the samples with electrospun fibers were fitted according to a method,
[113-115] which was shown [115] to reliably determine the thicknesses and distributions of
the crystalline and amorphous layers, the long period and the crystallinity, along with their
distribution, associated to lamellar stacks. The results are shown in Table 4.3.2. The model
used for the best fitting was that of a variable finite stack with a symmetric distribution.
Addition of fibers decreased the thickness of the crystalline layer and, consequently, the
crystallinity associated to lamellar stacks. It can be seen that the crystallinities assessed by
SAXS have larger values relative to those estimated by WAXD. This divergence can be
explained considering the difference between the two techniques. SAXS is only sensitive to
the crystalline regions organized in lamellar stacks, whereas WAXD allows the detection of
all the regions contributing to the semicrystalline framework, including the amorphous phase
located between the lamellar stacks. Therefore, WAXD crystallinity is lower because the
contribution of crystalline domains is ‘‘diluted” by the interstack amorphous. It can be seen
that the difference between ®waxp and dsaxs is much lowered passing from the matrix to the
composites. This means that in the composites the quantity of interstack amorphous material
is much lowered, and that most of the non-crystalline material is confined within the lamellar
stacks. This is reflected by the considerable increase in the thickness of the amorphous layer
recorded for the composites with respect to the matrix.

A qualitative difference can be seen in the shapes of the SAXS peaks (Fig. 4.3.5), which are

much sharper in the composites rather than in the neat matrix. This is reflected by the
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quantitative data (Table 4.3.2), that show a sharpening of the distribution of the thicknesses
of the layers, which decreased from oc/C = 0.06 and op/D = 0.04 in the case of the pristine
matrix to about oc/C = 0.02 and op/D = 0.02 for the composites. The effect of the nanofibers
on the structure and morphology of the composites was therefore that of increasing the
overall crystallinity (®waxp), Whereas at the same time producing a rather homogeneous
population of stacks of thin lamellae and rather thick amorphous layers. The lamellar stacks
of the composites contained in fact within themselves the amorphous material that, in the
pure matrix, was dispersed in the interstack space, so the inclusion of nylon fibers had the
effect of including all the amorphous phase within the lamellar stacks. This radical alteration
of the morphology of the matrix at a lamellar level most probably plays an important role on
the improvement of the tensile properties of the composite (Table 4.3.4). A number of
authors stressed the importance of lamellar morphology in understanding the reasons of
reinforcement.[97,102,107,116] Modulus, in particular, was shown to depend on the lamellar
thickness and crystallinity.[117] Figure 4.3.6a shows that this correlation was valid in our
samples as well. The trend of Young’s modulus as a function of filler content was the same as
the crystallinity of the sample, evaluated by WAXD. Increases of up to 172% in modulus and
up to 126% in strain at yield were obtained in our samples, compared to the pristine matrix.
Whereas the increases in such tensile features are quite easy to obtain, it is very remarkable
that addition of filler brought about a larger strain at break,[118-122] which in our case
increased by as much as 28%. A simultaneous increase in modulus, strain at yield, and strain

at break and stress at break is quite unusually obtainable by addition of single filler.

Table 4.3.4: Tensile properties of the samples

Sample  Young Stress  Strain  Stress  Strain

modulu at yield at yield at at
S (MPa) (%) break  break
(MPa) (MPa) (%)
PCL 352 15.7 7 15.9 467

PCL/NY3 530 16.2 10 18.1 601

PCL/NY5 466 15.9 16 16.1 483

PCL/NY8 957 Does Does 13.2 23
not not

yield  vyield
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Fig.4.3.6. Trend of (a) the degree of crystallinity measured by WAXD and of Young’s modulus, and

of (b) ultimate strain and lamella thickness as a function of filler content

Obviously many factors are critical for the tensile behavior of polymer-based composites,
among which dispersion, matrix—filler interactions, spherulitic texture, micromechanical
deformation processes, skin—core structures and morphological features.[123] It is not
possible, based on the data gathered in this work, to single out all of these factors. However,
the role of the lamellar morphology in contributing to shaping the mechanical performance of
the samples is suggested by Figure 4.3.6b, that shows that the trend of the thickness of the
crystalline lamella as a function of filler content is specular to that of ultimate strain,
signifying that in this case thicker lamellae are detrimental for ductility. A correlation
between tensile properties and lamellar features was previously noted for polyethylene and
polypropylene composites filled with polyethylene-grafted multi-wall carbon nanotubes
(MWNT) and polypropylene-grafted MWNT, respectively. [102,124] In that case, though,

48



the polymer chains grafted to MWNT probably participated in the formation of lamellae,
thereby providing a physical link between matrix and filler. In this case, the interaction

between the components of the composites is of a different nature.

3 ,;;}/w_ui"boz‘?f?fﬂ&mngf
Fig.4.3.7. SEM micrographs of the cryogenic fracture surfaces of samples (a) PCL/NY3, (b)
PCL/NY5, and (c) PCL/NY8

= -

Addition of fillers brings a larger quantity of amorphous within the lamellae, with a possible
concurrent increase in tie molecules and of entangled material that links lamellae together.
Moreover, when tension is applied, the entangled fibers of the isotropic electrospun mat may
tend to bridge the cracks. These factors can help rationalize the observed increase in ductility,
only if the effect of interfacial adhesion is taken into account. SEM observations were
performed to gather information on the morphology of the matrix/fiber interface. Figure 4.3.7
shows low magnification pictures of the fracture surfaces of the three composites. Pulled-out
fibers are visible in all three samples, but in PCL/NY8 a very large number of bundles and of
loose fibers can be seen, whereas in the case of PCL/NY3 and PCL/NY5 bundles are less in
number and the fibers are much more firmly embedded in the matrix.
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Higher magnifications allow to better visualize the different interaction between matrix and
filler that is observed at low and high filler loadings. Figure 4.3.8 shows details of sample
PCL/NY3. In Figure 4.3.8a, it can be seen that the fibers with a larger diameter showed a
much poorer interfacial adhesion. The fibers oriented perpendicularly to the fracture surface
did not undergo pulling out, whereas those oriented tangentially to the fracture surface were
pulled out and hanged loose, especially when bundles were formed. Along with these large
fibers, a number of very fine filaments were present. These appear firmly embedded in the
matrix (Fig. 4.3.8b and c): the exposed end of the fibers protrudes directly from within the
matrix, without the presence of craters at their base due to debonding. On the contrary, an
example of poor adhesion between matrix and filler can be seen in the bottom left corner of
Figure 4.3.7c, where a bundle of three fibers appears to loosely extend outwards from a hole

in the matrix.

X20800 1pm 0011 PCL nyloh3

.
X30,000 0.5pm 0013 PCL nylon

Fig.4.3.8. SEM micrographs at different magnification of the cryogenic fracture surface of sample
PCL/NY3

The real advantage of using electrospinning for manufacturing the reinforcing fibers, is
therefore the possibility to produce, within the fibrous mat, a subset of fibers with a very fine

diameter, that are able to very efficiently interact with the matrix in which they are dispersed.
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In order to be able to exploit this advantage, the average diameter must be kept as low as
possible, but also the quantity of added filler must be accurately calibrated and kept low. This
is evidenced by Figure 4.3.9, in which high magnification details are shown of sample
PCL/NY8. Compared with that of Figure 4.3.8, the fracture surface appears in this case very
rough, with several marks produced by detaching of the larger fibers. Smaller diameter fibers
exist indeed, but their efficiency in improving the cohesion of the composite is reduced by the
activity of larger bundles in initiating cracks and fractures. The poor interfacial adhesion of
the fiber bundles with the PCL matrix is clear in Figure 4.3.9.

4

Fig.4.3.9. SEM micrographs at different magnification of the cryogenic fracture surface of sample
PCL/NY8

Conclusions

In this paper, nylon electrospun fibers were used to reinforce PCL. At very low filler contents
(3%), the obtained composites exhibited not only improved stiffness and strength, but also
increased ductility. Previous reports on the preparation of PCL nanocomposites with a variety
of fillers normally reported an increase in modulus, at the expense of elongation at break.
[81,91,94,95,110,125] Chen and Evans [76] achieved a very sharp increase in elongation at
break and an increase of modulus by 50%, with the addition of clay by melt processing.
Addition of larger quantities of more expensive filler than our nylon fibers was necessary
though for obtaining such improvements. Chrissafis et.al [78] investigated PCL-based
nanocomposites with cloisite 20A, cloisite Na*, MWNT and SiO,, and they found increases
in modulus for all their samples, whereas elongation at break increased by 8% and 3%, just
when cloisite 20A and cloisite Na* were used, respectively.[78] In all cases the technique
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used by these authors was in situ polymerization,[78] a very efficient approach, although less
facile than the compression moulding method proposed in the present work. Moreover, the

fillers employed are much more expensive than simple nylon 6 fibers used by us.

The presence of fibers with a very small diameter, typical of the products of electrospinning,
favored a good interfacial adhesion between matrix and filler. Although the increases in
tensile properties were not spectacular in magnitude, very encouraging indications emerged
from this work:

e Decreasing the diameter of the fibers will most likely bring about a more effective
reinforcement: the finest fibers were the ones that best adhered to the matrix;

e By this approach it is possible to simultaneously increase modulus and elongation at
break, a quite difficult task with traditional nanofillers like montmorillonite clay or
carbon nanotubes;

e Being of a similar order of magnitude than polymer lamellae, electrospun fibers can
be used to shape the morphology of lamellar stacks, and therefore the final properties

of the composites.

4.4 Improvement of tensile properties and tuning of the biodegradation

behavior of polycaprolactone by addition of electrospun fibers

The aim of this work was to explore the effect of electrospun fibers of different chemical
nature on the performance and on the biodegradation behavior of PCL-based composites. On
one hand, nylon fibers were used, which had previously been shown to be able to improve the
physical mechanical performance of the PCL matrix. On the other hand, polyvinylpirrolidone
(PVP) was used as fibrous filler, which was not expected to improve the tensile properties of
the composite material, but that, being water soluble, could coadjuvate the biodegradation of
the PCL matrix.

The structure of nanocomposites was characterized using wide angle X-ray diffraction
(WAXD) and small angle X-ray scattering (SAXS) methods. Biodegradation studies were
carried out with respect to time and the influence of structure on the degradation of
nanocomposites was studied by WAXD. Differential Scanning Calorimetry (DSC) was used
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to understand the crystallization behavior of nanocomposites prepared. Tensile properties
were also measured. Biodegradation studies were analyzed in two different systems, one is in
an all-purpose gardening soil kept moist at 100% relative humidity and the other one is in
phosphate buffer solution (PBS) at 7.4pH at 45°C. The structure of the prepared samples was
evaluated before, during and after degradation. In soil, samples were taken out for every one
week until the first four weeks; later samples were taken out for weighing after every four
weeks. In buffer solution, on the other hand, samples were taken out every 15 days until the

experiments finished.
Experimental section
Samples and sample preparation

The matrix used for the samples was polycaprolactone, purchased from Sigma Aldrich

(Milano, Italy). This material is reported by the producer to have a melt index of 1.9 g/10 min
(80°C/0.3 MPa), average molecular weight M ~ 42,500 and M, ~ 65,000. Nylon 6 fibers

were prepared by electrospinning to be used as fillers. Nylon pellets (relative viscosity of 2.8)
were obtained from Kolon Industries Inc., Republic of Korea. The pellets were dried in
vacuum oven at 100°C to remove adsorbed moisture. Electrospinning was carried out by
taking 22 wt% (viscosity, 1320 cps) nylon solution in formic acid/acetic acid (80/20, wt/wt)
with an applied voltage of 22 kV and tip to collector distance of 12 cm. Just after
electrospinning, nylon 6 nanofibers were placed under vacuum to remove residual solvent.

Polyvinylpirrolidone (PVP) fibers were spun by electrospinning to be used as fillers. A 7
wt% solution of polyvinylpyrrolidone (PVP, M_W: 1,300,000 g/mol, Aldrich) in ethanol

(AAPER alcohol) was prepared. The mixture was placed in an ice-water bath for 10 min, and
drawn into a plastic syringe with a 21 gauge stainless steel needle. Electrospinning was
carried out with an applied voltage of 20 kV and with a tip to collector distance of 15 cm. The
collected polymer composite fibers were subsequently vacuum dried. Preparation of the
composites was made by impregnation of the electrospun fibers mat with the molten PCL, by

the compression molding approach like in previous work.

The nanofiber mat was sandwiched between PCL films. By application of heat and pressure

in a press (Alfredo Carrea, Genova, Italy) at 90°C, PCL was melted and percolated between
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the voids in the mat, constituting a continuous phase in which the fibers were dispersed.
Three composites were prepared, differing by formulation (Table 4.4.1). The aim of such
sample series was to evaluate the effect of fibers of different size and chemical nature on the
morphology and performance of the composite materials.

The structure of the nanocomposites was characterized using WAXD and SAXS. Interfacial
adhesion was studied by SEM; DSC was used to understand the crystallization behavior of
the prepared nanocomposites. The melting behavior was studied by melting the samples with
a ramp from room temperature to 250°C at 10°C/min. The crystallization behavior was
studied in two ways. In the first one, the thermal history was cancelled by a 5 min long
isotherm at 100°C, subsequently the samples were cooled down to room temperature at
10°C/min. In the second one, cancellation of thermal history was made by a 5 min long
isotherm at 250°C, followed by a cooling at 10°C/min to room temperature. Both cases were
followed by a further heating ramp to 250°C, to observe the melting peaks of the constituents
of the material. The tensile properties of the samples (dimensions 30 mm X 10 mm X 0.5
mm) were measured using an Instron Model 3345 mechanical tester at room temperature. The
strain rate was 5 mm min_1. Five measurements were performed for each sample. The stress
at break (in MPa), strain at break (in %), the stress at yield (in MPa), the strain at yield (in

%), and Young’s modulus (in MPa) have been measured with relative errors of max. 9%.

Biodegradation studies were analyzed in two different systems, one is in an all-purpose
gardening soil kept moist at 100% relative humidity and the other one is in phosphate buffer
solution (PBS) (7.4 pH) at 45°C. The structure of the prepared samples was evaluated before,
during and after degradation. In soil, samples were taken out for every one week until the first
four weeks; later samples were taken out for weighing after every four weeks. In buffer
solution, on the other hand, samples were taken out every 15 days until the experiments
finished.
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Table 4.4.1: Formulation of the samples

Sample Type of fiber Fiber
content
(%)
PCL - 0
PCLPvp PVP 15
PCLNy Nylon 3

PCLNyPvp PVP + Nylon 4.5

Results and discussions

JEM-5900 20k X15, 08 10

Fig.4.4.1. FESEM micrographs of a) the Ny fiber mat and of b) the PVP fiber mat

Fig. 4.4.1 shows FESEM micrographs of the electrospun Ny and PVP fibers employed in this
work. Compared to the fiber diameter obtainable by conventional melt spinning, i.e. about 30
mm, the average diameter of our electrospun fibers were 800 nm in the case of nylon and 300
nm in the case of PVP. These diameters are about one order of magnitude smaller (i.e. their
specific surface areas are more than 10-times larger) [112] than ordinarily spun fibers. A
notable feature of the two mats is that PVP fibers are more homogeneous in diameter; on the
contrary nylon fibers have a broader distribution of fiber size, with thin fibers which coexist
with very large fibers, up to 3 mm in diameter. The quality of the fibers was good, with a

smooth surface and no trace of beads.
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As better detailed in the Experimental section, inclusion of the fibers in a continuous PCL
matrix was done by percolating, in a compression molding press, molten PCL within the
interstices of the fibrous mat (Fig. 4.3.1). The electrospun fiber mat included in the matrix
was isotropic. Operating at an intermediate temperature between the melting points of PCL
(TmpcL = 60°C) and of nylon (Tmny > 210°C), i.e. working at 90°C, it was possible to
preserve the network of the electrospun fibers, while at the same time creating a homogenous
PCL polymeric matrix. PVP is an amorphous polymer, which therefore does not melt.
Previously to the preparation of the composites, it was checked that the fibrous network was

not significantly affected at the processing temperature of 90°C.
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Fig.4.4.2. WAXD diffractograms of pristine PCL, and of the composites

The effect of fibers on the structure and morphology of the composites was studied by
WAXD. Fig. 4.4.2 shows the diffractograms of the blank PCL matrix, and of the composites.
The WAXD patterns are those typical of PCL with two major peaks at 21.36 and at 23.76,
[105] no fiber peaks appear due to the low quantity and the virtual absence of crystallinity of
the fillers. The trend of the degree of crystallinity (dwaxp) was measured (Table 4.4.2) by
fitting the diffractograms.
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Table 4.4.2: Degree of crystallinity obtained by WAXD (®waxp) and morphological parameters of
the lamellar stacks obtained by SAXS analysis of considered samples. The thickness of the crystalline
(C) and amorphous layer (A), the long period (D), and the crystallinity (®saxs), along with their

relative distributions (6¢/C = 6a/A and op/D) are shown.

Dywaxp Dsaxs CA AR DA) o/C op/D

Sample (%) %)

PCL 49 70 101 43 144 0.06  0.05
PCLPvp 50 56 81 64 145 0.05 0.04
PCLNy 52 55 79 64 143 0.03 0.02
PCLNyPvp 52 59 88 61 149 0.01 0.01

Results showed that after addition of fibers an almost negligible increase in the degree of
crystallinity occurred, as assessed by WAXD. This could probably be ascribed to the slight
nucleating effect exerted by the fibers, which was reflected by the crystallization temperature,
which increased by 3°C with respect to neat PCL, in a non-isothermal cooling ramp.

Fig. 4.4.3 shows the lamellar morphology patterns of the considered samples by SAXS. The
experimental traces due to the matrix and to the samples with electrospun fibers were fitted
according to a method which was shown [115] to reliably determine the thicknesses and
distributions of the crystalline and amorphous layers, the long period and the crystallinity,
along with their distribution, associated to lamellar stacks. The results are shown in Table
4.4.2. Very relevant differences were noted between the SAXS features of the composites and
their respective matrices. This is not surprising because in other instances it was highlighted
that the nanofillers may exert a minor role in shaping the structure at a crystalline cell level,

but it has its most significant effects on polymer lamellae. [98-103]
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Fig.4.4.3. SAXS patterns (solid line) of the considered samples. Traces calculated during the fitting
procedure (dotted line) are also shown

Addition of fibers decreased the thickness of the crystalline layer, C. Such a decrease in the
value of C was coupled with a concurrent increase in the thickness of the amorphous layer.
Consequently, the crystallinity associated to the lamellar stacks of the PCL matrix decreased
after addition of fibers, irrespectively of the chemical nature of the fibers. It may be noted
that crystallinities assessed by SAXS have larger values relative to those estimated by
WAXD. This divergence can be explained considering the difference between the two
techniques. SAXS is only sensitive to the crystalline regions organized in lamellar stacks,
whereas WAXD allows the detection of all the regions contributing to the semicrystalline
framework, including the amorphous phase located outside the lamellar stacks. Therefore,
WAXD crystallinity is lower because the contribution of crystalline domains is “‘diluted” by
the interstack amorphous. It can be seen that the difference between ®waxp and ®saxs is
much lowered passing from the matrix to the composites. This means that in the composites
the quantity of interstack amorphous material is much lowered, and that most of the non-
crystalline material is confined within the lamellar stacks. This is reflected by the
considerable increase in the thickness of the amorphous layer recorded for the composites
with respect to the matrix. Such a behavior of fibrous fillers, i.e. in the case of carbon

nanotubes and nylon electrospun fibers, has been reported earlier. [103,126]
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Fig.4.4.4. SEM micrographs of the cryogenic fracture surfaces of samples a) PCLPvp, b) PCLNy and
c) PCLNyPvp

SEM observations were performed on composites in order to obtain information on the
morphology of the matrix/fiber interface. Fig. 4.4.4 shows pictures of fracture surfaces of
PCLPvp, PCLNy, and PCLNyPvp composites. Fig. 4.4.5 shows some higher magnification
details, which show that the fibers with a smaller diameter are more firmly embedded in, and
show a better interfacial adhesion to, the PCL matrix. Fig. 4.4.5a confirms what was observed
in our previous work, [126] i.e. that very fine fibers were very firmly embedded into the
matrix and displayed a very good interfacial adhesion toward the matrix. Figs. 4.4.4 and 4.4.5
show that, as the diameter of the fiber increases, the interfacial adhesion is decreased, and the
exposed end of the fibers protrudes from a crater in the matrix, showing a significant degree

of debonding.
Interestingly, when both nylon and PVP fibers coexist in the composites, interplay exists
between the thicker nylon fibers and the thinner PVP fibers. The large diameter fibers are

surrounded by the thinner ones (Fig. 4.4.5b). As will be noted later in this paper, this
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morphological feature has no effect on the tensile properties of the composites, but it is very

relevant in shaping the biodegradation behavior of the materials.

s

20kv  X20,000 1pm 0002 PCLPVP X10,000 . 1gm 0031 P&Lnylond

Fig.4.4.5. High magnification SEM micrographs of the cryogenic fracture surfaces of samples a)
PCLPvp, b) and ¢) PCLNyPvp

Table 4.4.3: Tensile properties of the samples

Sample Young Stress Strain  Stress Strain
modulus  at at at at
(MPa) yield yield break break
(MPa) (%) (MPa) (%)

PCL 352 15.7 7 15.9 467
PCLNy 530 16.2 10 18.1 601
PCLPvp 345 16.0 6 16.2 440

PCLNyPvp 489 158 15 143 610
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Table 4.4.3 shows the tensile properties of the considered samples. The addition of PVP did
not bring about any improvement in the mechanical performance of the PCL matrix. It is
worth noting, though, that even though PVP is a weaker polymer than PCL, the presence of
PVP fibers in the PCL matrix is not detrimental as far as tensile properties are concerned. On
the other hand, as previously noted,[126] nylon was efficient in upgrading the performance of
PCL, simultaneously increasing the rigidity and ductility of the whole material. When both
PVP and nylon fibers were added, the performance of the composite was comparable to that
of the PCLNy composites. The PCLNyPvp, by comparison with the neat PCL matrix,
increased its modulus by +39%, its strain at yield by +114%, and its strain at break by +31%.
Stress at yield was unaltered, whereas stress at break decreased by -10% compared to the
pure matrix. Rigidity and ductility were thus simultaneously increased: an unusual
achievement in nanocomposites. These results confirm the viability of electrospun fibers for

the upgrade of the physical-mechanical properties of a biodegradable matrix.
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Fig.4.4.6. Mass residue of the samples as a function of time, obtained during biodegradation in soil
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Fig.4.4.7. Mass residue of the samples as a function of time, obtained during biodegradation in buffer
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It is interesting to note that in sample PCLNyPvp the coexistence of nylon and PVP fibers in
the composites on one hand brings about improved tensile properties due to the reinforcing
ability of nylon, but on the other hand it confers functional properties modifying the
biodegradation behavior due to the action of PVVP. Biodegradation studies were performed for
all considered samples in two different systems; one consisted in burying the samples in soil
and the second system was putting the samples in phosphate buffer solution with pH 7.4 at
45°C. Samples were taken at regular time intervals, and the trend of the mass of the
specimens was noted as a function of time. Figs. 4.4.6 and 4.4.7 show the trend of weight loss

of the samples in both soil and buffer, respectively.

In soil buried samples, degradation started at 8 weeks, whereas in buffer solution, degradation
started after 30 days. Comparatively, in both cases, in soil and in buffer sample PCLNyPvp
had the largest percentage of weight loss: 20% and 16% respectively. The modification of the
structure due to biodegradation was studied for all the considered samples by WAXD. The
degree of crystallinity of all prepared samples before and after biodegradation are tabulated in
Table 4.4.4.

Table 4.4.4: Degree of crystallinity before and after degradation of the samples

Sample Ddyaxp before degradation  ®dyaxp after 36 weeksin - Owaxp (%) after 14 weeks

soil in phosphate buffer
PCL 49 68 75
PCLPvp 50 72 78
PCLNy 52 62 75
PCLNyPvp 52 63 70

In all samples and in both systems, i.e. soil buried and buffer solution degraded samples, the
degree of crystallinity increased after degradation, compatibly with the hypothesis that
degradation happened preferentially in the less ordered portions of the sample. This is
consistent with what was previously reported.[127-129]
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Fig. 4.4.8. SEM micrographs of the cryogenic fracture surfaces of samples PCLNyPvp (a)
and (b), and PCLNy (c)

It is interesting to compare the two apparently conflicting behaviors of the composite sample
containing PVP fibers and of the one containing both PVP and nylon fibers. Where only PVP
fibers were added, biodegradation was virtually unchanged, and also slightly retarded, with
respect to the neat matrix, whereas when both nylon and PVP fibers were used, degradation
was quicker and more extensive. The semicrystalline morphology of the samples, i.e. the
quantity of amorphous material at disposal for degradation is not so different to explain such
divergence. The morphology of the fiber/matrix assembly could help in shedding light on this
issue. As previously noted, PVP fibers adhere very firmly to the matrix, whereas nylon fibers,
both because of their size and chemical nature, are more loosely embedded in the PCL
matrix. PVP is a water soluble polymer, which is very easily degradable. It is therefore
surprising that sample PCLPvp did not degrade more rapidly than PCL. When a more
effective degradation medium was used, i.e. organic compost, the same PCL and PCLPvp
samples showed an opposite result: The sample containing PVP degraded more and with a
higher rate. This means that, as soon as the PVP fibers come into contact with water, they are

63



rapidly dissolved and thus leave the composite, decreasing its weight. Compost very suitably
exploits the action of microorganisms, which attack the surface of the PCL surface, digging
holes [127] that expose the fibers to the action of water. This effect was confirmed by
examination of the samples degraded by mechanisms primarily based on hydrolysis, as in
gardening soil and phosphate buffer. The mechanism of aliphatic polyester biodegradation is
the bio-erosion of the material mainly determined by the surface hydrolysis of the
polymer.[129] Fig. 4.4.8 shows a comparison between the fracture surfaces of the samples
PCLNy and PCLNyPvp after degradation in buffer. These micrographs show particulars of
the debonded surface where large nylon fibers detached from the matrix. As can be seen in
Figs. 4.4.4(c), 5(b) and 5(c), thinner PVP fibers tended to wrap around larger nylon fibers.
Fig. 4.4.8(a) and b show that, in PCLNyPvp, where large fibers debonded from the matrix,
due to their poor interfacial adhesion, the thin fibers are not visible any more, and pores are
present, which are ascribable to the dissolution of fine PVP fibers. In addition to a
contribution to weight loss, the dissolution of PVP fibers formed channels which could
vehicle water inside the composite, favoring a more thorough and rapid degradation of the
PCL matrix. As a term of comparison, Fig. 4.4.8(c) shows that no such channels or pores
were present in the composite containing just nylon fibers. In other words, PCLNyPvp was
the more fastly degrading material because the imperfect adhesion between matrix and nylon
fibers allowed the formation of preferential channels through which water could penetrate in
the bulk of the material, and dissolve the PVP fibers. When only PVP fibers were present, the
matrix/fiber assembly was much more compact (Fig. 4.4.4(a)), so water could reach the fibers
only after the surrounding PCL matrix was degraded, significantly slowing the whole
process. Armentano and coworkers [129] recently reviewed the effect of nanofillers on the
degradation of biodegradable-polymer-based nanocomposites, and highlighted the role of
nanofillers in favoring the exchange of water within the composites, thereby increasing the

rate of degradation. Another interesting feature was observed during biodegradation studies.
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Fig.4.4.9. Pictures before and after degradation in buffer solution of PCL and composites

Fig. 4.4.9 shows the pictures of the samples before and after degradation in buffer. The PCL
and PCLPvp samples severely changed their shape, whereas, when nylon fibers were used,
the composites displayed an excellent dimensional stability. This is particularly notable in
sample PCLNyPvp, in which even after a 20% weight loss due to degradation, the shape was
perfectly retained. This is important under an applicative point of view, because it may allow
the functionality of the biodegradable product also when the degradation process is quite

advanced.

Conclusions

In this paper, electrospun fibers were used as fillers to improve the physical mechanical
properties and to modify the biodegradation behavior of PCL-based nanocomposites. Nylon
was chosen as the reinforcing material, whereas PVP was selected to tune the biodegradation
rate. The characterization of the structure and morphology of such composites showed that
fibers have an important role in shaping the semicrystalline framework of the material,
especially at a lamellar level. A critical effect of fiber diameter on interfacial adhesion was
observed, with thinner fibers adhering more firmly to the matrix, compared to thicker ones.
The most interesting results regarded the physical mechanical properties and the
biodegradation behavior. Despite being a weaker polymer than PCL, PVP was not
detrimental to the tensile properties of the material. On the other hand, nylon fibers proved to
be effective reinforcing fillers for the PCL matrix, also in co-presence with PVP fibers. PVP
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fibers were, on the other hand, critical in shaping the biodegradation behavior. Water soluble
PVP fibers located within the interstices between the matrix and the nylon fibers can be more
easily reached by water, which penetrates through the erosion of the PCL surface. This
produces hollow channels that allow to vehicle more water in the bulk of the composite,
thereby increasing the rate and extent of biodegradation. In addition to producing such
favorable morphology, nylon fibers greatly increase the dimensional stability. Even after 20%
degradation, the nylon-containing samples retained their shape. These materials were
therefore suited for applications in which it is desirable to maintain the functionality of the
objects even after a significant advancement of the biodegradation process. In conclusion, in
this paper we showed that electrospun fibers of different chemical nature and with different
sizes could cooperate in improving the physical mechanical properties of a PCL matrix, at the

same time tuning its biodegradation behavior.
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Chapter 5

PLA BASED COMPOSITES
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5. Poly (lactic acid) based Composites

Introduction

Modern society produces ever-increasing quantities of waste materials, which are causing
environmental concerns. Most of the plastic wastes produced from polymers that are
produced from fossil sources, once they are consumed and discarded into the environment,
finally end up as un- degradable wastes and therefore contribute greatly to global pollution.
Mainly plastic wastes are coming from single-use items like shopping bags and food
packaging materials, etc. Increasing environmental awareness and inconsistency in petroleum
pricing opened a way to develop eco friendly materials and to replace plastics which are
mainly causing environmental problems. Research mainly focused on materials from
renewable resources like agricultural products and thus polymeric materials from agro based
products are not only gaining interest for environmental concerns and also for political
reasons.[130-133]

The development of innovative biopolymer materials has been underway for a number of
years, and continues to be an area of interest for many scientists. The most popular and
important biodegradable polymers are aliphatic polyesters,[134-142] such as poly(lactic acid)
(PLA), poly(glycolic acid) (PGA), poly(3-hydroxybutyrate) (PHB), and poly(e-caprolactone)
(PCL), among which PLA has attracted the most attention due to its renewable
resources,[134] biodegradation, biocompatibility, superior thermal properties, and the
transparency of the processed materials.[135] Therefore, PLA is widely used in medical
application such as wound closure, surgical implants,[136] resorbable sutures,[137] tissue
culture,[138] and controlled release. In this direction PLA is one of the most promising
candidates amongst all bioplastics, because it is produced from renewable resources and
readily biodegradable. PLA is linear thermoplastic polyester produced by the ring opening
polymerization of lactide. Lactide is a cyclic dimer prepared by the controlled
depolymerization of lactic acid, which is obtained from the fermentation of sugar feed stocks,
corn, etc. Also, it is easy to process, and has good thermal plasticity and is thus a promising
polymer for various end-use applications, also for good replacement for non degradable
plastics. There is increasing interest in using PLA for disposable degradable plastic articles;

however, there are properties such as flexural properties, gas permeability, impact strength,
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etc. that are to be improved for so many end use applications of this polymer.[130,132,143]

The repeating unit of poly (lactic acid) is shown below.

5.1 The effect of different clays on the structure, morphology and

degradation behavior of Poly(lactic acid)

Introduction

A wealth of investigations was carried out on PLA, to improve material performance. PLA
was blended with some other bio polymers such as starch,[144] or cellulose.[145,146]PLA
was copolymerized with some other co-monomers like caprolactone;[147], to improve
material properties for many end use applications. PLA was also reinforced with natural
fibers like kenaf.[148-150] wood [151] and flax fibers,[131] Clay based nanocomposites
were also prepared, introducing clay nanoparticles into the PLA matrix. The most widely
used clay is montmorillonite, because of its large cation exchange capacity. However, several
kinds of clays, for example montmorillonite modified with several cations (mostly alkyl
ammonium cations) were employed for the preparation of PLA nanocomposites in order to
improve the material performances for end use applications.[132,152-154] Ogata et.al [152]
first prepared blends of PLA and organically modified montmorillonite by solution casting
method; several authors since then have prepared PLA/modified montmorillonite using
different techniques.[155-157] They found only tactoids, which consisted of several stacked
silicate layers, and as a result, the modulus of the composites was slightly higher than that of
pure PLA. Bandyopadhyay et.al [153] reported the preparation of intercalated PLA/OMLS
(organically modified layered silicates) nanocomposites with much improved mechanical and
thermal properties. Hasook et.al [158] found that melt blending 5% organoclay (treated with

dimethyl distearyl ammonium ions) with PLA increased the tensile modulus by 20%. Also,
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several groups worked on PLA/clay nanocomposities, varying the process parameters.[159-
161]

Compatibilisers can be added to improve properties of polymer composites, but have not
been used in most studies of PLA nanocomposites to date. Ray et.al [154] reported a study of
PLA nanocomposites where up to 3% PCL was added as a compatibiliser. They reported an
enhancement of mechanical properties and a change in morphology, attributed to better
stacking of silicate layers. Hasook and coworkers [158] reported a similar study of PLA
nanocomposites where 5% PCL was added as a compatibiliser. They reported that addition of
low molecular weight PCL decreased modulus, increased tensile strength, and did not change

degree of dispersion, so they concluded that PCL was not acting as a compatibiliser.

On the other hand, PLA was also reinforced with layered double hydroxides.[162-164]
Layered double hydroxides (LDHSs), known as anionic clays, consist of a stacking of positive
hydroxylated layers [M1,** M,3* (OH) 5] ** separated by interlayer anionic species and water
molecules [Axq™.nH20], where M?* is a divalent metal ion (such as Mg*", Zn*"), M** is a
trivalent metal ion (such as AI**, Cr®"), and A is an anion with valency q (such as COs*, CI,
NO3 ).{{202 Leroux, F. 2005; }} Because of their highly tunable properties and unique anion
exchange properties, LDHs are considered an emerging class of layered materials for the
preparation of polymeric nanocomposites.[39,40] Most LDH layers disperse homogenously
in a PLA matrix in the nanometer scale yielding intercalated or exfoliated structures.
Incorporation of organically modified LDH brings considerable increase in the crystallization
rate of PLA, because of the heterogeneous nucleating effect. With the presence of LDH, the
nucleation density increases and the spherulite size reduces. Besides, it was found that the
incorporation of LDH has little or no discernable effect on the crystalline structure as well as
the melting behavior of PLA. As a consequence, it is considered that LDHSs could possibly be
a kind of promising fillers for reinforcing the biodegradable polyesters to produce
biocompatible nanocomposite materials.[164]

According to authors’ knowledge, so far no work was reported in which the performance of
cationic and anionic clays on PLA was compared. Moreover, no reports were found in
literature discussing the correlation between the effect of these clays on the structure and

morphology of PLA and the degradation behavior. This paper compares the effects of
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cationic and anionic clays on structure, morphology, crystallization and degradation behavior

of PLA with the aim of understanding the relationship between structure and degradation.
Materials

PLA, with D content of 1.1-1.7% was obtained from Unitika Co. Ltd. According to the
supplier, it had a weight average molecular weight M_W: 200 kg/mol, density = 1.25 g/cm?®

(ASTM 1238). Two different cationic clays i.e. Dellite HPS (deriving from a naturally
occurring especially purified montmorillonite) and Dellite 43B (montmorillonite modified
with a quaternary ammonium salt, i.e. dimethylhydrogenated tallow ammonium) were
purchased from Laviosa Chimica Mineraria s.p.a., Italy. Perkalite is an organically modified
layered double hydroxide (purchased from Akzo Nobel Polymer Chemicals, Netherlands).
All materials were dried at 50°C prior to use.

All composites were prepared with 3% of clay (W/W) in melt mixing in a camera mix
(Brabender) at 190°C. The obtained lumps were sliced into small pellets and then melt
pressed in a hot press at a temperature of 190°C in order to obtain films for further analysis.
To obtain a crystalline material, all samples were annealed at 100°C for 4 hours. Only
annealed samples were used for all further analysis. Filler level was kept constant in all cases,
because it is reported that filler level above 5% is resulting in reduction of mechanical
properties.[159,165] The samples were coded with type of clay used for the preparation of
PLA nanocomposites. For example, the composite prepared with perkalite, has been given
the code PLA-PERK.

The kinetics of crystallization was studied by subjecting each sample to the following thermal
cycle: after erasure of previous thermal history by keeping the polymer at 200°C for 5 min, it
was cooled at the maximum rate to the crystallization temperature (T.). The heat evolved
during the transition was monitored as a function of time during an isothermal at T. of

suitable length. The fraction X of material crystallized after the time t was estimated from the

ey,

relation:
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Where the numerator is the heat generated at time t and the denominator is the total heat of

crystallization. The Avrami equation [166] was used to correlate X with time:
X =1-exp[-K (t—t,)"]

K is the Kkinetic constant of crystallization, n is a coefficient linked to the time dependence

and the dimensions of growth of crystallites.

For TEM, 80 nm ultra-thin sections were prepared by an ultramicrotome (Ultracut E,
Reichert-Jung) with a 35° Diamond knife (Diatome, Switzerland) at room temperature. TEM
pictures were obtained by a TEM LEO 912 (Zeiss, Germany) at an accelerating voltage of
120 kV. The PLA samples are very unstable in the TEM. That means they move themselves
and cavitation occurs by the use of the electron beam. These cavities expand and the section

is destroyed. Therefore a very low current was used, which was smaller than 1 pA.

Degradation studies were performed on all prepared samples in phosphate buffer solution
(PBS) at pH 7.4. Samples were taken out from the media at different time intervals, washed
thoroughly with distilled water and dried at room temperature for 24 hours, weighed and

returned to the media.

Results and discussions
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Fig.5.1.1. WAXD diffractograms for different clays and composites at lower angles
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The dispersion of clay in the prepared composites was analyzed by WAXD. Peaks related to
the pristine clays and of dispersed clay particles in the matrix polymer are shown in
Figure.5.1.1. Basal peaks were recognized at 20 ~ 2.3°, 4.6° and 7° for pristine perkalite,
dellite HPS and dellite 43B respectively. These basal peaks disappeared when clays were
mixed within the PLA matrix; this indicates that they have attained a very good dispersion in
the composite. It is often reported in the literature that when the basal signal disappears, this
IS a sign that exfoliation occurred. Considerable attention should be exercised in taking this
conclusion, though, because WAXD alone is not sufficient to prove exfoliation.[167-170]

In order to correctly assess the degree of interaction between polymer and clay, WAXD and
SAXS must be used complementarily. Extensive intercalation could in fact separate clay
layers to such an extent to be undetectable by WAXD but that can still be determined by
SAXS.[171]

Only the disappearance of SAXS signals and Transmission Electron Microscopy (TEM)
observations can confirm that exfoliation has occurred. Moreover a number of possible
factors, such as the small sample size, when very low clay loadings are used, or orientation
issues, could determine the disappearance or at least a dramatical weakening of the basal

signal that could be misinterpreted as exfoliation.

Very interesting comparisons of WAXD and TEM data showed moreover that the WAXD
signal can disappear even if some intercalation is present. The lack of Bragg scattering can
suggest that a wide range of basal layer spacings is present within the tactoids. This variation
in persistence lengths (which correspond to regions that have a constant value in the d-
spacing) can result from a number of different reasons: incomplete exchange of the cations
present in the pristine clay galleries with the organomodifier, uneven polymer intercalation,
single clay layers organized in tactoids with large interlayer spacing and not regularly
ordered, variable composition within a tactoid which affects clay surface charge, and small
tactoid effects.[171] This latter situation, i.e. reduction of the size of tactoids to just two or
three layers,[172] can be considered practically equivalent, as far as properties are concerned,
to exfoliation.[173-176] SAXS traces in the periodicity region typical of clay were
featureless, corroborating the WAXD observation that a significant disordering of clay

tactoids was achieved in the composites.
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We performed TEM analysis in order to confirm the degree of dispersion of clay in our
prepared composites. Figure 5.1.2, shows TEM micrographs of the composites prepared
using different clays.

Delaminated layers
Intercalated layers

(b)

laminated |
Delaminated layers Agglomerated layers

()
Fig.5.1.2. TEM images of PLA43B (a); PLAPERK (b); and PLAHPS (c)
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It is evident from TEM micrographs that all the nanocomposites prepared show the presence
of delaminated clay layers, in accord with the very weak basal signals. We also observed,
though, intercalated and agglomerated structures along with some delaminated structures,
especially in PLAPERK (fig.5.1.2(b)) and PLAHPS (fig.5.1.2(c)). Hence, the absence of

peaks in WAXD is not the confirmation of exfoliation or complete delamination of clay
layers.

Delamination could be due to high shear stress, i.e. 100 rpm, in the preparation procedure. In

a study, Bourbigot et.al [177] reported optimum conditions to achieve exfoliated structures as
high shear stress, i.e. 100 rpm for 1 min at 185°C.

The WAXD patterns of the samples are those typically found for PLA (fig.5.1.3).[164,178]
Macroscopically no effect of any clay was observed on the structure of matrix polymer.
WAXD traces were fitted to calculate the degree of crystallinity (dwaxp) by deconvoluting
the contribution of the crystalline and amorphous domains to the diffraction pattern and
corresponding results are reported in Table5.1.1. In all compositions, addition of clays

brought about an increase in ®waxp, especially in the case of the composite with perkalite.
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Fig.5.1.3. WAXD diffractograms of PLA and of its composites at higher angles
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Table 5.1.1: Degree of crystallinity of all prepared samples measured by fitting WAXD traces

sample Degree of crystallinity (Owaxp) (%)
PLAREFB | 54
PLAHPS 72
PLA43B 79
PLAPERK | 84
—— PLAB
—— PLAHPS
PLA43B
—— PLAPERK
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Fig.5.1.3. Lorentzean SAXS patterns of pure PLA matrix polymer and of its composites

The morphology of the polymer at lamellar level was studied by SAXS. Resulting SAXS
patterns are reported in Figure 5.1.4. In the pure matrix polymer, a sharp peak appeared,
indicative of very well ordered crystalline lamellae. In the composites, on the other hand, the
SAXS peaks were much less neat. The composite with perkalite retained the same long
period of neat PLA, but with a significant broadening of the SAXS signal. This indicates that
lamellar stacks are less homogeneous in size and morphology.[179] In the case of the
materials with cationic clays, the SAXS signal disappears. SAXS data are coherent with a
disruption of the order of the lamellar stacks due to a very intimate contact between matrix
and filler. This is maybe because clay particles are dispersed thoroughly in the matrix
polymer with delaminated structures due to high shear stress, and thus they function like
obstacles for the free motion of polymer chains when crystalline lamellae were forming. This

IS not surprising because it is reported that nanofillers influence the shaping of the structure at
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a crystalline cell level, but it has its most significant effects on polymer lamellae.[97-
102,124]

Table 5.1.2: Isothermal crystallization kinetic studies at different temperatures
Sample at 100°C at 110°C at 120°C
n |[InK |n |[Ink)|n [In()

PLAREFB |19 |-61 |19 |-60 |17 ]|-24
PLAHPS |19 |-47 |19|-42 |17 ]|-38
PLA43B 17|-42 |16|-39 |16]|-3.2
PLAPERK | 28 |-34 |20|-23 |17 |-44

As we mentioned before, no literature was found to compare the effect of clays on the degree
of crystallinity of PLA. However, structural and morphological data are consistent with an

effect of clay on the crystallization rate.

In order to better understand the influence of the different clays on the crystallization
behavior of PLA, the crystallization kinetics was studied. Isothermal measurements at three
different T, (100, 110 and 120°C) were performed to establish the nucleating effect of clays
on PLA matrix, and the obtained results were interpreted according to the Avrami
equation.[166] Such data treatment allows to obtain two parameters describing the
crystallization kinetics: In K, which is a kinetic constant, and n, which is a parameter related
to the mechanism of nucleation and to the dimensionality of growth in the crystallization. It
has been already reported that clay particles increase the crystallization rate and thus increase
the number of spherulites formed in nanocomposites compared to pure PLA matrix.[132,180-
183] Day et.al [181] reported that when the materials were crystallized in the temperature
range 120-130°C the crystallization rate for the composite material was approximately 15 to
20 times faster than that for the neat PLA. In our study, we observed multiple effects of clays
on the crystallization behavior of PLA. One is at low temperatures at 100 and 110°C, K is
larger in composites compared to neat PLA, meaning that clays are showing nucleating effect
on PLA matrix. On the other hand, when materials were studied at 120°C, neat PLA had
larger K values than composites. This is not surprising because sometimes clays act as
inhibiting agents rather acting as nucleating agents. In a work by our group,[127] Cloisite
15A had shown inhibiting effect on PCL rather than acting as nucleating agent as it has been

reported. For what concerns the crystallization mechanism, n remained approximately
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constant in all samples (~1.9) except in PLAPERK at 100°C, when it increased to 2.8. This
indicates that no significant changes in the crystallization mechanism were brought about by
clay except with perkalite. It is especially interesting to note the crystallization behavior of
the samples at 100°C, which is the temperature at which they were annealed in the present
work. K increases in the same order as ®waxp, i.e. perkalite has the largest crystallinity and
the fastest crystallization; on the contrary neat PLA is the least crystalline sample and
crystallizes slowly. Moreover, a sharp difference in crystallization mechanism could be seen
between composites, with cationic clays which have the same n of PLA, and that of PLA-
PERK, in which the change in n is indicative of a change in crystallization mechanism. This
difference in crystallization mechanism is reflected by SAXS data: PLA-PERK maintains a
rather ordered lamellar morphology, whereas PLA-HPS and PLA-43B displayed a dramatic

disordering of the lamellar stacks, which brought to featureless SAXS traces.
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Fig.5.1.6. (a) before degradation studies (b) after degradation studies

Studies were performed to investigate the effect of clay on the rate of degradation (Figs. 5.1.5
and 5.1.6). Figure 5.1.6 shows the results after 125 days in PBS, PLA showed a negligible
weight loss. On the other hand, the composites with cationic clays lost about 10% of their
initial weight, whereas almost 40% of sample PLA-PERK degraded after 125 days in PBS.

Differently from cationic clays, perkalite initiates degradation early in the first days of
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exposure to PBS. The composites containing Dellites started losing mass after 15 days. This
is somewhat an unexpected result. Hydrolytic degradation preferentially attacks the
amorphous regions of the sample. PLA-PERK, the fastest-degrading sample, is also the most
crystalline one, and the one showing the best dispersion of the filler. Such behavior is
probably linked to the chemical nature of perkalite, which may allow a better interaction with
the incoming water. Moreover, the better dispersion of the filler layers within the matrix
increases the barrier effect,[132] so slowing down the penetration of water in the material.
This allows a longer contact time between polymer and water, thus favoring the hydrolysis
reaction. S. S. Ray et.al [160] reported the rate of degradation of neat PLA and of its
composites with montmorillonite in compost environment. They reported that addition of
clay to PLA promoted the rate of degradation in compost and it took only two months of time
for complete degradation of the composite in compost. In our study, however, PLA and its
composites are degrading more slowly, meaning that the degradation rate of PLA is slower in
PBS media.

Conclusions

The structure, morphology and degradation behavior of PLA-based composites filled with
different kinds of clay were compared. Even though a similar degree of dispersion could be
achieved in cationic and anionic clays, these two kinds of fillers exerted different effects on
the structure and morphology. The anionic perkalite clay induced higher crystallinity, a faster
crystallization rate and also a modification of the crystallization mechanism. Moreover, when
perkalite clay was used, the lamellar framework of PLA was preserved. These differences
were reflected in the degradation behavior of the materials. This shows the potential of the
addition of nanofillers for tuning the degradation rate of PLA, in order to widen the

application range of this promising polymer.
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5.2. Electrospun nylon fibers for the improvement of mechanical properties
and for the control of biodegradation rate of poly (lactide)-based

composites

Nylon fibers have been extensively employed as reinforcement of several polymer matrices,
most notably poly (methyl methacrylate) (PMMA),[184] poly(ethylene terephthalate)
(PET),[185] poly(carbonate) (PC)[186] and rubber.[187,188]

Recent literature reports showed the potential in property improvement of electrospun nylon
fibers especially in poly(aniline) (PAN),[189] PMMA,[190] poly(caprolactone)[126,191] and
dental resins.[60,61] In paragraph 4.3., PCL composites filled with electrospun nylon 6 (N6)
fibers were prepared by a melt processing technique.[126,191] With very low filler content
(3%) a simultaneous increase in strength, stiffness and ductility was observed, which is
unusual in nanocomposites containing other types of fillers, where the increase in modulus
normally happens at the expenses of elongation at break.[126] Such potential was
corroborated also by other authors. Recently, Mallon and coworkers reported that electrospun
fibers of polyacrylonitrile-graft-poly(dimethyl siloxane) were able to confer to a cross-linked
poly(dimethyl siloxane) matrix not only strength and stiffness, but also a remarkable
extensibility.[192] Moreover, electrospun fibers could modify the degradation rate of
PCL.[191]

According to the authors’ knowledge, PLA was never reinforced with any kind of electrospun
fibers. In this work, we filled PLA with electrospun N6 fibers in order to study the effect of

fibers on the structure, morphology, mechanical properties and biodegradation behavior.

Tensile mechanical properties of rectangular-shaped samples (30 mm x 10 mm x 0.5 mm)
were measured using an Instron model 3345 mechanical tester at room temperature and 50%
humidity. The strain rate was 5 mm. min™. At least five measurements were performed for

each sample.

Degradation studies of the samples were performed in two different media. Firstly, the
materials were exposed to phosphate buffer solution (PBS) at pH 7.4 for 4 months. Since in
this medium no significant degradation was observed, the samples were moved into a NaOH
(0.1 M) solution. Such degradation tests were carried out at 65°C. Samples were taken out

from the media at regular time intervals, washed thoroughly with distilled water and dried at
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room temperature for 24 h, weighed and returned to the media. Two specimens for each

sample were tested in parallel to check the reproducibility of the procedure.
Experimental

PLA, with D content of 1.1-1.7% was obtained from Unitika Co. Ltd. According to the
supplier, it had a weight average molecular weight M_W = 200 kg/mol, density = 1.25 g/cm®
(ASTM 1238).

Ny electrospun fibers were used as fillers. Electrospinning was carried out on a 22 wt%
(viscosity, 1320 cps) Ny solution in formic acid/acetic acid (80/20, wt/wt) with an applied
voltage of 22 kV and tip to collector distance of 12 cm. All fibers were dried prior to use in
vacuum oven at 100°C to remove adsorbed moisture and residual solvent. The

characterization of the electrospun mat was done after this drying stage.

Two types of composites with different amounts of filler content were prepared as in our
previous work.[126,191] The first composite, i.e. PLANY1.5, was prepared by keeping the
N6 fiber mat between two PLA films, and applying pressure and heat in a press (Alfredo
Carrea, Genova, Italy) at 180°C, PLA was melted and percolated between the voids in the
mat, constituting a continuous phase in which the fibers were dispersed. The second
composite, PLANY2.5, was prepared by keeping two Ny fiber mats alternated by PLA films.
Table 5.2.1 shows the sample codes and the wt% of filler content in the composites.

Table 5.2.1: Formulation and codes of the samples

Sample Fiber content (% ) W/W

PLAREF 0

PLANY15|15+0.1

PLANY25|25+£0.1

All prepared samples were annealed in an oven at 100°C for four hours, because they were

amorphous (confirmed by WAXD and DSC) right after treatment in the press.

81



The kinetics of crystallization was studied by subjecting each sample to the following thermal
cycle: after erasure of previous thermal history by keeping the polymer at 200°C for 5 min, it
was cooled at the maximum rate to the crystallization temperature (T.). The heat evolved
during the transition was monitored as a function of time during an isothermal at T, of

suitable length. The fraction X of material crystallized after the time t was estimated from the

e EoslEy,

Where the numerator is the heat generated at time t and the denominator is the total heat of

relation:

crystallization. The Avrami equation [166] was used to correlate X with time:
X =1-exp[-K(t—t,)"]

K is the kinetic constant of crystallization, n is a coefficient linked to the time dependence
and the dimensions of growth of crystallites.

This equation is linearized in the following way:
In[-In(1-X)] = In K + n In(t-to)

Plotting In[-In(1-X)] vs. In(t-t), and fitting with a straight line, n and K can be obtained by the

slope and the intercept of the obtained line.

The crystallization behavior of the samples was studied with a Leica DM400M polarized
light microscope. The samples were placed between a glass slide and a cover slip and were
kept at 180°C for 10 min, to ensure uniform melting and to delete their thermal history. The
slide was then transferred to a Mettler FP82HT hot stage set at 100°C. The photomicrographs
were taken between cross-polarizers with a Leica DFC280 digital camera. In order to suitably
compare the behavior of different samples, photomicrographs were taken for all samples after

20 minutes of isothermal crystallization.

Results and discussion

Figure 5.2.1 shows a SEM micrograph of the electrospun Ny fibers used in this work. The

average diameter of these electrospun fibers was evaluated performing image analysis on
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several micrographs, for a total of about 100 fibers, and was found to be 800 nm. Figure 5.2.1
also shows in an inset the size distribution for the diameters of the fibers. These diameters are
about one order of magnitude smaller (i.e., their specific surface areas are more than 10-times
larger) than ordinarily spun fibers. A notable feature is the quite broad distribution of fiber
size, with thin fibers coexisting with very large fibers, up to 3 um in diameter. The quality of

the fibers was good, with a smooth surface and no trace of beads.

Fig.5.2.1. SEM micrograph of the nylon fiber mat. The inset shows the distribution of fiber diameters

As better detailed in the experimental section and in previous papers by our group,[126,191]
inclusion of the fibers in a continuous PLA matrix was done by percolating, in a compression
molding press, molten PLA within the interstices of the fibrous mat. The electrospun fiber
mat included in the matrix was non woven. The preparation of the composites was done at
180°C which is a temperature high enough to melt PLA (T, = 150°C) but much lower than
the melting point of the Ny fibers (T, > 210°C). It was therefore possible to preserve the
network of the electrospun fibers, while at the same time creating a homogeneous PLA
polymeric matrix. The effect of fibers on the structure and morphology of the composites was
studied by WAXD. Figure 5.2.2 shows the WAXD diffractograms of PLA and of its
composites PLANY1.5 and PLANY2.5. In all compositions, a major crystalline peak at 20
~16.6°, related to the a-phase (110) plane, was observed without the appearance of any
crystalline peaks related to nylon. Table 5.2.2 shows the degree of crystallinity evaluated by
WAXD (®dwaxp) of concerned samples. A small increase in the ®waxp was observed in the

composites, but fibers are not showing much effect on ®waxp.
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Fig.5.2.2. WAXD diffractograms of PLA, and of its composites with different amount of filler

content

Table 5.2.2: Degree of crystallinity obtained by WAXD (®waxp) and morphological parameters of
the lamellar stacks obtained by SAXS analysis of considered samples. The thickness of the crystalline
(C) and amorphous layer (A), the long period (D), and the crystallinity (@saxs). 6c/C, 6a/A op/D and
oe/Dsaxs are the distributions of the aforementioned parameters and can be interpreted as the relative
deviation from the average of the values of such features

Sample C A D DOwaxp | Psaxs Gc/C GA/A GD/D Gq)/(DSAxs
A [A) | A) | (%) (%)

PLAREF | 109 |53 |162 |63 67 03 |03 |02 |01

PLANY1.5 | 164 | 54 | 218 | 67 75 01 (01 |01 |02

PLANY2.5 | 127 | 42 | 169 | 66 75 01 (01 |01 |01

The lamellar morphology of all prepared samples was studied using SAXS. Figure 5.2.3
shows the experimental traces due to the matrix and to the samples with electrospun fibers.
The experimental traces due to the matrix and to the samples with electrospun fibers were
fitted according to a method [113,114,193] which was shown [115] to reliably determine the
thicknesses and distributions of the crystalline and amorphous layers, the long period and the

crystallinity, along with their distribution, associated to lamellar stacks. The fitted traces are

84



shown in Figure 5.2.3, and the morphological features obtained by this procedure are

summarized in Table 5.2.2.
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Fig.5.2.3. SAXS patterns (solid line) of the considered samples, traces calculated during the fitting

procedure (dotted line) are also shown

The long period of the SAXS peak of the composite with the lowest filler content, i.e.
PLANY1.5, was larger than that of the matrix, whereas when the amount of fibers increased,
the SAXS peak shifted towards wider angles. In all composites, the thickness of the lamellae
was increased with respect to the neat matrix, although the maximum thickness was achieved
in sample PLANY1.5. The thickness of lamellae slightly decreased in PLANY2.5, with
respect to sample PLANYL.5. Interestingly, also the thickness of the amorphous layer
decreased going from PLANY1.5 to PLANY25, so the overall effect was that the
crystallinity associated to the lamellar stacks of the composites was constant irrespectively of
the fiber content. It is noteworthy that ®saxs was significantly higher in the composites than
in the neat matrix. The increase in crystallinity noted by WAXD is confirmed by SAXS, but
the effect is magnified when the focus is posed on the characterization of the lamellar
morphology. It has already been highlighted that the nanofiller often negligibly influences
the structure at a crystalline cell level, but it has its most significant effects on polymer
lamellae.[97,100-102,124]

This apparently conflicting behavior, i.e. that the presence of fibers increases the lamellar
thickness, which on the other hand starts to decrease beyond a certain filler content can be
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explained in analogy to other systems, such as composites filled by
montmorillonite,[116,194-196] graphite[197] or CNTs.[198] Fibers have a double role in
influencing the semicrystalline framework of the polymeric matrix. The presence of fibers
has on one hand a nucleation effect, bringing about an increase of crystallization
degree.[126,191,198] This was confirmed by DSC, as will be detailed later in this section. On
the other hand, as previously observed for other nanofillers, for example CNTSs or electrospun
fibers, increasing the filler content, and therefore its surface area, some hindering effect on
the free motion of macromolecular chains appear, leading to difficulties in attaining thick
lamellae, as observed also in this work.[102,124,126,182,198-200]

In Table 5.2.2, it can be seen that the crystallinities assessed by SAXS had larger values
relative to those estimated by WAXD. This divergence can be explained considering the
difference between the two techniques. SAXS is only sensitive to the crystalline regions
organized in lamellar stacks, whereas WAXD allows the detection of all the regions
contributing to the semicrystalline framework, including the amorphous phase located
between the lamellar stacks. Therefore WAXD crystallinity was lower because the
contribution of crystalline domains was “diluted” by the interstack amorphous. It can be seen
that the difference between ®waxp and ®saxs increased passing from the matrix to the
composites. This means that in the composites the quantity of interstack amorphous material
is increased, and that much of the non-crystalline material is segregated outside the lamellar

stacks.

Fillers such as talc, montmorillonite, carbon black or hydroxyapatite were shown to
accelerate the crystallization rate of PLA.[182,201,202] Fibers have the same effect on the
crystallization behavior of PLA, as noted for kenaf fibers and rice straw,[203] and for
CNTs.[204] DSC was used to assess the nucleating ability of electrospun fibers. Isothermal
crystallization was performed in the DSC instrument at T, = 110°C, observing a
crystallization exothermal curve. Such pattern was linearized as better detailed in the
experimental section,[166] and by fitting of the lines yielded by the experimental data (data
shown in the Supporting Information) two parameters were obtained, which describe the
crystallization kinetics: InK, which is a kinetic constant, and n, which is a parameter related to
the mechanism of nucleation and to the dimensionality of growth in the crystallization.[166]
The kinetic constant K was larger for the composites (InK = -3.4 and -3.3 for PLANY1.5 and
PLANY2.5, respectively) than for the matrix (InK = -3.8). This implies that fibers have a

nucleating effect, which was also confirmed by polarized light optical microscopy (PLOM).
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Figure 5.2.4 compares pictures taken after 20 minutes of isothermal crystallization at 100°C
for the neat matrix and for sample PLANY1.5. As can be seen, a larger number of spherulites
appeared in the fiber-containing material, and the crystallization process is much closer to

completion in the composite, rather than in the matrix.

Fig.5.2.4. Polarized light optical micrographs of the spherulitic texture obtained after 20 minutes of

isothermal crystallization at 100°C for a) the neat matrix and for b) sample PLANY1.5

In Figure 5.2.4(b) it can be seen that the spherulites are preferentially concentrated around the
fibers. This corroborates DSC data in evidencing a nucleating ability by electrospun fibers,
which was previously observed also in the case of poly(caprolactone) matrices.[126] The
Avrami parameter n remained constant at 1.6 in all samples, indicating that no significant
changes in the mechanism of crystallization are observed by the addition of filler. This is
somewhat different from what previously observed for other nanofillers, which often induced

a modification of the crystallization mechanism.[182,205]
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a)

Fig.5.2.5. SEM micrographs of PLANY1.5 in a region where fibers are preferentially positioned a)

perpendicular and b) parallel to the fracture surface

2

Fig.5.2.5. SEM micrographs of PLANY2.5 in a region where fibers are preferentially positioned a)
perpendicular and b) parallel to the fracture surface

The adhesion between the matrix and the electrospun fibers was studied by observing the
fractured surface of the samples using SEM. Figures 5.2.5 and 5.2.6 show that PLA and
nylon fibers had a good compatibility with each other, resulting in well embedded composite
systems. Compared to composites of natural fibers and PLA,[206-208] in this case a much
better adhesion was attained. Especially when fibers were disposed perpendicularly to the
fracture surface, the sections of fractured fibers were perfectly embedded within the PLA
matrix. The entity of adhesion decreased in the regions of the composites where many fibers
are oriented tangentially to the fracture surface (Figs 5.2.5(b) and 5.2.6(b)). Also in such
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zones of the sample, though, the fibers remained firmly rooted within the matrix, without the
appearance of large craters or of debonded sites. The morphology of the composites studied
in this work, especially of PLANY1.5, was somewhat different to the one previously
observed in the case of PCL/nylon composites, where larger diameter fibers showed a poor
interfacial adhesion, and bundles protruded from craters in the matrix.[126] Interestingly, in
the composites studied in this work, all the fibers displayed the same optimal adhesion,
irrespective of their diameter. On the contrary, in the case of PCL/nylon composites the finest
filaments were firmly embedded in the matrix, their exposed end protruding directly from
within the matrix, without the presence of craters at their base due to debonding, which was
the case in the largest-diameter fibers. Increasing the filler content, such as in the case of
PLANY2.5, the morphology became more similar to the one previously observed in
PCL/nylon composites, although also in PLANY2.5 adhesion is globally considered very
good. The quality of adhesion was also investigated by infrared spectroscopy. Figure5.2.7
shows a comparison of the IR spectra of samples PLAREF, PLANY1.5, PLANY2.5, and of
the electrospun nylon mat. Particular attention was posed to the signals at 3300 cm™ (N-H
stretching of nylon), at 1640 cm™ (C=0 stretching of nylon) and at 1540 cm™ (N-H bending
of nylon). The position and shape of such peaks are a function of the type and extent of
hydrogen bonding which nylon molecules form. As may be seen, in the composites the
signals due to the N-H bond of nylon, i.e. the stretching band at 3300 cm™ and the bending
peak at 1540 cm™ are broadened and weakened so much that they disappear. On the other
hand, the C=0 stretching band moves from 1640 cm™ in the neat fibers to 1647 cm™ in the
composites, indicating that the chemical environment of the amide groups of nylon are

significantly modified by the interaction with the PLA matrix.
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Fig.5.2.7. IR spectra of the reference matrix, of the composites and of the neat nylon fibers. Part a)
shows the entire spectrum, part b) shows an enlargement of the spectral region where the C=0
stretching (~1640 cm-1) and the N-H bending (~1540 cm-1) bands of nylon appear

Differences in the semicrystalline framework and in interfacial adhesion between matrix and
filler were reflected by the mechanical properties displayed by the samples. Table 5.2.3

summarizes the mechanical properties of the matrix and of the composites.

Table 5.2.3: Tensile mechanical properties of PLA and of its composites

Sample Modulus (GPa) Stress at | Elongation at
break (MPa) | break (%)

PLAM 2407 48 £ 6 3.6+04
PLANY15 |6.6+04 46 £5 1.7+£03
PLANY25 |3.6+04 23+4 3.2+05
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The materials were quite brittle, breaking before yielding, as expected from crystalline PLA.
PLANY 1.5, which was characterized by an optimal adhesion between matrix and fibers, with
no bundles and with the thickest lamellae, increased its modulus almost three-fold with
respect to the matrix. This sample retained the stress at break of the matrix, whereas its
elongation at break decreased. As often observed in nanocomposites, the increase in stiffness

of the sample was obtained at the expense of its ductility.

When the quantity of fiber bundles increased and the thickness of lamellae decreased, as in
PLANY2.5, the effect of the fibers was much weakened, and the mechanical properties of the

composite were the same, and in the case of stress at break even lower, as those of the matrix.

Similar results were obtained for natural fibers, although with a much larger filler
content.]209] Oksman and coworkers, for example, reported very similar mechanical
properties as ours, but a content of 30% of flax fibers [206] was necessary to achieve the
same performance obtained with just 1.5% electrospun fibers. In another report by Misra and
coworkers, 40% wood fibers were required to obtain a tensile performance similar to that of
our composites.[151] Improvements in modulus slightly larger than those of our composites
were obtained with ternary micro-nanocomposites containing, in addition to 40% wood

fibers, also 5% nanoclay.[208]

The approach chosen by Yano and coworkers, who used submicrometric fibrillated cellulose
[146] brought about increases in tensile modulus and strength, although to a lesser extent than
in the composites of the present work. When 3% microfibrillated cellulose was added, no
significant increases in tensile modulus and strength were observed, and just elongation at
break decreased. However, tensile modulus was increased by 60% and tensile strength by
10% with the addition of 10% micro fibrillated cellulose.[146]

Simultaneous increases in tensile modulus and in elongation at break could be attained with
small quantities of CNTs, which are, however, much more expensive than the electrospun
fiber employed in the composites described in the present paper.[210]

The existence of an optimum level of filler, beyond which the properties decrease instead of
increasing, is common in composites [206] and nanocomposites [159,161,211] and is often

associated to the effect of the presence of the filler on the crystallinity of the matrix.[211]

A number of authors stressed the importance of lamellar morphology in understanding the

reasons of reinforcement.[97,107,116] In particular, a correlation between tensile properties
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and lamellar features was previously noted for polyethylene and polypropylene composites
filled with polyethylene-grafted multi-wall CNTs and polypropylene-grafted CNT,
respectively.[102,212] A clear relationship between lamellar features and mechanical

properties was observed also in this case, as can be seen in Figures 5.2.8 and 5.2.9.
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Fig.5.2.8. Comparison of the trend of tensile modulus (closed circles) and of the thickness of lamellae
(open squares) as a function of fiber content
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Fig.5.2.9. Comparison of the trend of stress at break (closed circles) and of the thickness of the

amorphous layer between the lamellae (open squares) as a function of fiber content

The trend of Young’s modulus as a function of filler content was the same as the trend of the
lamellar thickness evaluated by SAXS (Fig. 5.2.8). Modulus is known to depend on the

lamellar thickness and crystallinity.[117] In this case; lamellar thickness was the
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preponderant factor influencing modulus, because although samples PLANY1.5 and

PLANY2.5 have the same ®saxs they displayed very different moduli.

Another example of correlation between lamellar morphology and tensile properties is shown
in Figure 5.2.9, which displays the stress at break and the thickness of the amorphous layer in

lamellar stacks as a function of fiber content. Also in this case, the trends are very similar.

Multiple factors are critical for the tensile behavior of polymer-based composites, among
which dispersion, matrix-filler interactions, spherulitic texture, micromechanical deformation
processes, skin-core structures and morphological features. Though the data gathered in this
work may not be sufficient to single out all of above factors, a role of the lamellar

morphology is strongly evident.

A particularly interesting effect of fibers was that of influencing the biodegradation behavior
of the composites. Samples were exposed to degradation studies firstly in PBS for 4 months.
Even after 4 months, samples showed negligible weight loss, i.e. 0.4%, in PBS.
Subsequently, samples were moved to NaOH solution; in this medium samples were
degraded very rapidly compared to PBS. Figure 5.2.10 shows the trend of mass residue as a

function of residence time in NaOH.
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Fig.5.2.10. Residual weight of the samples as a function of residence time in NaOH solution
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PLA was the sample which degraded more quickly, whereas addition of fibers made the
composites more resilient to degradation. This effect is linear, as shown in Figure 5.2.11,

which displays the entity of the residue as a function of fiber content.
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Fig.5.2.11. Residual weight of the samples at the end of the degradation experiments, as a function of

fiber content

It has already been reported that degradation happens through a hydrolysis mechanism and
preferentially in the less ordered portions of the sample, so the semicrystalline framework can
be key for the control of the crystallization rate.[127,129,213] However, the semicrystalline
morphology of the samples, i.e. the quantity of amorphous material at disposal for
degradation was not so different to explain such divergence, because PLANY1.5 and
PLANY2.5 had different degradation rates, but a similar degree of crystallinity. The
morphology of the fiber/matrix assembly could help in shedding light on this issue.
Armentano and coworkers [129] recently reviewed the effect of nanofillers on the
degradation of biodegradable-polymer-based nanocomposites, and highlighted the role of
nanofillers in favoring the exchange of water within the composites, thereby increasing the
rate of hydrolysis-based degradation mechanisms. A number of reports observed that clay-
containing nanocomposites had a higher degradation rate,[213-215] because such samples
exhibited a high volume of polymer matrix in contact with the nanoclay edges and surface,
resulting in easier water attack of the polymer chains as compared to the unfilled

polymer.[213]
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As previously noted, the composites displayed a very good interfacial adhesion between the
matrix polymer and nylon fibers. Nylon fibers are not degraded by NaOH, so they acted as an
obstacle to the diffusion of degrading solution inside the bulk of the sample. Obviously, the
more the fibers, the more difficult it was for the NaOH solution to reach the inner regions of
the composite. CNTs had the same effect: they acted as a physical barrier hindering the
degradation process.[198,216] Moreover, the firm adherence between the fibers and the
matrix inhibited the formation of channels at the interface which could vehicle water inside
the composite, favoring a more thorough and rapid degradation of the PLA matrix. Previous
investigations on PCL containing both N6 and polyvinylpirrolidone (PVP) fibers indicated
that such channels are very important for favoring degradation.[191] Despite being a water
soluble and therefore readily biodegradable polymer, PVP fibers did not increase the
degradation rate, because they were very firmly embedded in the PCL matrix, so water could
reach the fibers only after the surrounding PCL matrix was degraded, significantly slowing
the whole process.[191] The increase in degradation rate was achieved using simultaneously
PVP and nylon fibers, in which thinner PVP fibers tended to wrap around larger nylon fibers.
In this case, the dissolution of PVP fibers formed channels at the interface between matrix
and nylon fibers which could vehicle water inside the composite, favoring a more thorough
and rapid degradation of the PCL matrix.[191]

Another interesting feature was observed during biodegradation studies. Figure 5.2.12 shows
the pictures of the samples before and after degradation in NaOH. The PLA matrix totally
lost its shape, whereas, when nylon fibers were used, the composites displayed an excellent
dimensional stability, even after a weight loss of 40-60% the shape was perfectly retained.
This is important under an applicative point of view, because it may allow the functionality of

the biodegradable product also when the degradation process is quite advanced.
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Fig.5.2.12. Images of the samples before and after degradation in NaOH solution

Conclusions

In this work, electrospun nylon fibers were used to prepare PLA-based composites, by a very
simple compression molding method. The aim of this report was to show the viability of
electrospun fibers as fillers for fiber-reinforced composites, a still rather underdeveloped
field.

Electrospun fibers showed an interesting potential for the property improvement of
biodegradable polymeric matrices because they are able on one hand to shape the
semicrystalline framework at a lamellar level, therefore influencing the mechanical properties
of the material, and on the other hand to tune the degradation rate. In other words, the
interplay between good interfacial adhesion between matrix and filler and thickening of the
lamellae induced by the presence of fibers allowed to increase the modulus of the composites
3-fold with respect to neat PLA, although at the expense of elongation at break. A larger
quantity of fibers allowed increasing the modulus by 50%, while retaining the same
elongation at break of the pristine matrix. The electrospun fiber mat used in this work was
non woven and un-oriented, so the possibility to obtain oriented fibers promises to be even

more effective for the control of the improvement of mechanical properties.
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The morphology of matrix-filler interaction moreover slowed down the degradation rate of
the material, at the same time improving the dimensional stability during the degradation
process. This is a particularly interesting feature of the studied samples, because it shows that
the addition of electrospun fibers can be a way to tune the durability of PLA-based products,

widening the range of application of this promising material.

A remarkable advantage of this approach is its flexibility. In fact, the possibility to engineer
by electrospinning the chemical nature and the morphological features of the filler allows an
accurate design of the composites. This contrasts with most commonly used nanofillers,
which derive from naturally occurring materials (clays) or are less tunable in chemical nature

(carbon nanotubes), limiting the potential for a detailed design of the material.

5.3 Green Composites: PLA reinforced with Natural Fibers

The use of fiber reinforced polymer composites (FRPC) is increasing day by day in this
modern society. Most of the FRPC have glass fiber or carbon fibers as reinforcement, which
are known as conventional and traditional composites. On the other hand, recently
researchers are using electrospun nano fibers for the preparation of FRPC.[184-
188,190,191,191,217-225] The fibers which were used in their studies were obtained by
electrospinning of synthetic polymers which are not degradable. Because composites are
made using two dissimilar materials, they cannot be easily recycled or reused resulting in
disposal problems after their intended life. So, disposal of the composites which has this kind
of nondegradable synthetic fibers is very difficult. More importantly they are not from
renewable resources. As awareness is increasing on using renewable materials for the
preparation of different novel materials, researchers are reconsidering the idea of using
natural fibers for the preparation of FRPC. So far, several FRPC were developed using
natural fibers as reinforcement to prepare biodegradable composites. Different kinds of
natural fibers were used such as sisal, banana, bamboo, coir, pineapple leaf fiber, and so
on.[226-235] The natural fibers and fabrics have certain advantages over the conventional
glass fibers such as environmental friendly nature, low cost, low density, non-toxicity, lower

abrasion of equipment during processing and recycling. The properties of the reinforcement
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and the matrix and the strength of their interfacial bonding determine the quality of a

composite.

In this present work, we used Hildegardia populifolia. Hildegardia fibers have been used
before as reinforcement for the preparation of FRPC, but very few articles exist in literature,
[227,236-240] and no report was published on the use of Hildegardia with PLA. Rajulu et.al
[236] examined the properties of this natural lignocelluloses fabric. This natural fabric is
available with fibers in the uniaxial direction that are slightly interwoven and loosely bound
with one another. Hildegardia fibers posses good mechanical properties with low density and
can be used as reinforcement in polymer composites. Hildegardia was used as reinforcing
filler in different polymer matrices such as polypropylene (PP), polypropylene carbonate
(PPC), polypropylene carbonate-toughened epoxy, wheat protein etc. In a work Rajulu et.al
[241], prepared polycarbonate toughened epoxy based composites using Hildegardia as
reinforcing filler, and they reported increase in the mechanical properties with the addition of
fibers. Li et.al [238] reported increases in the tensile properties of PP with the addition of
Hildegardia along with compatibiliser. In a work by Li et.al [242] prepared PPC composites
reinforced with short Hildegardia fibers by melt mixing method. They reported a dramatic
increase in tensile strength and simultaneously a decrease in elongation at break and energy at
break with increasing the fiber content in compositions. In another work by Rajulu et.al,[237]
completely biodegradable composites were prepared using WPI as matrix and uniaxial
Hildegardia as reinforcement. They used both natural Hildegardia and alkali treated
Hildegardia fibers to prepare the composites with wheat protein isolate. They observed both
tensile and flexural properties increased for fabric loading up to 10% (w/w) of reinforcement
and decreased thereafter. The degradation was found to be extensive in soil burial method.
The composites were found to degrade up to 95% in 35 days. The electron micrographs

confirmed the degradation of the films and composites when exposed to microbes.

On the other hand, poly lactic acid (PLA) is gaining more interest day by day, because of the
possibility to obtain this poly ester from agro based products. Moreover, it has got good
thermal processibility like other commodity plastics. Also it is biodegradable polymer. So far
PLA has been reinforced with different natural fibers. Most of them have until now been
investigated as reinforcing materials for PLA. Composites based on PLA were prepared using
flax, [206,243-245] jute, [246] kenaf, [247,248] abaca, [249,250] bamboo, [251,252] and
wood flour [253-257] as cellulosic natural fibers have been reported for improvement of
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mechanical properties. Recently, it has been reported that the impact strength of PLA
composites is improved by using kenaf fibers from which fine particles have been eliminated.
On the other hand, also wood pulp, microcrystalline cellulose, and cellulose whisker, which
are derived from plant-based lignocellulose fibers [254,255,258,259] and rayon [260] and
lyocell [261]which are known as cellulosic man-made fibers, have also been investigated as

reinforcing materials for PLA.

In this present work, an attempt was made to produce biocomposites from PLA reinforcing
with Hildegardia fabric by a melt press technique. The effect of fabric on crystalline
structure, and thermal degradation behavior of PLA was studied. Adhesion between matrix
polymer and Hildegardia fabric was analyzed using fracture surfaces of composites using
scanning electron microscope. In addition we performed biodegradation studies by exposing
the samples to soil environment. According to our knowledge, for the first time, we prepared
biocomposites using this kind of natural fabric and thermoplastic resin by a simple melt press
technique. So far several works are reported for the preparation of biocomposites by using
natural fibers and thermoplastics, but they were prepared by melt mixing method. Thus, the
natural fibers lost their original shape in composites. Whereas, in our study, even after the
preparation of composites, it was possible to preserve the original shape of the fabric along
with interwoven alignments between the individual fibers present in the fabric. Moreover, in
this preparation method it is possible to keep all fibers oriented in the same direction in
composites, whereas when composites were prepared in melt mixing method, the orientation

of the fibers was not the same.
Experimental

PLA, with D content of 1.1-1.7% was obtained from Unitika Co. Ltd. According to the
supplier, it had a weight average molecular weight M_W = 200 kg/mol, density = 1.25 glcm®
(ASTM 1238). Hildegardia fabric was used as reinforcement. Sri Krishnadevaraya University
of India supplied the Hildegardia fabric. The Hildegardia fabric was extracted by them from
the branches of its tree and washed thoroughly with distilled water and then allowed to dry in
the sun for about 1 week. The fabric was then dried in a vacuum oven maintained at 65°C for

3 days.
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Alkali treatment for the fibers

The alkali-treated Hildegardia fabric was prepared by immersing the Hildegardia fabric in 5%
aqueous NaOH solution for 4 h to remove the hemicelluloses and other greasy material. The
alkali-treated fabric was neutralized with dilute acetic acid, washed thoroughly with distilled
water, and then dried in a vacuum oven maintained at 65°C for 3 days.

Preparation of the composites

Table 1: Compositions and preparation procedure of the samples

Sample setup
PLA -
PLA1
N
PLA2
N
N
PLA3
PLA4
1
N

* “—” indicates the direction of the fabric in composites

Composites were prepared by a simple compression molding technique by keeping fabric
between PLA films like in our previous works.[126,191] Several compositions were prepared
by altering the fabric content and procedure. Table 5.3.1 shows the samples codes, fiber

content and the procedure. The fabric content in all composites was about 7%.

Tensile mechanical properties of rectangular-shaped samples (30 mm x 10 mm x 0.5 mm)
were measured using an Instron model 3345 mechanical tester at room temperature and 50%
humidity. The strain rate was 5 mm. min™. At least five measurements were performed for

each sample.
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Degradation studies were performed on all prepared samples in compost environment.
Samples were taken out from the media at regular time intervals, washed thoroughly with
distilled water and dried at room temperature for 24 hours, weighed and returned to the

media.

Degradation studies also were performed in alkali media i.e. NaOH solution (0.1M). Samples
were taken out for every 3 days from the solution and thoroughly washed with distilled water

and dried at room temperature, weighed and returned to the media.
Results and discussion

Figure 5.3.1 shows the SEM images of the fabric before and after NaOH treatment and
images of composite PLA3. Figure 5.3.1c show the compatibility of Hildegardia fabric with

PLA matrix.

X50  500pm 0055 HGT 20kV X50  500um 0058 HGUT

(@) (b)

20kV X600 20pm 0010 PLA3

(©)

Fig.5.3.1. SEM micrographs of Hildegardia fabric and PLA/Hildegardia composites; a) treated
Hildegardia, b) untreated Hildegardia c) PLA3
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The treated fabric (Figure 5.3.1(a)) shows that hemicellulose is removed from the fabric after
alkali treatment which is supporting the report by Rajulu et.al [236] Also they show that
fabric is interwoven by fibers with several voids between fibers. Due to voids, PLA can enter
into the fabric and can form very well embedded composite system. Figure 5.3.1(c) shows the
interfacial adhesion between the fabric and PLA. It is observed that they have attained very
good interfacial adhesion even in absence of any kind of compatibilizer. One can see in
Figure 5.3.1(c) that fibers were broken while breaking the samples, showing that part of the
load was transferred to the fibers from the matrix, effectively reinforcing the material.

20kV X900 20pm 0002 PLA1

Fig.5.3.2. SEM micrograph of PLA1

In a work by Avella et.al [262] it was reported that kenaf fibers have poor interfacial
adhesion with PLA matrix when there is no compatibilizer, whereas when a compatibilizer
was used, kenaf fibers attained very good interfacial adhesion. However, in our study we
observed that Hildegardia fibers attained good interfacial adhesion even in absence of
compatibilizer. In Figure 5.3.2, it is clearly shown that the fabric has a good adhesion with
the matrix without losing intermingling structures within the fabric. And it also showed that

the void regions within the fabric are efficiently filled with matrix polymer.
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Fig.5.3.3. WAXD diffractograms of PLA and of its composites

The structure and morphology of PLA and of its composites was studied by WAXD, related
diffractograms are shown in Figure 5.3.3. Macroscopically no change was observed in
semicrystalline structure with the addition of Hildegardia fabric to PLA. In all compositions,

the typical diffraction pattern of PLA was observed without the appearance of any peaks
related to Hildegardia.

- - - INTENSITY
— - BACKGROUND
—— OBSERVED

Intensity (a. u.)

Fig.5.3.4. WAXD pattern (solid line) of PLA4 sample, dotted line shows the fitting for the peaks and
solid line with dots line shows fitting for amorphous region
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The degree of crystallinity (®waxp) Was evaluated by fitting the amorphous and crystalline
contributions in obtained diffractograms. Results are tabulated in Table 5.3.2. An example of
peak fitting for WAXD is shown in Figure 5.3.4 of sample PLA4. The same kind of fittings
was carried out for the other samples. In all compositions the addition of Hildegardia fabric to
PLA matrix is increasing the ®waxp. The largest increase in crystallinity was obtained when
just one layer of fibrous fabric was used, whereas, no considerable changes in ®waxp were

observed, as a function of the preparation method when two layers were added.

Table 5.3.2: ®yaxp 0f PLA and of its composites

Sample | ®waxo (%)
PLA 57
PLAl |65
PLA2 |61
PLA3 |63
PLA4 |61

The TGA curves of untreated Hildegardia (UTHG), and alkali treated Hildegardia (THG) are
shown in Figure 5.3.5. It can be seen that THG has more thermal stability than UNTHG as it
is reported in the literature. In fact, THG starts degradation at higher temperatures than
UTHG and leave a larger residue at the end of the TGA experiment. The thermograms of neat

PLA and of its composites with Hildegardia fabric are shown in Figure 5.3.6.

100

UTHG
——— THG

80

60+

Weight (%)
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20

0
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Temperature (°C) Universal V2.5H TA

Fig.5.3.5. TGA thermograms of untreated Hildegardia (UTHG) and alkali treated Hildegardia (THG)
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Fig.5.3.6. TGA thermograms of neat PLA and of its composites with Hildegardia fabric

The onset thermal decomposition temperature of neat PLA is 330°C, so the matrix polymer
degrades at higher temperature than neat Hildegardia and alkali treated Hildegardia fabric.
The thermal stability of prepared composites has also been studied using TGA. Using
Hildegardia fabric as reinforcement for PLA reduces the thermal stability of PLA; it is not a
surprise to observe the decrease in thermal stability. It is already known that the addition of
natural fibers to the polymers reduces the thermal stability of polymers. Lee et.al [150]
reported that the addition of Kenaf fibers to PLA reduced the thermal stability of the

composites compare to the pristine matrix.

Table 5.3.3: Tensile mechanical properties

Sample Modulus Stress @ Strain @
(MPa) break break (%)
(MPa)

PLA-REF | 210 68 0.4

PLAl 340 96 0.36
PLA2 220 79 0.53
PLA3 200 46 0.3

PLA4 200 64 0.47
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The tensile testing was performed on Instron. At least 5 specimens were tested for every
composition. Table 5.3.3 shows the tensile modulus and stress at break of the tested
materials. The pure PLA has a tensile modulus of 210 MPa. Increase in tensile modulus was
observed with the addition of Hildegardia fabric to PLA matrix. We observed 62 % of
increase in tensile modulus of PLA when only one layer of fabric was used as reinforcement,
i.e. for the sample PLAL. This is may be mainly because of two reasons, one is the
orientation of fabric in composites, and the other reason is good interfacial adhesion between
matrix and the fabric. As it is already known that Hildegardia fabric has good tensile
mechanical properties in one direction, and the orientation of the fabric in composite is the
same as the direction of applied tensile stress, it was possible to obtain increase in tensile
modulus. This allowed us to think to prepare composites keeping Hildegardia fabric in
multiple directions in the composites. Surprisingly we observed decrease in tensile modulus
for the composites in which fabric was oriented in multiple directions. This is may be due to
the higher fabric content in the composites. In a work by K. Oksman et.al [206], it is reported
that the addition of flax will increase the modulus but the higher fiber content will not
improve the modulus in the PLA composites. The explanation they had given for this is
orientation of fibers. Composites were prepared in twin screw extruder, then the test samples
were compression molded and thus fibers can be oriented differently from one sample to
another. However, in our study, orientation might not be the reason, because as we already
mentioned, we could preserve the shape of the fabric even after preparation of the
composites, so all the fabric was in same direction in which they were melt pressed. The
possible reason might be the nature of the fabric which is naturally oriented i.e. Hildegardia
has good tensile properties in one direction, but in another direction it has very poor tensile
mechanical properties.
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Fig.5.3.7. Tensile modulus of neat PLA and of its composites

stress @ break

1.0E+08 - -
8.0E+07 -
6.0E407 1 [

1% —
4.0E+07 | stress @ break
2.0E+07 |
0.0E+00 ——— 1

CDN DD X
AN s Q\?’ Q\?’

QY R
Q¥

Fig.5.3.8. Tensile strength at break of neat PLA and of its composites

Not surprisingly, within the samples with a larger fiber content, PLA2 was the one which best
performed, with a slight increase in modulus, but a significant increase in stress at break with
respect to neat PLA. PLA2 has both fiber layer oriented in the same direction. The fact that a
double quantity of fibers turns out to be detrimental for modulus increase is due to the
hindering effect of the presence of fibers toward an ordered formation of a regular
semicrystalline framework. In fact, PLA2 has crystallinity much lower than that of PLAL. It
is known that modulus and crystallinity are very closely correlated.[117] PLAZ is the only
sample which is showing more strain at break among all composites compared to pristine

matrix.
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To probe this further, the SEM micrograph of fractured surface of the composite i.e. PLA is
presented in Figure 5.3.9. As one can see, when sample was fractured, one layer of the fabric
is not broken and well embedded in matrix. Whereas, in the other layer, the fabric is broken
and came out of the polymer matrix, this clearly indicates that the layer aligned in the same
direction to the tensile stress applied could bear the stress but the other layer in other
direction could not withstand the force applied and broke. As we already mentioned, in that
direction Hildegardia has poor tensile properties, so the fabric was broken easily and hence
the sample also. Similar kind of trend was observed in tensile strength, i.e. increase in tensile
strength was observed when a single layer of fabric was used. In other composites, the tensile
strength is decreasing may be because of higher content of fabric in composites. Park and
Balatinecz [263] reported that the ultimate strain decreased as the wood fiber content
increased because of the decreased deformability of the matrix, which was restricted by the

rigid particles.

20kV X250 100um 0011 PLA3

Fig.5.3.9. SEM micrograph of the composite PLA3

Degradation studies of all prepared samples were performed in compost environment. Weight
losses of samples were obtained from the differences between the initial weight and the
sample weight after aging for two months in compost. We observed almost no weight loss in
all samples including pristine polymer. Later on, we studied the degradation studies in alkali
as a medium. The obtained results are shown in Figure 5.3.10 and 11.
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5.3.11. Images of the samples before (a), and after (b) degradation studies

From the Figure 5.3.11(b), it is clearly evident that pristine PLA is just started to degrade in
alkali media after 15 days, whereas in case of composites, they are degrading faster than that

of neat PLA.
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Conclusions

In this work, we prepared biocomposites from PLA reinforced with Hildegardia Fabric which
is obtained from the plants. According to our knowledge, this is the first attempt to prepare
biocomposites by a simple melt pressing technique to reinforce PLA with Hildegardia fabric.
Such kind of preparation method allowed us to attain good interfacial adhesion between
continuous long natural fabric and PLA matrix. We also observed increase in the tensile
modulus when only one layer of fabric was using with retained ductility. However, when we
used two layers of fabric in same direction we obtained increase in the ductility without
magnificent increase in the tensile modulus. This is shedding more interesting results, i.e in
this way we can tune the properties of the final composites by choosing the preparation
method. The good interfacial adhesion did not allow samples to degrade samples in compost
even after two months. However, same samples are degrading faster when NaOH used as a

media.
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Chapter 6
PBSA BASED NANOCOMPOSITES
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6. Nanofibers with multi-compositions as reinforcement for Poly (butylene
succinate-co-adipate) (PBSA): study on structure, morphology and

properties

Introduction

Recently, nano-scaled materials have been investigated with amazing increased interest.
Among different nano-scaled materials, nanofibers, especially polymeric nanofibers, are
promising for diverse applications, such as in drug delivery, tissue engineering and wound
healing,[264-266] due to a very large surface area to volume ratio, flexibility in surface
functionalities, and superior mechanical performance. Electrospinning has attracted much
attention both in academic research and industry applications because electrospinning

(1) can fabricate continuous fibers with diameters down to a few nanometers,

(2) is applicable to a wide range of materials such as synthetic and natural polymers, metals

as well as ceramics and composite systems,
(3) can prepare nanofibers with low cost and high yielding.[267-270]

The use of nanofibers as the reinforcing and conductive filler in polymers to improve their
mechanical and electrical properties is generally encountered in polymer technology.
Nanofibers, such as carbon and glass fibers, are routinely used in composites of a range of
different polymers. As it described in previous chapters, in recent years, nanofibers based on

polymeric materials are attaining more interest in fiber reinforced polymer composites.

Functional nanofibers or nanofibers with multi-compositions can be prepared by
electrospinning of polymers blended with additional compounds like nanoparticles, carbon
nanotubes, catalysts, and enzymes, ceramics and so on.[271-274] Functional nanofibers or
the nanofibers with multi-compositions are used for various applications ranging from

biotechnology to advanced microelectronics.

Poly ((butylene succinate)-co-adipate) (PBSA) is a synthetic aliphatic polyester and is
synthesized by the polycondensation of butane-1,4-diol in the presence of succinic and adipic
acids with relatively low production cost and satisfactory mechanical properties equivalent to
that of polyolefins.[275] PBSA, compared with poly(butylene succinate) (PBS), is more
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susceptible to biodegradation because of its lower crystallinity and more flexible polymer
chains.[276] It also has excellent processibility, so that it can be processed in the field of
textiles into melt blow, multifilament, monofilament, flat, and split yarn, and also in the field
of plastics into injection-molded products. It is, thus, a promising polymer for various
applications. However, mechanical and other properties of PBSA, such as softness, gas-
barrier, and thermal stability of the neat polymer are often not sufficient for wide-range of

end-use applications.

Till date, very few studies exist on the structure, morphology and properties of PBSA based
nanocomposites. So far, PBSA was reinforced with different types of fillers like layered
silicates (mostly montmorillonite) and carbon nanotubes.[277-279] In this work we
employed polymer nanofibers with additional nanoparticles in them as reinforcing agents for
the preparation of nanocomposites based on PBSA. The aim of this work is to understand the
effect of particle filled electrospun nanofibers on structure, morphology and properties of
PBSA matrix, and also to co-relate changes in structure and morphology brought about by
these kinds of fibers to PBSA properties such as mechanical properties and degradation
behavior. It is noteworthy to understand the effect of this kind of fibers on polymer matrices.
According to authors knowledge, so far, a very few works are reported on using electrospun
fibers as reinforcement for thermoplastic polymers, but in none of them it was attempted to
use electrospun polymer nanofibers as reinforcement in which already nanoparticles are
dispersed. This is the first time that we are reporting such kind of nanofibers as reinforcement
for PBSA to improve the performance.

Experimental
Materials

PBSA used in this study is commercial product from Showa Denko (Japan), with the
designation BIONOLLE # 3001, which according to the supplier, has a weight-average
molecular weight, m,, = 190 kg/mol. PBSA was dried under vacuum at 50 8C for 36 h prior to
use. Two different kinds of electrospun nanofibers were used as reinforcement, i.e. 1)
polystyrene (PS) fibers in which titanium dioxide (TiO;) nanoparticles were already
dispersed and 2) polyvinylidene fluoride nanofibers in which oraganically modified
organoclay (Cloisite 20A) was dispersed.

113



This work was studied in two parts; first we evaluated the effect of PS nanofibers on PBSA
structure, morphology, mechanical properties and degradation and in second part, the effect

of PVDF nanofibers was explored.

The degradability of the samples was studied by evaluating weight loss of the samples over
time in soil. Samples of 50 mm x 50 mm x 0.5 mm were weighed and then buried in boxes
containing commercial compost for gardening purpose. The soil was maintained at 100%
moisture in weight, and the samples were buried at a depth of 10 cm. The buried samples
were dug out once a month, washed in distilled water, and wiped with tissue paper, and the

samples were then weighed before returning them to soil.

Tensile mechanical properties of rectangular-shaped samples (30 mm x 10 mm x 0.5 mm)
were measured using an Instron model 3345 mechanical tester at room temperature and 50%
humidity. The strain rate was 5 mm. min™. At least five measurements were performed for

each sample.

6.1 PBSA/PS electrospun nanofiber nanocomposites

Four types of composites were prepared using PS fibers as reinforcement with different
amounts of TiO;, content in them. All composites were prepared by a simple melt press
technique as like in our previous works.[191,223] The composites were prepared by keeping
the fiber mat placed between two PBSA films, subsequently pressure and hear were applied
in a press (Alfredo Carrea, Genova, Italy) at 130°C, PBSA was melted and percolated
between the voids in the mat, constituting a continuous phase in which the fibers were
dispersed. Such operating temperature is in fact higher than the melting temperature of
PBSA, but not high enough for melting the nylon constituting the fibers. All other composites
were prepared in same method, but the amount of nanoparticles in PS fibers was varied. The
sample codes are given based on matrix polymer followed by type of nanofibers used and at
the end number indicates the quantity of nanoparticles present in fibers. Table 6.1.1 describes

the sample codes and the amount of nanoparticles present in fibers.
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Table 6.1.1: Formulation and codes of the samples

Sample TiO, content (% ) W/W

PBSA -

PBSAPS -

PBSAPS5 |5

PBSAPS15 | 15

PBSAPS25 | 25

Results and discussion

The effect of particles filled PS nanofibers on structure and morphology of PBSA was
explored by WAXD. Obtained WAXD diffractograms were shown in Figure 6.1.1. Three
major crystalline peaks were observed at 2 Theta ~ 19.45, 22.55 and 28.75°. In the case of
nanocomposites, the position of the peaks corresponding to the crystalline structure of PBSA
is not altered. This indicates that the crystalline lattice parameters were not changed after
introducing the fibers. Moreover, increasing the TiO, within the fibers did not bring about
any changes to crystalline structure of PBSA. Similarly S. S. Ray et.al [280] reported similar
kind of observations when PBSA nanocomposites were prepared with Cloisite 30B (C30B)
organo clay. The presence of C30B did not significantly change the crystalline structure of
matrix polymer i.e. PBSA.
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Fig.6.1.1. WAXD diffractograms of PBSA and of its composites with PS electrospun nanofibers with
TiO; in fibers

The trend of the degree of crystallinity (®waxp) Was measured (Table 6.1.2) by fitting the
diffractograms, results showed no increase in the degree of crystallinity assessed by WAXD.
In a work by our group, a small increase in ®waxp Was observed when nylon (Ny)
electrospun fibers were added to poly caprolactone (PCL). On the other hand, when polyvinyl
pyrrolidone electrospun fibers were used as reinforcement for PCL, no considerable changes
in ®waxp Was observed. In other work by our group, Ny electrospun fibers were used as
reinforcement for PLA, and a very small increase in ®waxp Was observed but almost
negligible. S. S. Ray et.al [280] reported that, due to the addition of C30B to PBSA, the
intensity of the peaks was significantly diminished and hence decrease in ®waxp occurred.
So, the effect of reinforcing filler on ®waxp Vvaries from filler to filler depending on the
nature and type of filler. In this study, the addition of PS fibers in which TiO, particles

already dispersed doesn’t show any effect on PBSA crystalline structure.

The lamellar morphology was studied by SAXS and the obtained traces were fitted.[73,96]
Data from fittings were tabulated in Table 6.1.2.
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Table6.1.2: Degree of crystallinity obtained by WAXD (®waxp) and morphological parameters of the
lamellar stacks obtained by SAXS analysis of considered samples. The thickness of the crystalline (C)
and amorphous layer (A), the long period (D), and the crystallinity (®saxs), along with their relative
distributions (oc/C, cA/A, op/D and 64/®saxs)

Sample C A D CDWAXD (Ds/_\xs GC/C O'A/A O'D/D GQ/(DSAXS
A A A |® (%)
PBSA 52 26 78 30 67 0.3 0.3 0.2 0.1

PBSAPS 53 27 80 32 67 034 |02 0.3 0.1
PBSAPS5 | 65 35 101 |32 65 034 |0.2 0.2 0.4

PBSAPS15 | 56 26 83 32 68 0.4 0.2 0.3 0.1
PBSAPS25 | 38 32 70 31 54 055 |05 0.4 0.2

When only PS fibers without TiO, were used, the long period was unaltered, whereas, when
fibers with minimum amount of TiO, nanoparticles were used, increase in the thickness of
crystalline layer, C (A) was observed and hence increase in the long period was observed.
Increasing the quantity of TiO, content in fibers again decreases the thickness of crystalline
layer and hence decreases in the long period. Though the long period was decreasing with
increasing the nanoparticles content in composites, the resulting long period is still more in
composites than that of pristine matrix except in the case of PBSAPS25. Increasing the
quantity of TiO, in the fibers also produced a broadening of distribution of the lamellar
features. This is associated to a disordering effect of the inorganic filler, confirmed by the
fact that higher amounts of nanoparticles are not only decreasing the thickness of crystalline
layer but also simultaneously increasing the thickness of amorphous layer. The trend of the
semicrystalline features which shows a maximum for TiO, contents between 5 and 15% is
due to a conflicting behavior of TiO,. On one hand, this inorganic species tends to nucleate
the formation of crystals, but on the other hand a too large TiO;, content hinders a smooth
motion of the macromolecular chains, eventually hampering the formation of a regular

semicrystalline framework.

The thermal behavior of neat PBSA and of its composites was analyzed by DSC, and the

relative scans are shown in Figure 6.1.2.
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Fig.6.1.2. DSC thermograms of neat PBSA and of its composites

Reported data were taken after erasure of all previous thermal history and to ensure
reproducible thermograms. In all cases, we found a single melting peak around 95°C, and no
considerable changes in melting temperature was observed with the addition of PS nanofibers
to PBSA matrix. Unlike in a report by S. S. Ray [280], we observed only a single melting
peak, indicating that PS fibers are not nucleating an additional population of crystallites like
C30B in their work. Cooling thermograms allowed us to study the crystallization behavior of
all prepared samples. It was observed that the crystallization temperature (T.) is larger for the
pristine matrix (39°C), compared to the composites (35°C) except PBSAPS25 (45°C) which
is higher than that of neat PBSA. T, is useful for evaluating nucleation behavior: if nucleation
occurs, the polymer crystallizes at a higher temperature (and the contrary occurs for
inhibition of crystallization). So, based on T, values, nucleation effect were observed in
sample i.e. PBSAPS25. This nucleation behavior in this sample is probably not due to fibers
but due to the presence of high amount of inorganic particles. Generally fibers show an
inhibiting because they tend to hinder the polymer motion for small filler quantities, and
nucleation was observed only with high filler contents.[126,191] These results are supporting
the data obtained by WAXD.
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The interfacial morphology between matrix polymer and reinforcement fibers was studied by

SEM and obtained micrographs for the fractured surfaces are shown in Figure 6.1.3.

P /

20kV © X10,000: =1um - 0026 PBSAPS 20kV X10,00q’ 1_pm~"‘0033 PBSAPS5 1

(@) (b)

20kV  X10,000 1um 0037 PBSAPS15 20kv  X10,000 1um 0041 PBSAPS25

(©) (d)

Fig.6.1.3. SEM images of PBSA composites; a) PBSAPS, b)PBSAPS5, ¢) PBSAPS15, d) PBSAPS25

It seems that in all composites we attained good interfacial adhesion between fibers and
matrix polymer. This was possible due to the small diameter of the fibers which were used.

Differences in the semicrystalline framework and in interfacial adhesion between matrix and

filler were reflected by tensile mechanical properties shown in Figure 4.

119



110 . . ; . ; . .

] }-‘-00E+009
modulus (Pa) ; |

6.0E+08 2,00 E+008
5.0E+08
4.0E+08
3.0E+08 -
2.0E+08 -
1.0E+08 -
0.0E+00 - 10 4 [

)
=1
1

M .00 E+008

Long period (A
Ed
1
-
|

M adulus (Pa)

M 00 E+008

50 T T T T T T T T

(@) (b)

stress @ yield (Pa) strain @ break

ey D

2.2E+07 1.5

2.1E+07
0.5 .
0 mm W .:

2.0E+07
1.9E+07
1.8E+07
1.7E+07

(c) (d)

Fig.6.1.4. Tensile mechanical properties of PBSA and of its composites (a) tensile modulus (b)
correlation between modulus and long period (c) tensile strength (d) elongation at break

Compared to that of neat PBSA (370 Pa), the tensile modulus in not changing much in
composites except in PBSAPS5 (542 Pa). The main reason for such improved tensile
modulus is the stronger interfacial adhesion between filler and matrix, also dispersion of TiO;
nanoparticles. In PBSAPS5, due to less quantity, nanoparticles might have dispersed
thoroughly all over the matrix and increase the interfacial area. This helps transfer of applied
load from the main matrix to the dispersed phase. PBSAPS15 has the thickest lamellae and
the largest long period and modulus is correlated with lamellae thickness. Similarly, S. S. Ray
[280] reported, that increase in tensile modulus was observed with full dispersion of C30B in
PBSA matrix. However, in their study they obtain increase in tensile modulus with the

increase in filler content in composites. Also, modulus is known to depend on the lamellar
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thickness and crystallinity. In this case lamellar thickness was the preponderant factor which

is influencing the modulus.

Similar trend to tensile modulus was noted for tensile strength in our study. The highest value
was obtained with fibers with low quantity of nanoparticles and the lowest value was with
fibers with highest nanoparticles. The elongation at break gradually decreased with the
addition of electrospun PS nanofibers to PBSA. The neat PBSA has still better elongation at
break than composites. Comparing the results within composites, elongation at break
increases with increasing the nanoparticles content in fibers, similar kind of results was
observed by S. S. Ray [280], where they observed increase in the elongation at break with
increasing the C30B content in composites. In Ray’s work, the elongation at break was
greater than neat PBSA in all cases, whereas in our study, in all composites, the elongation at
break is less than neat PBSA irrespective to the content of nanoparticles in PS fibers. These
results are contrary to the results observed by our group in our previous works, where the
addition of electrospun nylon fibers to PCL increased the elongation at break. This is
probably due to the nature of electrospun fibers, because PS is a brittle polymer, which does
not have the high modulus and the high strength of nylon fibers which yielded so promising
results when mixed with PCL and PLA.

100
95
@ 90
8 —4—PBSA
=]
® 85 —8—PBSAPS
Q
3 PBSAPSS
X 80
—>4=PBSAPS15
75 «=PBSAPS25

70 T T T T T 1

Time (months)

Fig.6.1.5. Mass residue of the samples as a function of time, obtained during biodegradation in

compost
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Good results could be obtained on the degradation behavior. The degradability of PBSA/PS
electrospun fiber composites was evaluated by burying the specimens in compost for
gardening purpose. The tests were carried out at 100% relative humidity. PS fibers without
TiO, nanoparticles and with very low quantities showed slower degradation rate than neat
PBSA, which means they are suppressing the degradation behavior of PBSA matrix. On the
other hand, when TiO; content increased in fibers, the degradation rate gradually increased.
Especially, sample PBSAPS25 degraded faster than neat PBSA. In fact PBSAPS25 was the
only composite less crystalline than neat PBSA, which is compatible with the hypothesis that

degradation happened preferentially in the ordered portion of the sample.

6.2. PBSA/PVDF electrospun fiber nanocomposites

Composites were prepared using PVDF fibers as reinforcement with different amounts of cloisite 20A
(C20A) content in them. Composites were prepared by a simple melt press technique as described in
the previous chapter. The composites were prepared by keeping the fiber mat between two PBSA
films, and applying pressure and heat in a press (Alfredo Carrea, Genova, Italy) at 130°C. At this
temperature, the PBSA was melted and percolated between the voids in the mat, constituting a
continuous phase in which the fibers were dispersed. At 130°C, in fact, the PVDF mat remained
unaltered because PVDF melts just at 160°C. The sample codes are given based on the matrix
polymer followed by the type of nanofibers used and at the end a number indicates the quantity of
nanoparticles present in fibers. Table 6.2.1 describes the sample codes and the amount of

nanoparticles present in fibers.

Table 6.2.1: Formulation and codes of the samples

Sample TiO, content (% ) W/W

PBSA -

PBSAPVDF3 | 3

PBSAPVDFS5 | 5
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Results and discussion

The effect of particles filled PVDF nanofibers on structure and morphology of PBSA was
explored by WAXD. Obtained WAXD diffractograms were shown in Figure 6.2.1. Three
major crystalline peaks were observed at 2 Theta ~ 19.45, 22.55 and 28.75°. In the case of
nanocomposites, the position of the peaks corresponding to the crystalline structure of PBSA
is not altered like in composites with PS nanofibers. As it is discussed in previous chapter, S.
S. Ray et.al [280] reported that clay particles did not change the crystalline structure of
PBSA, in our study also fibers with clay nanoparticles did not change the crystalline structure
of neat PBSA in composites.
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Fig.6.2.1. WAXD diffractograms of PBSA and of its composites with PVDF fibers

The trend of the degree of crystallinity (®waxp) Was measured (Table 6.2.2) by fitting the
diffractograms. Results showed a small increase in the degree of crystallinity assessed by
WAXD, whereas, by comparison, PS fibers did not show any effect on the degree of
crystallinity.
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Fig.6.2.2. WAXD pattern (solid line of the) of the sample PBSAPVDF3. Dotted line shows the fitting
for the peaks and semi solid line shows fitting for amorphous region

This is may be due to fibers, not due to clay particles in fibers, as it is already knows that
electrospun fibers can increase the degree of crystallinity.[126,191] S. S. Ray[280] also
reported that C30B hinders the crystalline structure, resulting in a decrease in degree of
crystallinity, thus we assume that in our study, a small increase in the degree of crystallinity

is because of fibers but not due to clay particles in fibers.

The lamellar morphology was studied by SAXS and the obtained traced fitted like in previous
chapter, obtained data from fittings are tabulated in Table 6.2.2. In the case of composite with
PVDF fibers with low amount of clay particles, showed no significant changes in lamellar
morphology. Whereas, when the amount of clay was increased, i.e. in the case PBSAPVDFD5,
disordered lamellae were observed, as reflected by a decrease in thickness of crystalline
lamellae by an increase in the thickness of the amorphous layer, by a broadening the

distribution and thus by a decrease in degree of crystallinity (®saxs).
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Table 6.2.2: Degree of crystallinity obtained by WAXD (®waxp) and morphological parameters of
the lamellar stacks obtained by SAXS analysis of considered samples. The thickness of the crystalline
(C) and amorphous layer (A), the long period (D), and the crystallinity (®saxs), along with their

relative distributions (oc/C, oa/A, op/D and 64/®saxs)

Sample C A D DOwaxp | Psaxs Gc/C GA/A GD/D G(p/q)SAXS
A A A | |®%
PBSA 52 26 78 30 67 0.3 0.3 0.2 0.1

PBSAPVDF3 | 52 27 79 36 66 0.3 0.2 0.2 0.1
PBSAPVDFS5 | 32 35 67 34 48 0.5 0.6 0.4 0.4

The thermal behavior is not altered when PBSA was reinforced with PVDF fibers in which
C20A clay particles were already dispersed. Like in previous study with PS fibers, in this

study also we observed a single melting peak and no considerable effects on crystallization.

20kV  X10,000 1pm 0048 PBSAPVDF3 20kV  X10,000 | 0056 PBSAPVDF5

(@) (b)

Fig.6.2.3. SEM images of PBSA composites; a) PBSAPVDF3, b) PBSAPVDF5

The interfacial adhesion between filler and matrix was analyzed by SEM at fractured
surfaces; Figure 6.2.3 shows the SEM images of a) PBSAPVDF3 and b) PBSAPCDF5.
PVDF- based fibers attained very good adhesion (fig 6.2.3a and b). Surprisingly, some spider
web kind of structures was observed in PVDF fiber reinforced composites probably due to
solvent evaporation during spinning the fibers. Arkadii Arinstein et.al [281] reported that
sometimes solvent is trapped in fibers and will be evaporated slowly results in porous

structures.
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The tensile properties of neat PBSA and of the two composite samples are reported in Table
6.2.3. Tensile modulus, stress at yield, strain at yield, stress at break and strain at break were

measured for all samples.

Table 6.2.3: Tensile mechanical properties of prepared samples

Sample Modulus Stress @ yield Strain @ yield Stress @ break Strain @ break
(MPa) (MPa) (mm/mm) (Pa) (mm/mm)
PBSA 370 21 0.12 19 1.0
PBSAPVDF3 437 21 0.1 19 0.49
PBSAPVDF5 435 22 0.13 20 0.34

From the results, it was observed that tensile modulus of neat PBSA was increased after
nanocomposite preparation with PVDF fibers. The increase in tensile modulus for
PBSAPVDF3 is about 18% compared to the neat PBSA. With increasing clay content in
fibers, we did not observe any further increase in tensile modulus. This is may be due to
electrospun nanofibers and as well as to dispersion of clay particles in fibers. As we already
know, a better dispersion of clay particles in nanocomposites will result in better mechanical
properties. Other properties such as stress at yield, strain at yield and stress at break are not
altered compared to neat PBSA except strain at break which is decreasing in the composites.
Increasing the clay content in fibers, resulted in further decrease in strain at break, which is
opposing the results reported by S. S. Ray.[280] In their study they observed increase in the
elongation a break with increasing the clay content in nanocomposites. The results we
observed in this work are commonly observed in polymer/clay nanocomposites, and it is
often reported that the addition of high amount of clay can decrease the mechanical

properties.

The degradation behavior was studied in compost; images of samples after degradation are
shown in Figure 6.2.4. Addition of particle filled fibers to the PBSA matrix is not enhancing
the degradation rate because the good adhesion between matrix and fibers hinders the
penetration of water in the matrix. This is corroborated by the fact that almost no degradation
(only 3% weight loss) was observed in sample PBSAPVDF3, which is characterized by a
very good adhesion between matrix and filler. As we can see in Figure 6.2.3a (PBSAPVDF3)
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all fibers were well embedded in polymer matrix and hence water molecules did not find

sufficient channels to penetrate inside.

Fig.6.2.4. Images of samples after degradation in compost for 5 months

Conclusion

For this work, composites based on biodegradable polymer i.e. PBSA reinforced with
nanoparticles electrospun nanofibers were prepared. These kindss of fibers are showing
different effects on the structure and morphology of the polymer depending on the type of
fibers used, thus it is possible to control the structure and morphology of PBSA according to
the need. Due to the small diameters, it was possible to attain very good interfacial adhesion
between filler and matrix, which is also a parameter which affects the mechanical properties.
PBSA composites with PVDF fibers showed good tensile modulus compared to the
composites with PS fibers. Both kinds of fibers did not show any effect on crystallization
behavior of PBSA matrix. Both kinds of fibers are slowing down the degradation of PBSA
matrix. Only PBSAPS25 is showing the degradation rate similar to that of neat PBSA, it is

may be due to the higher amount of inorganic content in fibers.
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Chapter 7

Conclusions
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7. Conclusions

As we mentioned in our scope and objectives, we prepared nanocomposites based on some
bio degradable polymers such as PCL, PLA and PBSA. We used different inorganic and
organic nano fillers as reinforcement. All prepared composited were thoroughly characterized
in order to understand the effect of used nanofillers on the structure and morphology of the
polymer matrix, and thus on physical-mechanical properties and degradation behavior. The

following observations were noticed.

Firstly, PCL was reinforced with inorganic clay nanoparticles. In this work we successfully
prepared intercalated PCL/organoclay nanocomposites by solution mixing method using THF
as solvent. It was observed that organoclay has some significant effect on crystalline lamellae
of lower molecular weight PCL samples. Addition of clay nanoparticles inhibited the
crystallization behavior of PCL, which is opposite to what often reported in the literature for
polymer/clay nanocomposites. The modulus of the prepared nanocomposites was unaltered,
but their ductility increased which is unusual in polymer/clay nanocomposites. It was also
observed that the addition of C15A to PCL, reduced the degradation rate of PCL.

On the other hand, reinforcing PCL with electrospun nylon fibers, it was possible to obtain
not only improved stiffness and strength, but also increased ductility. PCL was also
reinforced with a mixture of electrospun nanofibers to improve the physical mechanical
properties and to modify the degradation behavior of PCL-based composites. Nylon 6 fibers
were chosen as the reinforcement, whereas PVP fibers were selected to tune the degradation
behavior. It was observed that electrospun fibers of different chemical nature and with
different sizes could cooperate in improving the physical mechanical properties of PCL

matrix; at the same time tuning its degradation behavior.

PLA was another matrix used in this work. This polymer has been reinforced with different
types of fillers. Even though a similar degree of dispersion could be achieved in cationic and
anionic clays, these two kinds of fillers exerted different effects on the structure and
morphology. The anionic perkalite clay induced higher crystallinity, a faster crystallization

rate and also a modification of the crystallization mechanism.
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PLA also reinforced with electrospun nylon fibers. They showed an interesting potential for
the property improvement of biodegradable polymeric matrices because they were able on
one hand to shape the semicrystalline framework at a lamellar level, therefore influencing the
mechanical properties of the material, and on the other hand to tune the degradation behavior.
In this work, a large quantity of fibers allowed to increase the modulus by 50%, while

retaining the same elongation at break of the pristine matrix.

We also prepared biocomposites based on PLA using Hildegardia natural fabric as
reinforcement. Using this kind of fibers it was possible to tune the mechanical properties by
altering the preparation method i.e. changing the orientation of fabric and the number of

layers of fabric in composites.

As a part of this work, we prepared nanocomposites based on PBSA using different particles
filled electrospun nanofibers as reinforcement. The fibers we used in this work are showing
different effects on structure and morphology of neat polymer, thus it is possible to control
the structure and morphology of PBSA, on which mainly mechanical properties are

dependant.

Finally, according to our knowledge, we were the first to prepare biodegradable polymer
nanocomposites using different types of electrospun nanofibers as reinforcement by a simple
melt pressing approach. Since these fibers are showing significant effects on their pristine
matrix semicrystalline framework, thus on physical-mechanical properties, this shows the
potential of the addition of this kind of nanofillers for tuning the properties of PLA, in order

to widen the application range of this promising polymer.
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Conferences Attended

1. poster presented at an international conference POLYCHAR-19 (20" -24™ March, 2011)
entitled “STUDY ON POLYLACTIC ACID REINFORCED WITH ELECTROSPUN NYLON
FIBRES”

Ramesh Neppalli, Valerio Causin, Carla Marega, Roberta Saini, Antonio Marigo,

Madhab Prasad Bajgai, Hak Yong Kim

2. poster presented at an international conference POLYCHAR-18 (6th -10th April,2010)
entitled “STRUCTURE, MORPHOLOGY AND BIODEGRADABILITY OF POLY(e-
CAPROLACTONE) BASED NANOCOMPOSITES”

Ramesh Neppalli, Valerio Causin, Carla Marega, Roberta Saini, Antonio Marigo

3. Work presented as invited talk at second international conference on polymer
processing and characterization, Kottyam, India (14-17 January 2009).

Ramesh Neppalli, Carla Marega , Antonio Marigo , Madhab Prasad Bajgai, Hak Yong

Kim , Valerio Causin

4. Poster presented entitled “PRELIMINARY STUDIES ON STRUCTURE, MORPHOLOGY AND
BIODEGRADABILITY OF POLY (e-CAPROLACTONE) BASED NANOCOMPOSITES”. Ramesh
Neppalli, Valerio Causin, Carla Marega, Roberta Saini, Antonio Marigo at
INTERNATIONAL CONGRESS “THE CENTENARY” 100th Anniversary of the Italian

Chemical Society, Padova, August 31-September 4, 2009.
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