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Abstract

Title of the Thesis

“Towards New Nanocomposites with Improved Properties: Elaboration,
Characterization, Properties and Durability of PP/LDH Nanocomposite”

In order to make much stiffer, light weight and high performance material
products, polymer nanocomposites play an emerging role in the material innovation.
Unlike other thermoplastics, polymer nanocomposites are fabricated by introducing a
small amount of solid nano-scale fillers such as nanoclay, carbon nanotubes or
nanofibres. Recently, the addition of such nanoscopic fillers of high anisotropy instead
of conventional reinforcing agents renders the polymer/nanoclay nanocomposites to
exhibit interesting structure-property relationships and promising application
perspectives. In thermoplastics, polypropylene is an outstanding material with respect
to its attractive combination of low cost and extraordinary versatility in terms of
properties and applications. However, the increasing demand of polypropylene for
various applications requires greatly improved physical and mechanical properties.
Hence, polypropylene (PP)/clay nanocomposites have quite a high potential to form
such innovative materials and replace the conventional plastics in many automotive
and packaging applications. With an industrial motivation to commercialize PP/clay
nanocomposites products, development of new nanocomposites based on PP with
improved properties is still a great scientific thrust.

In the present contribution, the attention is focused on fabrication of PP
nanocomposites using layered double hydroxides (LDHs) as a nano-filler and to
investigate whether this results in significant improvements in the properties of the
final composites. A longer term aim will be to extend the studies towards
crystallization behavior and UV-durability of such hybrid materials in comparison
with their smectite-type counterparts. Chapter 1 gives the brief background of
polymer/clay nanocomposites, main motivation and research objective for the present
study. Chapter 2 reviews the literature background and a thorough literature survey

was carried out on PP based nano structured materials, methods of synthesis, material
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processing methods and their property evaluations. Chapter 3 describes the
experimental methods and characterization techniques used in the preparation and
characterization of PP-LDH nanocomposites. Chapter 4 focuses on synthesis and
characterization part. Initially, a series of organomodified LDHs comprising different
metal cation have been prepared and successfully characterized. In next step, PP/LDH
hybrid nanocomposites were fabricated using PP-g-MAH as a compatibilizing agent by
melt extrusion. The PP-g-MAH/LDH interactions result in a higher adhesion between
the PP matrix and LDH nanolayers. The resultant nanocomposites give direct evidence
for formation of intercalated/exfoliated structures of PP/LDH nanocomposites.

In Chapter 5, the effect of LDH nano reinforcement on different characteristic
properties of PP is discussed. Presence of LDH causes distinct changes in the thermal
decomposition behavior in PP and a significant improvement in the thermal stability
of PP is observed. The addition of LDH also contribute to the reinforcement effect by
increasing the elastic modulus E'. A remarkable mechanical response i.e both the
tensile strength and the modulus increases with LDH content, similar trend is also
observed in flexural properties of PP/LDH nanocomposites. Rheological analysis
depicts a strong influence of LDH particles on the flow behavior of the PP/LDH melt.
This also gives indirect evidence that polymer chains are interlocked on the LDH
particle surface or within clusters. The incorporation LDH also resulted in improved
oxygen barrier properties of PP and exhibits fairly better barrier performance than
PP/ OMMt nanocomposites. The flammability studies also showed improved flame
retardancy in PP/LDH nanocomposites. For different LDHs, LOI increases in the
following order Zn;Al-LDH > ZnMgAIl-LDH > Mg:AIl-LDH, indicate that the LDH can act
as effective flame retardant for polypropylene.

The crystallization studies discussed in Chapter 6 reveal enhanced
crystallization rates for non-isothermal as well as isothermal crystallization for
nanocomposites with LDH as nanofillers. Also, LDH at nanometer level found to act as
effective nucleating agent. The Avrami exponent ‘n’ varies from 1.9 to 2.9 for
suggesting spherulitic crystal growth with heterogeneous nucleation at the low
cooling rates. The melting behavior of PP is also slightly altered by addition of LDH.
The addition of LDH does not change the overall crystalline structure of PP matrix. The

[ vii |



crystallization studies can lead to the development of a fine grain micron-sized
structure for the PP/LDH composites. Chapter 7 is devoted to understanding the
performance of PP/LDH nanocomposites under photo-oxidative environment. It is
observed that the PP/LDH nanocomposites are more durable in comparison with
PP/OMMt nanocomposites under accelerated weathering conditions. The rates of
oxidation are influenced by the divalent cations of the LDH layers. The LDH phases
containing Mg?* have a prodegradant effect on the nanocomposite material, whereas
LDH with only Zn?* has no influence on the rate of oxidation of the polymer matrix.
The influence of stabilizing additives on the photooxidation of PP/LDH
nanocomposites exposed to UV light shows that additive retains their activity in
presence of LDH in contrast to the OMMt type nanoclay. The Zn;AIl-DDS is found to be
better LDH nanofiller for stabilization in presence in phenolic antioxidants. Finally,
Chapter 8 summarizes the results and describes the salient conclusions of the study.
Future perspectives for further research are also expressed.

We envision that this new hybrid material, which combines the advantages of
various physico-mechanical properties and better performance towards weathering,
could play a significant role in the development of new nanocomposites for

automotive, construction and packaging applications.
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Chapter 1
INTRODUCTION

“The process of scientific discovery is, in effect, a continual flight from wonder”

—Albert Einstein

This thesis is concerned with fabrication of new nanocomposites with
improved properties and structure-processing-property linkages in a new class
of hybrid materials known as polymer anionic nanoclay composites. We begin
the thesis with a brief introduction to polymer nanoclay composites and
necessary background relevant to the contents of the thesis. The purpose of this
chapter is to describe the context of the work, the overall objectives of the

study and the structure of the thesis.

1.1 Motivation

Since the discovery of synthetic polymers during the early 1900’s, compounding
of polymers with inorganic fillers and fibers was developed as a versatile route leading to
novel polymeric materials with improved thermal and mechanical properties with
attractive cost/performance ratio. The field of materials science has lately begun to focus
on the quest for composite materials that exhibit the positive characteristics of their initial
components. Worldwide, there has been a new and intense desire to tailor the structure
and composition of materials on the nanometer scale. Thus, we are seeing the
introduction of a new and improved class of composites, the nanocomposites. It is in this
context that the work presented here has been undertaken to investigate new
nanocomposites with improved properties based on isotactic polypropylene and relatively
new types of nanofiller namely layered double hydroxides. In this chapter the necessary
background relevant to the contents of this thesis is provided. We also discuss the overall

objectives of this work and the structure of this thesis.
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1.2 Polymer Nanocomposites

Materials are key components of our civilization. We ascribe the major historical
landmarks of our society to materials with epithets, such as, the stone age, bronze age,
iron age, steel age (the industrial revolution), polymer age, silicon age, etc. This reflects
the importance of materials in the evolution of our society. As the 21% century unfolds, it
is becoming even more apparent that the next technological frontiers will unfold through
a better understanding of structure-property relationship in materials and their functions.
The emerging importance of nanoscale and the associated excitement surrounding
nanoscience and technology affords unique opportunities to create novel materials with
unique and useful materials. These new 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. In recent years, the advances in synthesis techniques and the ability to
characterize materials on atomic scale has lead to a growing interest in nanometer-size
materials. Nanocomposites were first referenced as early as 1950, synthetic polymer clay
nanocomposites were reported as early as 1961, when Blumstein ef. a/ demonstrated
polymerization of vinyl monomer intercalated into montmorillonite clay [1] and
polyamide nanocomposite were reported by Fujiwara et. al. as early as 1976 [2].

Polymer nanocomposites (PNC) are novel class of composites that are particle-
filled polymers in which; at least, one dimension of the dispersed particles is in the
nanometer range. However, it was not until researchers from Toyota Central Research
and Development Laboratories (TCRDL) in Japan in the late 1980s began a detailed
examination of polymer/layered silicate clay mineral composites that nanocomposites
became more widely studied in both academic and industrial laboratories. Accordingly,
since the pioneering work of Toyota research group [2- 3], polymer nanocomposites
(PNC) have shed a light on the replacement of conventional fiber-reinforced composites
by using a small proportion of nanofillers, composed of inorganic layered nanofillers.
Since then construction of nanostructured polymers with specific mechanical and
functional properties became an important facet of contemporary materials science and
engineering. PNCs represent an alternative to conventional filled polymers or polymer

blends— a staple of the modern plastics industry. In contrast to conventional composites,
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where the reinforcement is on the order of microns, PNCs are exemplified by discrete
constituents in the order of a few nanometers.

One can distinguish three types of nanocomposites depending on how many
dimensions of the dispersed particles are in the nanometer range. When the three
dimensions of particulates are in the order of nanometers, they are referred as equi-axed
(isodimensional) nanoparticles or nanogranules or nanocrystals such as spherical silica
nanoparticles obtained by in-situ sol gel methods [4]. When two dimensions are in the
nanometer scale and the third is larger, forming an elongated structure, we speak about
nanotubes or whiskers as, for example, carbon nanotubes [5] or cellulose whiskers [6-7].
The third type of nanocomposites is characterized by only one dimension in the
nanometer range. In this case the filler is present in the form of sheets of one to a few
nanometer thick to hundreds to thousands nanometers long. This family of composites
can be gathered under the name of polymer-layered crystal nanocomposites. These are
the nanofillers extensively studied as reinforcing agents yielding materials with
exceptional properties. Hence, within this context, in recent years, there has been a
rapidly growing trend for the incorporation of inorganic fillers into the polymer matrix to
enhance one or several physical properties.

Amongst the entire potential nanocomposite precursors, those based on clay and
layered silicates have been more widely investigated probably because of the starting clay
materials are easily available and their intercalation chemistry has been studied for a long
time [8-9]. 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. First,
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. When well
dispersed into neat polymers, these nanofillers can dramatically enhance their
mechanical, thermal, barrier and flame retardant properties [10-16]. Another interesting
class of layered structure is anionic clay i.e layered double hydroxides (LDHs). The basic
reason for choosing LDH as a nanofiller is their typical metal hydroxide-like chemistry

and conventional clay-like layered crystalline structure. The former is helpful in the
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direct participation in the flame inhibition through endothermic decomposition and stable
char formation. On the other hand, the later makes LDH suitable for polymer
nanocomposite preparation. LDH is organically modified using anionic surfactants in
order to enlarge the interlayer distance to render it more organophilic. These all
properties make LDH as potential nano filler for different polymer systems. As a result,
the composites made by mixing layered nanoclays in polymer matrices are attracting

increasing attention commercially.

1.2.1 Current Perspective and Future Prospects: An Overview

Today, more than 70 companies, government agencies and academic institutions
have been identified as having research and development (R&D) activities in the field
nanocomposites. The extraordinary efforts are being put in research activities based on
polymer nanocomposites and reviewed by several authors [17-22]. Polymer
nanocomposite markets that have been slow in development till date, seem ready to take
off with increasing application in the automotive and packaging sector. As commercial
interest has moved beyond pilot programs and niche applications, it appears that
nanocomposites are finally ready for a breakthrough in these markets. By 2011,
nanocomposite demand will reach 150,000 tpa in USA as per Freedonia [23]. Growth
will be fueled by declining prices of nanomaterials and composites, as production levels
increase and technical issues concerning the dispersion of nano-additives in the
compounds are overcome. By 2025, it is expected that nanocomposites will be a US$9
billion market, with volumes nearing 5 million tons. While thermoplastics currently
comprise virtually all demand for nanocomposites, compounds based on thermoset resins
will eventually become a substantial part of the market, constituting 20% of demand in
2025. Looking forward, however, nanocomposites based on commodity plastics, such as
polypropylene, polyethylene and PVC will dominate the market. Among thermosets,
nanocomposites will make the strongest impact as enhancements for reinforced polyester
and epoxy compounds. Packaging and motor vehicles, two key early markets for
nanocomposites, will account for nearly 50% of total demand in 2011 and 40% of
demand in 2020. However, by 2025, electrical and electronics applications will gain in

prominence, as nanotube-based composites will penetrate a sizable portion of the market
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as a substitute for other conductive materials. Construction will emerge as a significant
market as nanocomposites begin to replace fiber-reinforced plastics in a number of
applications. Nanocomposites are expected to penetrate a number of key packaging
applications, including soft drinks, beer, food, pharmaceuticals and electronics, driven by
the improved barrier, strength and conductive properties that they offer. In motor
vehicles, automotive manufacturers are increasingly turning to nanocomposites in an
effort to replace higher-priced materials, increase production speed of parts and reduce
motor vehicle weight in a number of exterior, interior and underhood applications.

In 2006, nearly all nanomaterial demand consisted of carbon black in conductive
composites. However, as material and production costs of clay-based nanocomposites
fall, clays will rise to account for over half of all nanomaterials demand by volume in
2025. Similarly, a decline in price will enable the rapid commercialization of carbon
nanotubes, which will eventually gain over 60% of the nanocomposite materials market
in value terms.

Table 1.1: United States volume and value for polymer nanocomposites by 2005-2020
(in million pounds) [23].

US NANOCOMPOSITES DEMAND (million pounds)

Year 2005 2010 2020 % Annual Growth
2005-2020
Nanocomposites Demand 154 344 7030 29
Thermoplastic 152 329 5600 27
Thermoset 2 15 1430 55

According to a report by Global Industry Analysts Inc, global nanocomposites market
will reach 989 million lbs by 2010. Nanocomposites play a significant role in one of the
most promising technologies known as nanotechnology. Worldwide demand for
nanocomposites is increasing rapidly in packaging, automotive, electrical, and other
applications due to their superior thermal, electrical conductive and other properties.
Development of industry related nanocomposites with enhanced features and expanding

research activities in development of new nanocomposites are some of the factors that
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would drive nanocomposites market in the coming years. United States and Europe
dominate the global nanocomposites market, with a collective share of over 80% of the
volume sales by 2008. The market is also projected to witness rapid growth, driven by
enhanced volume consumption of nanocomposites in various applications. Research
institutions and companies are engaged in the exploration of efficient methods for
developing nanocomposites in large volumes and at lower cost. Applications of
nanocomposite plastics are diversified, with automotive and packaging accounting for a
majority of the consumption. Increased R&D activities and advent of innovative
materials is expected to widen the application areas for nanocomposites. Packaging
segment represents the largest end-use market for nanocomposites in the world, with
consumption estimated at 284 million pounds for 2008. Automotive segment is projected
to generate the fastest demand for nanocomposites during the period 2001-2010. Rise in
demand and easy accessibility of nanocomposites would lead to their extensive usage in a
wide range of applications.

Nanocomposite research is wide spread and is conducted by companies and
universities across the globe. Several global plastic suppliers have already
commercialized products based on nanocomposite materials, with majority of the efforts
focused on either nylons or polyolefins. Other industries are also optimistic about the
future role of these novel materials, attributed to the growing volume of research studies
being conducted across the world. The development of innovative nanocomposite
polyolefins and an array of other resin matrixes and nanofillers are also expected to
bolster the market scenario. Technological advancements would reduce manufacturing
costs, enabling the development of low-cost nanocomposites. Major players profiled in
the report include 3M ESPE, Arkema Group, BASF AG, Cabot Corporation, Cyclics
Corporation, DSM Somos, Du Pont (E.I) De Nemours & Company, Elementis Specialties
Inc, eSpin Technologies Inc., Evonik Degussa GmbH, Foster Corporation, Hybrid
Plastics, Industrial Nanotech Inc, Inframat Corporation, InMat Inc, Nanocor
Incorporated, Nanodynamics Inc, Nanoledge SA, Nanophase Technologies Corporation,
Nanova LLC, Powdermet Inc, Showa Denko K. K., Rockwood Additives Ltd, TNO and
Unitika Ltd.
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Continuous demand from different end-use sectors, development of advanced and
superior nanocomposites would stimulate their growth. Need for new and a better
nanocomposite by end users is one of the major reasons expected to drive the
development of new array of nanocomposites. Identifying potential markets, intensifying
research activities and government funding for R&D operations constitute major factors
in the commercialization of nanocomposites. A few nanocomposites have already
reached the marketplace, while a few others are on the verge, and many continue to
remain in the laboratories of various research institutions and companies.
The development of PNC primarily concentrates on thermoplastics as the polymer matrix
with a view to their wide range of applications and environmental friendliness as depicted

in Figure 1.1.
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Figure 1.1: Trend of using nanocomposites from 2000 to 2010 (Data are adapted from
Principia Partners (Exton, PA)) [24]

thermoplastics predominantly demonstrate the increase of potential material usage up to
five folds in manufacturing polymer/clay nanocomposites from 2005 to 2010.
Furthermore, the global volume and value of PNC are going to grow more rapidly due to

a huge demand in the commercial market.
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Amongst the existing thermoplastics, scientific and technological interest for
tailoring and modifying the polypropylene properties has been driving a very vivid
research on nanostructured materials. In recent years, PP based nanocomposites have
been recognized as one of the most promising research fields in material chemistry and
nano-particulate fillers have been shown to significantly increase the properties of
polymers. PP has simulated intensive research in order to produce polypropylene
nanocomposites with improved properties. In this regard, most emphasis has been given
to silicate layer nano-composites, which after intercalation and exfoliation within the
polymer structure can yield large increases in various physico-chemical properties.
Hence, the polymer chosen for the present work is polypropylene (PP), which offers
probably the best price/performance characteristics among all thermoplastics. So far, the
majority of the research work has been focused on cationic clays, like the naturally
occurring smectite type, montmorillonite systems, while the other potential layered nano-
fillers like layered double hydroxide (LDH) systems have been much less reported in the
literature.

Thus, the understanding of the links between the microstructure and
physicochemical properties is critical to the successful development of new polymer
nanoclay composite products. The overall objective of this work is to try to quantify the

structure-processing-property linkages in PP/LDH nanocomposites.



Chapter 1 Introduction

1.3 Problem Background

One of the most important aspects in the materials development of reinforced
thermoplastics is to achieve a good combination of properties and processibility at
moderate cost. In the development of reinforced thermoplastics as far as mechanical
properties is concerned, the main target is to strike a balance of stiffness, strength,
flammability and weatherability. There are a few approaches that have been identified as
potential routes to achieving this goal: i) Reinforcement of thermoplastics with different
type of nano-fillers to form nanocomposites. i1) The inclusion of fillers or fiber
reinforcement into thermoplastic matrices to form thermoplastics composites. However,
these approaches have their own potential and limitation. Generally, choice of ideal
nanofillers is a major concern towards this issue. Hence, there is an intensive need to
assess the feasibility of new types of nanofillers in structure-property improvement in
polymer matrix. With this driving force, we decided to employ relatively new nano-filler
called layered double hydroxide as a potential reinforcement. The strategy behind this
approach is to develop a new nanocomposites with improved properties based on
blending thermoplastic (PP) with the incorporation of nanofillers (organo modified
LDHs) in the presence of compatibilizer (PP-g-MAH). However, an extensive study on
structure property evaluation of PP in presence of LDHs as nanofiller has not yet been
explored. Therefore, it is interesting to study at the system where thermoplastic (PP)

combined with LDHs type nanofillers as a reinforcing agent.
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1.4 Research Objective

With an industrial motivation to commercialize PP/clay nanocomposites products,
development of new nanocomposites based on PP with improved properties is still a great
scientific thrust. In the present contribution, the attention is focused on fabrication and
property evaluation of PP nanocomposites using layered double hydroxides as a nano-
filler and on their comparison with smectite-type counterparts. The work comprises
herein, is preparation, characterization of different organomodified LDHs and PP/LDH
nanocomposites. Furthermore, work also involves investigation of various physico-
chemical properties such as thermal, mechanical and rheological of polypropylene / LDH
nanocomposites. The properties like crystallization and photo-oxidative behavior of
PP/LDH nanocomposites, comprising partially intercalated/exfoliated LDH platelets and
tactoids have also been addressed. The outline of current research approach is illustrated

step by step in Figure 1.2.
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Figure 1.2: Outline of the research approach in this study
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1.5 Thesis Outline

In order to better understand the overview of this research work, a thesis outline is
presented including the following chapters:

» Chapter 1 contains the brief background of polymer/clay nanocomposites and
research objective.

» Chapter 2 reviews the history and current state of knowledge in PP
nanocomposites and its importance in various applications. A review of
fundamental and technical information as well as the different nano-reinforcement
in PP and properties obtained thereof also presented. A thorough literature survey
was carried out on PP based nano structured materials, methods of synthesis,
material processing methods and their property evaluations.

» Chapter 3 claborates on the experimental techniques employed in LDHs
synthesis and fabrication of PP/LDHs nanocomposites. Also, experimental
characterization results on the LDH dispersion, morphological and crystalline
structures of organo-LDHs and PP/clay nanocomposites using X-ray diffraction
(XRD), scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) etc. are discussed.

»> Chapter 4 comprises detailed synthesis of organomodified LDHs comprising
different metal cations. The successful organomodification is revealed by Infra-
Red spectroscopy (FT-IR), X-ray diffraction (XRD), Morphological study (SEM)
and by thermal analysis (TGA). In second section, detailed investigation on
preparation and characterization of PP/LDH nanocomposites using PP-g-MAH is
summarized. The nanocomposite structure was revealed by XRD and TEM
analysis.

» Chapter 5 discusses the influence of nano LDH reinforcement on different
characteristic properties in detail such as thermal, mechanical, rheological, gas
barrier and flammability of polypropylene. These properties are evaluated by
mechanical testing, differential scanning calorimetry (DSC), thermogravimetric
analysis (TGA), dynamic mechanical thermal analysis (DMTA), stress/strain

controlled rheometer, and cone calorimeter.
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» Chapter 6 consists of intensive study on both iso and non-isothermal
crystallization behavior of PP/LDH nanocomposites. The crystallization kinetics
and subsequent melting behavior of PP/LDH hybrids were studied by confronting
different kinetic models. The effect of LDH type nanofillers on effective
parameters like nucleation, crystal growth and crystal structure of PP is also
investigated.

» Chapter 7 is devoted to wunderstanding the performance of PP/LDH
nanocomposites under photo-oxidative environment in comparison with
PP/OMMt nanocomposites using accelerated weathering conditions. The effect
LDHs on efficiency of stabilizing additives towards photo-oxidation of PP has
also been discussed.

> Chapter 8 concludes the thesis by summarizing the salient points of the work

described and presenting avenues for future investigations.
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Chapter 2
LITERATURE REVIEW

“Scientific knowledge is in perpetual evolution; it finds itself changed from one day to
the next”
~Jean Piaget

2.1 Polypropylene

Polypropylene (PP) is one of the thermoplastic materials with a number of desirable
properties that makes it a versatile material and became one of the most important
commercial thermoplastics; its consumption is still increasing more rapidly than the total
for all thermoplastics. This situation is likely to continue into the future for the following
reasons [1]:

i. The relatively low cost of the product is due to the low monomer cost and

established polymerization technology, compared to other thermoplastics.

ii. The polymer can be modified for a wvariety of applications. Through
copolymerization, orientation and other techniques the physical properties of the
product can be varied to meet a wide range of thermal and mechanical
requirements.

iii. Polypropylene has an excellent combination of low density, high stiffness and
toughness and heat distortion temperature above 100°C which provides it with an
extraordinary versatility of properties and applications.

iv. The ease in processing these polymers allows their use in most commercial
fabrication techniques. The versatility of this product, coupled with its low cost,
encourages its production into newly developing applications. As a result, new
applications of PP will use forms that are significantly different from those

available today.
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Polyolefins are responsible for the production of approximately 84 billion kilograms
of thermoplastic per year or about 50% of the total worldwide polymer industry
production. Polypropylene (PP) accounts for approximately 20% of polyolefin production
or 34 billion kilograms per year production. Polypropylene is used in several applications
such as automotive components, laboratory equipment, plastic parts, food packaging,
textiles, and reusable containers. PP has good tensile strength, a superior working
temperature but lower impact strength compared to other low or high density
thermoplastics. Polypropylene possesses excellent resistance to organic solvents,
degreasing agents and electrolytic attack. It is light in weight, resistant to staining and has
a low moisture absorption rate. PP is a tough, heat-resistant and semi-rigid material, ideal
for the transfer of hot liquids or gases. PP is, therefore, used in vacuum systems where
higher heats and pressures are encountered. It also has excellent acid and alkali
resistance. Polypropylene can be easily fabricated using hot gas welded, spin welded,
fusion & butt welded. PP can also be machined with wood or metal working tools,

vacuum formed or ultra-sonic sealed.

2.1.1 Properties of Polypropylene

PP is a linear hydrocarbon polymer containing little or no unsaturation. It was
found that PP and PE have many similarities in their properties, particularly in their
swelling, electrical properties and solution behavior. In spite of the many similarities, the
presence of a methyl group attached to alternate carbon atoms on the chain backbone can
alter the properties of the polymer in number of ways [2]. The most significant influence
of the methyl group is that it can lead to products of different tacticity, ranging from
completely isotactic and syndiotactic structures to atactic molecules. The isotactic form is
the most regular since the methyl groups are all disposed on one side of the molecule.
Within the range of commercial polymers, the greater the amount of isotactic material,
the greater the crystallinity and hence the greater the softening point, stiffness, tensile
strength, modulus and hardness, all other structural features being equal. In the
syndiotactic form they alternate the sides of the main chain, while atactic chains do not

have any consistent placements of methyl groups. Figure 2.1 show the structure of PP
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and a schematic representation of isotactic, syndiotactic and atactic PP chains,

respectively.

([ a. Atactic Polypropylene
CH3 CHg3 CH3
H2C—CH—CHZ—CH—CHZ—(|2H—CH2—CH
CH
3 X
b. Isotactic Polypropylene
CH3 CH3 CH3 CH3
H,C—CH—CH,—CH—CH,;—CH—CH,—CH
X
c. Syndiotactic Polypropylene
CH3 CH3
H
H,C—C—CH,—CH—CH,—CH—CH,—CH
CH
CH3 3 X

Figure 2.1: Types of different Polypropylenes

The influence of molecular weight on the bulk properties of PP is often opposite
to that experienced with most other well-known polymers. Although an increase in
molecular weight leads to an increase in melt viscosity and impact strength, in
accordance with most other polymers, it also leads to a lower yield strength, lower
hardness, lower stiffness and softening point. This effect is believed to be due to the fact
that high molecular weight polymers do not crystallize so easily as a lower molecular
weight material one and it is the differences in the degree of crystallization which affect
the bulk properties [3]. It may also be mentioned that an increase in molecular weight
leads to a reduction in the brittle point. Products of improved strength and lower brittle

points may be obtained by block copolymerization of propylene with small amounts (4 -
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15%) of ethylene copolymers and are often preferred to the homopolymer in injection
molding and bottle blowing applications [2]. Test methods and typical properties of

homopolymer PP are shown in Table 2.1.

Table 2.1: Physical and chemical properties of polypropylene

Extrusion, General Injection
Property ASTM Sheet Purpose, Molding,
Profiles Injection Thin Complex
Molding Parts
Melt flow g/10 min 1238 L 0.4 0.8 4 12 35
Density g/cm’ D792-2 0.902 0903 0903  0.903 0.902
Tensile strength MPa D638 37 35 35 348 332
Elongation % D638 13.5 13 12 11 12
Notched Izod Impact  D256A 161 133 1724 1793 1470
At 23 °C, J/m
Flexural modulus, D790B 1655 1666 42.7 37.3 32

1% secant, MPa

2.2 Types of Nanofillers

Nanocomposites are defined as constituents in which nanofillers with at least one
dimension smaller than 100 nm are well dispersed into the polymer matrix. “Nano”
originates from a Greek word meaning midget, namely a very tiny object. Three different
types of nanofillers in geometry are demonstrated in Figure. 2.2 with 1-D platelet-like, 2-
D fibre-like and 3-D sphere-like structures. In general, montmorillonite (MMT) silicates
or smectite clay and layered double hydroxide (LDHs) belong to the first type with the
lateral dimension in the range of several hundred nanometers to microns while the
thickness is within a few nanometers. Such platelet-like structures lead to a large particle
aspect ratio between 100-1000 with the superior biaxial reinforcement effect. On the
other hand, when nanofillers have two dimensions at a nanoscale level and the third one
is much larger in the size of microns, a unidirectional continuous fiber-like reinforcement
takes place. Single-wall or multi-wall carbon nanotubes and nanofibres are good
representatives of the second type with a greatly elongated structure. Finally, the third
type of nanofillers such as nanoporous silica possesses all three dimensions at the

nanoscale level.
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Figure 2.2: Different types of nanofillers in geometry [4]

Global manufacturing and development of nanofillers are demonstrated in Table
2.2. In particular, clay silicates (e.g. nanoclay) and carbon nanotubes are two most
popular nanofillers under the wide investigation and commercialization. Nanotubes show
the superior electrical and thermal conductive properties to fabricate the multifunctional
polymer nanocomposites (PNCs), but are confronted with the limited usage owing to a

much higher reported market value at US $100/g or $50/1b in masterbatch [Sb].
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Table 2.2 Worldwide commercially available nanofillers [5a]

Company Activity
Altair Nanomaterials (Cody, WY) Oxides
Argonide (Sanford, FL) Metals
Cabot Corp. (Boston) Oxides
Carbon Nanotechnologies (Houston) Nanotubes
Carbolex (Lexington, KY) Nanotubes
Degussa (Dusseldorf, Germany) Oxides
Espin Technologies (Chattanooga, TN) Nanofibers
Frontier Carbon (Tokyo) Fullerenes
Hyperion Catalysis (Cambridge, MA) Nanotubes
Nano-C (Westwood, MA) Fullerenes
Nanogate (Saabrudeen, Germany) Oxides
Nanocor (Arlington Heights, IL) Nanoclay
Nanomaterials Research (Longmont, CO) Oxides
Nanoproducts (Longmont, CO) Oxides
Nanophase Technologies (Romeoville, IL) Oxides
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Nanopowder Enterprises (Piscataway, NJ) Oxides
Nanopowder Industries (Caesarea, Israel) Metals
Nanoscale Materials (Manhattan, KS) Oxides
Nanotechnologies (Austin, TX) Oxides, Metals
Nyacol Nano Technologies (Ashland, MA) Oxides
Oxonica (Begbroke, U.K.) Oxides
QinetiQ Nanomaterials (Farnborough, U.K.) Oxides
Shin-Etsu (Tokyo) Oxides
Southern Clay (Gonzales, TX) Nanoclay
Sud-Chemie (Munich) Nanoclay
Tosoh (Tokyo) Oxides

In addition, the health hazards related to handling nanotubes are still uncertain
though the laboratory-scaled techniques are available to prepare polymer/nanotube
composites. Hence, much greater attention has been drawn to clay silicates since they are
more cost-effective and eco-friendly with a reasonable price of US $ 2.25-3.25/1b [5b],
and have broad utility in reinforcing common thermoplastics like polypropylene (PP),
polyethylene (PE), polystyrene (PS), polyethylene terephthalate (PET) and nylon. More
remarkably, the addition of layered nano-fillers helps to considerably enhance their
mechanical, thermal, barrier and heat retardant properties. The most applicable polymers
reinforced by nano clays to fabricate corresponding nanocomposites are listed in Table
2.3. Polyolefins are particularly well-known for their wide range of applications in
automotive and packaging industries, especially PP and PE as the generally used

commodity polymers.
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Table 2.3: Types of applied polymers to fabricate nanocomposites [6].

Type of Polymers

Specific Formulated Polymers

Vinyl Polymers

Condensation
(Step) Polymers

Polyolefins

Specialty Polymers

Biodegradable Polymers

Methyl  Methacrylate (MMA), MMA
Copolymers, Acrylic Acid, Acrylonitrile,
Styrene (S), 4-Vinylpyridine, Acrylamide,
Ethyl Vinyl Alcohol Copolymer, etc.

Nylon6, Polyamides (PA), Poly(ethylene
terephthalate), Polycarbonate (PC),
Epoxidized Natural Rubber, Epoxy Polymer
Resins (EPR), Poly(amic acid),
Polyetherimide, etc.

Polypropylene (PP), Polyethylene (PE),
Polyethylene Oligomers, Poly (ethylene-co-
vinyl acetate), Ethylene Propylene Diene
Methylene Linkage Rubber (EPDM), etc.
Polypyrrole (PPY), Poly(N-vinylcarbazole)
(PNVC), Polyaniline (PANI), etc.

Polylactide (PLA), Poly(butylene succinate)
(PBS), PCL, [Unsaturated Polyester,
Polyhydroxy Butyrate, Aliphatic Polyester
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2.3 Layered Double Hydroxide (LDH)

Layered double hydroxides (LDHs) belong to a general class of layered materials
called anionic clay minerals. They can be of both synthetic and natural origin. LDHs are
antitypes of 2:1clay minerals with positively charged metal oxide/hydroxide sheets
comensated by anions in the interlayers. The most commonly known naturally occurring
LDH clay is hydrotalcite having chemical formula MgsAl, (OH);cC0O;0.4H,0.
Hydrotalcite is the first mineral of this group whose structure and properties were studied
extensively and often taken as the representative of the LDH clay materials. Hence, the
LDHs are also known as hydrotalcite-like-compounds. The LDHs are the class of anionic
clays represented by the general formula [M",x M™, (OH),J*".[(A™) " . mH,0] where
M" and are divalent such as Mg>", Zn*", Ca*", Co*", Ni*", Mn®" or Cu*" and M" is a
trivalent metal ion, such as AI’", Cr’", Co’", Fe*, V**, Mn’", Ni*" or Ga’", respectively,
and An 1is an anion, such as CI, C0327, NO; or SO42' etc. The anions occupy the
interlayer region of these layered crystalline materials. The M**/M>* ratio generally
ranges from 1 to 5 [7], the pure phase of LDH clays is usually obtained for a limited
range as 0.2 < x < 0.33 [8].

The structure of LDHs can best be explained by drawing analogy with the structural
features of the metal hydroxide layers in mineral brucite or simply the Mg(OH), crystal
structure. Brucite consists of a hexagonal close packing of hydroxyl ions with alternate
octahedral sites occupied by Mg”" ions. The metal hydroxide sheets in brucite crystal are
neutral in charge and stack one upon another by Van der Waal’s interaction. The
interlayer distance or the basal spacing in brucite has a value of about 0.48 nm. In LDH,
some of the divalent cations of these brucite-like sheets are isomorphously substituted by
a trivalent cation and the mixed metal hydroxide layers, [MHl_X MIIIX(OH)g]X+, thus
formed acquire a net positive charge. This excess charge on the metal hydroxide layers is
neutralized by the anions accumulated in the interlayer region. The interlayer region in
LDHs also contains some water molecules for the stabilization of the crystal structure. .
The presence of anions and water molecules leads to an enlargement of the basal spacing
from 0.48 nm in brucite to about 0.77 nm in Mg-Al-LDH. A schematic representation

comparing the brucite and the LDH structures is shown in Figure 2.3.
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Figure 2.3: Schematic Representation comparing the crystal structure of brucite (A),
LDH (B &C) [9, 10].

Although LDHs have layered structure like layered silicates, the two are quite
significantly different from each other. While LDHs have positively charged layers with
anionic interlayer species (so they are called anionic clay), the layered silicates have
positively charged layers with cationic interlayer species (hence called cationic clay). In
terms of compositions, geometry and layer thickness, LDHs are vastly different from
layered silicates. In LDH, as described earlier, each crystal layer is composed of a single
octahedral metal hydroxide sheet. Whereas, in layered silicates, it is a sandwiched
structure of two or more sheets of metal oxides. For example, montmorillonite crystal
layer is made up of three sheets. One octahedral sheet containing oxides of Fe, Al, Mg,

etc remains sandwiched between two silica tetrahedral sheets as shown in Figure 2.4 (a).
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Figure 2.4: (a) Structure of MMT (b) Structure of LDH

This difference in layer structure results much lower crystal layer thickness and rigidity
in case of LDHs. The charge density of hydroxide sheets in LDHs is in the range of 0.33
—0.25 cm * (as high as in mica, 0.32 — 0.34 cm 2) [7], which is much higher compared to
that observed in various cationic clays of both natural and synthetic origin. However, the
remarkable behavior of LDH is their high reactivity towards various organic anions,
which can exchange as much as 80 — 100% of the interlayer anions in LDHs [7]. Many
LDH materials show unique phenomenon called 'memory effect’, which involves the
regeneration of the layered crystalline structure from their calcined form, when the later
is dispersed in an aqueous solution containing suitable anion [11]. This property is often
used to synthesize and modify LDHs with different types of intercalating anions.
Typically, LDHs containing carbonate anion are heated to a temperature in the range of
350-800 "C for several hours and the resultant mixed metal oxide (more precisely a solid
solution of the two metal oxides) is then dispersed in an aqueous solution of the desired
anionic species. The dispersion is overnight stirred mechanically at room temperature to
ensure completion of the regeneration process. The regeneration property shown by

LDHs is extensively reported in numerous literatures [8, 12-13]. LDHs can be readily

N
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synthesized under laboratory conditions, with easily controllable chemical composition of
the layer and interlayer domains [11, 14]. The co-precipitation method of LDH
preparation involves co-precipitation of selected pairs of metal ions from their aqueous
solution by a dilute NaOH or NaHCO; or Na,CO3; or NH4OH solution. The pH of the
reaction medium is maintained in the range of 8 to 10 depending on the nature of the
metal ions. To obtain well crystallized materials the final suspension is subjected to
hydrothermal treatment for a long period. The detail description of the process is
available in numerous reports available in literature [15-19].

The homogeneous precipitation method using urea hydrolysis for synthesis
provides LDH with a high degree of crystallinity and a narrow distribution of particle
size. Usually, an aqueous solution of desired metal ions and urea in calculated molar ratio
is heated at 90 ‘C to reflux condition for 24 — 36 hours. The urea molecules undergo
decomposition producing ammonium carbonate, which finally causes the precipitation of
LDH containing COs>~ as intercalating anion [20- 22]. The ion exchange method takes
the advantage of exchangeable interlayer anions present in LDHs by other anionic
species. Based on this property, the LDHs containing one type of intercalating anionic
species can be synthesized from the LDHs containing another type of intercalating anion.
Usually, the original LDH 1is dispersed in an aqueous solution of the desired anionic
species and the dispersion is stirred at room temperature for several hours. However,
some anionic species show more affinity to the inter gallery region of LDH than the other
[23- 25]. Hydrothermal crystallization method involves the crystallization of amorphous
M"™,05 precursor in presence of a suitable MO, the latter acting as a crystallizing agent
[26]. The precursor M",0; is an amorphous hydrated oxide of the trivalent metal
component of LDH whereas the crystallizing agent My O is a reactive and basic oxide of
the divalent metal component. The actual synthesis is carried out by hydrothermal
treatment of an aqueous suspension of these two metal oxides in a pressurized vessel at

elevated temperature for several days.
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2.3.1 Organomodification of LDHs

Nano-clays may be called swellable-layered materials since they comprise planar
layers arrayed in a co-herent, co-planar structure. The bonding within the layers is
stronger than the bonding between the layers, such that they exhibit interlayer spacing in
their intercalated compounds. As shown in Figure 2.3, swelling or compatibilizing agents
may be introduced into the interlayer spaces by insertion, in the case of neutral
molecules, ion exchange in the case of ions. LDH is normally very hydrophilic, therefore,
is not compatible with most polymer resin like polypropylene. Usually, the clay materials
include interlayers or exchangeable anions such as Cl CO5%", NO; or SO4* etc. Indeed,
if LDH 1is placed in a solution of a given exchangeable long chain anionic organic-
modifier i.e electrolyte, an exchange occurs between the ions of the clay (X ) and those

of the electrolyte (Y ).
Xclay+Y < Yclay+X

In the state, the unmodified clay does not delaminate in host polymer melts
regardless of mixing, because the interlayer spacing usually too low to intercalate the
macromolecular chains. A good intercalation is achieved for organomodified LDHs
because higher inter -lamellar distance. Intercalation behavior of LDHs towards various
organic anionic surfactants is extensively reported in literatures [7, 27- 29]. Carlino [29],
reviewed different methods for modification of LDHs by long chain carboxylic acids.
Table 2.4, summarizes different organomodified LDHs employed in fabrication of

various polymer nanocomposites reported in the literature.
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Figure 2.5: Schematic diagram of various organomodified LDHs. [30]

2.4 Structures of Polymer/LDHs Nanocomposites

Depending on the interactions and structures of constituents, polymer/layered
nano-fillers nanocomposites can be classified as (i) phase separated or immiscible; (ii)
intercalated; and (iii) exfoliated, exhibited in Figure. 2.6. When the polymer molecular
chains are unable to intercalate clay platelets, indicated by no increase of interlayer
spacing, immiscible composites are formed with the marginal property enhancement,
known as “microcomposites”. Beyond this kind of classical composites, intercalated
structure is obtained through the penetration of polymer molecular chains into the clay
interlayers, as the result of a well-ordered multi-layer sandwich structure, built up with
repeatable polymeric and inorganic layers. Hence, the interlayer expansion inevitably
results in increasing the interlayer spacing. In the exfoliated nanocomposites, the
individual clay platelets are peeled apart, completely and homogeneously dispersed in the
continuous polymer matrix, so-called “delamination”. Either ordered or disordered
exfoliated structure relies on the different clay platelet orientation states, arising from the
secondary manufacturing processes (e.g. injection/compression moulding) after melt

compounding of nanocomposites.
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Figure 2.6: Nanocomposite structures based on the interaction of layered nano-fillers and
polymers [31].

For instance, exfoliated clay platelets in the skin region of injection molded
specimens of nylon 6/clay nanocomposites reveal a higher degree of alignment along the
mould flow direction as opposed to the random orientation in the core area [32]. In the
real morphology of polymer/clay nanocomposites, partially intercalated and exfoliated
structure is practically available due to the limitation of conventional compounding
methods and the difficult thermodynamic interactions in dispersing clay particles, which

is mostly the case for PP/clay nanocomposites.
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2.5 Processing Methods of Polymer/LDHs Nanocomposites
2.5.1 Preparation

The lamellar structure and anion exchange capacity of LDHs allow the formation
of a wide range of host—guest complexes. Although the usages of LDHs in different
fields, like catalysis, acid scavenger, controlled chemical release, etc. are well known,
their potential as nanofillers in preparing polymer nanocomposites is very recently
realized by researchers. In this regard, unlike conventional layered silicates (which is
widely used so far as nanofiller in polymer), LDHs possess certain inherent advantages.
For example, being mostly of synthetic origin, the presence of impurity in LDHs is far
less and also a wide range of chemical compositions can be obtained by changing the
type and molar ratio of the metal ion pairs during the synthesis process. Additionally, the
positive nature of the crystal layers in LDHs provides a greater flexibility in selecting the
suitable modifier from several groups of organic compounds, like fatty acid salts,
sulfonates, sulfates, phosphates, etc [7, 33-34]. The LDHs apparently resemble many
cationic clay minerals (like layered silicates) so far as the principle of polymer
nanocomposite preparation is concerned. But, the major disadvantage of LDHs is the
high charge density of layers, which firmly holds the metal hydroxide layers in the
crystalline stacks and makes the intercalation of the polymeric materials into the
interlayer region difficult. However, the strong affinity of LDHs for anion exchange
reaction even with oligomeric anionic species gives an opportunity to convert these
materials into suitable precursors for polymer nanocomposite preparation. In literatures,
several methods for the preparation of polymer/LDH nanocomposites have been reported

[35], which are described briefly in the following sections.

2.5.1.1 In-Situ Intercalative Polymerization

In this method, the layered nano filler is swollen within the liquid monomer or a
monomer solution so the polymer formation can occur between the intercalated sheets.
In-situ polymerization is the most widely referred technique for polymer/LDH
nanocomposites preparation. This method is solution based and is usually carried out in
an aqueous system. The scheme shown in Figure 2.7 indicates the general principle for

carrying out in-situ polymerization within the layers of LDH crystals. The primary step is
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the preparation of monomer intercalated LDH hybrids, which are then subjected to
excitation by heat [36, 37.], initiating chemicals [38], etc. for carrying out the
polymerization reaction. Various methods of intercalation of monomers into the

interlayer region of LDHs and their subsequent polymerization have been reported in

literatures, which are summarized in Figure 2.7.
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Figure 2.7: Schematic pathways of in-situ polymerization within LDH layers to
synthesize polymer- LDH nanocomposites [9]

The anionic interchange method involve's the dispersion of LDHs into a monomer
solution, most often in aqueous medium (path 1 in Figure 2.7) [39- 41]. The dispersion is
then stirred for several hours with mild heating. The monomer molecules must have
anionic functionality or strong nucleophillic sites in order to replace the interlayer anions
in LDHs and to stabilize the layered stacking of the hydroxide sheets by neutralizing their
excess positive charge. For example, acrylate anions can be easily intercalated into Mg-
Al-LDH through ion exchanges with CI” or NO’~ present in LDH [41]. Other reports
includes intercalation of amino benzoic acid [42], vinyl benzene sulfonate [40]. Recently,
Lee and Chen have synthesized polyacrylate/LDH-based superabsorbent xerogels using

in-situ suspension polymerization technique [38]. The most common and successful
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method of preparation of monomer-LDH hybrid is synthesis of LDH by co-precipitation
of metal ions from their mixed solution containing dissolved monomer (usually in form
of salt) (path 2, Figure 2.7). To minimize the interference with COs>, the reaction
mixture is often purged with nitrogen. The formation of hydroxide layers and the
inclusion of monomer anion in the interlayer region take place simultaneously. Whilton
and co-workers prepared polyamino acid/LDH based nanocomposites following this
method [36]. An amino acid intercalated Mg-Al-LDH was prepared by reacting a mixed
Mg and Al nitrate solution with a basic solution containing aspartate anion under nitrogen
atmosphere. The aspartate-LDH hybrid thus obtained was subjected first to heating at 220
“C for 24 hours followed by the treatment with basic solution. The heat treatment in the
first step provides condensation of the aspartate monomer within the interlayer region
into polysuccinimide, which in the second step undergoes hydrolysis to form poly(e—
aspartate) [36]. Darder et al. demonstrated intercalation of various biomolecules during
reconstruction of LDH phases. [43]. The other examples of the synthesis of polymer-
LDH nanocomposites by co-precipitation method are intercalation and subsequent
polymerization of styrene—4—sulfonate within Ca-Al-LDH [44], styrene sulfonate into
Zn—Al and Ca-Al-LDH [42], 3—sulfopropyl methacrylate within Zn-Al-LDH [45], etc.
The property of LDH materials to regenerate from an aqueous dispersion of their mixed
oxide form is also applied to prepare the monomer-intercalated hybrids (path 3, Figure
2.7). This is called regeneration method, which is similar to that used for converting LDH
containing CO; 2~ to the other forms. This method is very common for the modification
of LDH materials with organic molecules, which are then used as a precursor for polymer
intercalation by various methods. The organic/inorganic pillar method (path 4, Figure
2.7) differs from the anion exchange method in the sense that an anionic species (other
than the monomers) is used in this method as a spacer or pillaring agent to increase the
interlayer distance before the intercalation of monomer. Therefore, the monomers in this
case interact with a pillared LDH species. Wang et al. [46] used 10-undecenoate pillared
Mg-Al- LDH hybrid (prepared by co-precipitation method) as the precursor for methyl
methaacrylate (MMA) intercalation into LDH and subsequently polymerized the
intercalated MMA using a two-step bulk polymerization technique. Similarly, monomers

like aniline [47], acrylonitrile [48] and acrylate [49] etc. have been successfully
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intercalated in to LDH gallaries. Chan and co-workers [50] synthesized LDHs/epoxy
nanocomposites using an active initiating agent poly(oxypropylene)—amindocarboxylic
acid (POP—amido acid). The POP—amido acid modified Mg,-Al-LDH was used as the
curing agent precursor for intercalation of epoxy monomers (diglycidyl ether of
bisphenol-A (DGEBA). The POP-amido acid/LDH epoxy networks were prepared by
allowing initiating the epoxy self-polymerization. The possible mechanism of interlayer
polymerization is shown in Figure 2.8. Also, the intercalated PMMA-MgAl LDH

structure is obtained by similar method [51].

POP2000-2MA/LDH POP2000-2MA/LDH epexy mixture ~ POP2000-2MA/LDH epoxy network e LDH
XRD: 6.8 nm XRD: featureless
TEM: exfoliated (> 20 nm ) . Epoxy

> Intercalated agent

A Heating

POP400-3MA/LDH POP400-3MA/LDH epoxy mixture POP400-3MA/LDH epoxy network
XRD: 2.7nm XRD: featureless
TEM: intercalated (< 9.0 nm )

Figure 2.8: Conceptual diagram of POP-amido acid/LDH initiated epoxy
polymerization to form the intercalated or exfoliated networks [50]

2.5.1.2 Solution Intercalation

This is based on a solvent system in which the polymer or prepolymer matrix is
soluble and layered nano-fillers, are swellable. The layered filler is first swollen in a
solvent such as water, chloroform or toluene. When the biopolymer and solution of
swollen nanoparticles are mixed, the polymer chains intercalate and displace the solvent
within the interlayer of the lamellas. Upon solvent removal, the intercalated structure
remains, resulting in a polymer nanocomposite formation. The direct intercalation of the
polymeric species having functional groups that can interact with the hydroxide layers of

LDH is also an effective way to prepare polymer/LDH nanocomposites. Principally, the

W
W
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methods used for intercalation of monomer or small oligomeric organic molecules into
LDH, are also applicable for high molecular weight species. But, due to a very small
interlayer distance and high charge density of the LDH layers, the direct intercalation of
large polymeric chains is more difficult. Messsersmith and Stupp [52] prepared
poly(vinyl alcohol) (PVA) intercalated Ca-Al-LDH by precipitating the later in the
presence of dissolved PVA. The process involved mixing of a Ca(OH),/PVA solution to
a solution containing Ca(OH), and AI(OH)s. It was suggested by them that the PVA
molecules facilitate the nucleation and the growth of the metal hydroxide layers. Further,
Oriakhi and co-workers [53], reported the incorporation of poly(acrylic acid),
poly(vinylsulfonate) and poly(styrenesulfonate) into the LDHs, like M;_Al, (OH), x"
(where, M is Mg, Ca, Co) and Zn,- M, (OH), x" (where, M is Al, Cr) by precipitating
LDH from a deareated aqueous basic solution containing mixed metal nitrates and
dissolved polymer. Other examples of polymer-LDH nanocomposites prepared by direct
intercalation through co-precipitation technique are Mg-Al-LDH intercalated with
poly(vinylsulfonate) [54], polyaspartate [36], poly(ethyleneoxide) derivatives [55], etc.
Recently, Wu and co-workers [56] described fabrication of biodegradable Poly(L-
lactide)/LDH nanocomposites by solution intercalation of PLLA into the galleries of
PLA-COOH modified LDH (P-LDH) in tetrahydrofuran solution. Often for the
intercalation of polymeric species in solution, organically modified LDH clays are used.
Various anionic surfactants, like the salts of the fatty acids with different chain lengths,
alkyl or alkylaryl sulfonates, etc are usually used for LDH modification. This
modification involves the exchange of anionic species present in the unmodified LDH by
a suitable organic anion, which is carried out by the similar methods used for LDH
synthesis. The organically modified LDHs show higher interlayer separation and
increased hydrophobicity, both of which make the polymer intercalation process easier.
Qu and co-workers prepared and characterized polyethylene/LDH [57, 58] and
polystyrene/LDH nanocomposites [59] by this method using dodecylsulfate modified
LDH (LDH-DS). The nanocomposites were obtained by refluxing the mixture of LDH-
DS and the polymers solution in xylene. Buniak and coworkers [60] also used LDH-DS
to prepare poly(ethylene oxide) (PEO)/LDH nanocomposites. The modification of Mg-

Al-LDH was carried out using ion-exchange method and the modified LDH was later
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treated with aqueous solution of PEO to prepare the nanocomposite. Recently, Liao and
Ye [61] prepared PEO/LDH based nanocomposite electrolyte by solution intercalation
method. First, using the co-precipitation method they modified Mg-Al-LDH with two
different types of anionic surfactants: alkyl 3-sulfopropyl ether salt (containing about 11
ethylene oxide/mole and C13 — C15 alkyl chain) and oligomeric hydroxy poly(ethylene
oxide) phosphate. Then the nanocomposites were obtained by mixing PEO, the modified
LDH and lithium perchlorate in anhydrous acetonitrile at 70°C with constant stirring for
several hours. Further, Li and co-workers [62] prepared glycine intercalated Mg-Al-LDH
and modified with formamide, which was then treated with an acetone solution of
PMMA to form the nanocomposites. All these cases mentioned so far produce mostly
polymer-intercalated LDH particle in the nanocomposite matrix. Hsuesh and Chen [63],
reported the synthesis of exfoliated epoxy/LDH nanocomposites by treating amino
laurate intercalated Mg-Al-LDH with a mixture of epoxy resin and curing agent. The
resin and the curing agent diffused into the LDH interlayer region after heating the
mixture for few hours. The thermal aging of this reaction mixture causes exfoliation of
the LDH layers due to curing of the epoxy resin in between the layers, which results in
formation of crosslined network of epoxy resin. The direct ion exchange with LDHs by
the polymers having anionic functional groups is also a feasible method for the
preparation of polymer/LDH nanocomposites. This method does not involve the organic
modification of the pristine LDH. The other reports also show the intercalation
poly(ethylene oxide) sulfate and poly(ethylene glycol) [64], dendrimers (carboxylate
terminated polyamidoamide) [65] and poly(ethylene oxide) [55] in to LDH.

2.5.1.3 Melt Intercalation

This process involves annealing a mixture of the polymer and nanoparticles above
the softening point of the polymer. While annealing, the polymer chains diffuse from the
bulk polymer melt into the galleries between the nano layers. Perhaps the most
challenging method of preparing polymer/clay nanocomposites is the melt compounding
method. Melt intercalation is an environmentally friendly technique, as it does not require
any solvent. It is also commercially attractive due to its compatibility with existing

processing techniques. With non-polar polymers, like polyolefin, it becomes more
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difficult due to high thermodynamic incompatibility between the non-polar matrix and
the polar clay materials. There are not many reports available till today that exclusively
deal with the preparation of polymer/LDH nanocomposites using melt-compounding
technique. This method has definite technological advantage over the solution method as
it can be easily adopted for industrial product manufacturing using conventional polymer
processing equipments. Therefore, in spite of being most difficult method, melt-
compounding method always finds special interest among researchers. Use of Mg-Al—
LDH in the preparation of polymer composites using this method is very common, where
it is treated as simple metal hydroxide whose basic nature and endothermic
decomposition serves two-fold purpose: as acid scavenger in halogenated polymers [66,
67] and as flame-retardant [68]. However, in none of these applications any reference
was made to exploit the efficiency of Mg-Al-LDH as nanofiller. The melt-compounding
method used for the preparation of polymer/LDH nanocomposites is similar to that used
for conventional polymer/clay nanocomposites. The organically modified LDHs are the
suitable precursor for this process, which are mixed with molten polymer in the typical
plastic processing equipments. Nichols and co-workers [69] first reported the melt-
compounding method for preparing polymer/LDH nanocomposites. Very recently,
researchers are showing more interests in this method to prepare nanocomposites based
on different types of matrices. For examples, Zammarano et al. prepared polyamide
6/LDH nanocomposites using organically modified Mg-Al-LDH [70]. They observed
that high degree of exfoliation of the LDH particles can be obtained using LDHs with
low anion exchange capacity. Ardanuy et al. [71] prepared and characterized high-
density polyethylene (HDPE)/hydrotalcite nanocomposites with a partially neutralized
sodium ionomer of poly(ethylene-co-methacrylic acid) (EMAA) as a compatibilizer. Lee
et al. [30] prepared poly(ethyleneterephthalate)/LDH nanocomposites with Mg-Al-LDH
modified with various organic surfactants. They observed improved thermal and
mechanical properties of these nanocomposite compositions compared to the unfilled
polymer. The other reported polymer/LDH nanocomposites systems prepared by melt-
compounding methods include polypropylene/Zn-Al-LDH [72], polyethylene/Mg-Al-
LDH [73], polyethylene/Zn-Al-LDH [74], etc.
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Apart from the four main techniques listed above, a few other techniques for the

preparation of polymer nanocomposites include sonication [102] and miceller

intercalation. [103]. Figure 2.9, shows flowchart of above mentioned three processing

techniques for clay-based polymer nanocomposites and Table 2.4 summarizes the

various LDH reinforced polymer nanocomposites, type of organomodified LDH used and

method of processing reported in the literature.
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Figure 2.9: Flowchart of three processing techniques for clay-based polymer

nanocomposites: A) in-situ polymerization, B) solution exfoliation and
C) melt intercalation. [104]
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Table 2.4: LDH based polymer nanocomposites and their method of processing.

Polymer Type Layered double Processing Reference
Hydroxide/Organic Method
modifier
In-situ 75
Polyamine-6 Co-Al LDH/SDS polymerization
Mg-Al LDH /DBS Melt 70
Zn-Al LDH/SDS In-situ 76, 131,77
Zn-Al LDH/N-lauroyl- In-situ 78
Polystyrene glutamate
Zn-Al LDH/ SDS & alfa- In-situ 79
bromobutyrate
PP Ni-Al LDH/SDS Melt 80
Zn-Mg LDH/DS Melt 72
PP-CO; Mg-Al LDH/SDS Solution 108
Mg-Al LDH/SDBS Melt 81
73,74
Polyethylene (LDPE, Zn-Al LDH/SDS Solution 110
LLDPE and HDPE) Zn-Al LDH /SDS Melt 82
Mg-Al LDH /DS, DBS Melt 83
Mg-Al LDH/ Oligo(ethylene Solution 61
oxide)
Poly(ethylene oxide) = Cu2Cr(OH)(6)Cl Solution 55
Poly (ethylene Mg-Al LDH/ DS, DBS, and Melt 30
terepthalate) octylsulfate (OS)
Mg-Al LDH/4-Sulfobenzoic In-situ 84
Poly(butylene acid potassium salt, SDS and  polymerization
terephtahlate) dimethyl 5-sulfo isophthalate
sodium salt
PMMA ZnAl LDH/SDS In-situ 85
Mg-Al LDH/SDS In-Situ 51
EPDM Mg-Al LDH/DS Solution 86, 87
Polyurethane Mg-Al LDH/ SDS Solution 88
Thermoplastic Mg-Al LDH/ SDS Solution 89
polyurethane and
nitrile butadiene
rubber blends
Poly (vinyl chloride) =~ Mg-Al LDH/ lauryl Solution 90
phosphate
Poly(p-dioxanone) Mg-Al LDH/ DBS, HBS Melt 91
Ethylene Vinyl Mg-Al LDH/SDS Solution 92
Acetate Mg-Al LDH/SDS Solution 93, 94, 95,

96
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Nylon-6 Mg-Al LDH/SDS Melt 97
Poly(l-lactide) Mg-Al LDH/ (PLA—COOH) Solution 133
intercalation

Poly[(3-

hydroxybutyrate)-co-  Zn-Al LDH/stearate Solution 98
(3-hydroxyvalerate)

Polycaprolactone MgAl LDH NO; Solution 99
(e-caprolactone) Mg-Al LDH / 12- Ball Milling 100

hydroxydodecanoic acid
Satrch ZnAl COs Solution 101

2.6 Structure and Properties of Polymer/LDH Nanocomposites
2.6.1 Structural and Morphological Characteristics

The structural and morphological properties of well defined polymer/LDH
nanocomposites have been successfully predicted by X-ray diffraction (XRD) and
various microscopic techniques. Generally, complete exfoliation of layered nano-fillers in
polymer matrix is indicated by the complete disappearance of the diffraction maxima or
by their significant broadening in their XRD patterns. However, this can also occur due to
other reasons, like extremely low concentration of clay materials in the composites,
crystal defects, etc. The reports on polymer/LDH nanocomposites show that such hybrids
result in exfoliated/intercalated or swollen nature of the clay structures. The
disappearance or little presence of the basal reflections in the XRD patterns of such type
of nanocomposites indicates that the LDH crystal structure is destroyed
partially/completely. The shifting of their positions to lower 20 values is interpreted as an
expansion of the interlayer region by the polymer chains. Besides, broadening of the
characteristic reflections in nanocomposites is often related to the defects in the crystal
layer stacking caused by the interlayer polymeric species. The information on the
arrangements of the polymer chains within the interlayer region can also be obtained
from the XRD data, which suggest that, both bi-layer and mono-layer arrangements of
polymer chains are possible depending on the nature of the chain backbone and the
pendent functionalities. For example, Figure 2.10 shows the XRD patterns of
polystyrenesulfonate (PSS) and polyvinylsulfonate (PVS) intercalated Mg-Al-LDH
nanocomposites. The theoretical calculations based on these XRD results and molecular

dimensions reveal that the interlayer distance increases from 0.76 nm in the original LDH
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to 1.27 nm to the LDH-PVS hybrid and to 2.10 nm in the LDH-PSS hybrid. The bi-layer
thickness of these polymers based on molecular dimensions matches the expanded
interlayer distance [53-54]. Again, the nature of arrangement of the pendent anionic
functionality or electron rich moiety (like phenyl ring) on the polymer backbone can also
influence the packing nature of the polymers in the interlayer region. For example,
syndiotactic polystyrenesulfonate with alternating anionic groups projecting to the
opposite sides of polymer backbone forms a monolayer arrangement in Ca—Al LDH host.
The effect LDH concentration on dispersion state of LDH can be examined by basal peak
positions in XRD [59]. Figure 2.11 depicts the exfoliation of PS/ZnAl LDH
nanocomposites with different contents of ZnAl(DS). It can be seen that the basal space
of ZnAl(DS) component in the nanocomposites increases to more than 3.7 nm from the
2.54 nm of the original LDH layers with decreasing contents of ZnAl(DS) to 20 wt%
from 100 wt%. The diffraction peak below 20 =3" becomes weaker and broader with
further decreasing the ZnAl(DS) contents. Upon loading of ZnAl(DS) below 10 wt%, no
diffraction peak can be observed at 20 =1.5 to 10°, as shown in Figure 2.11 (d and e¢).
These data illustrate that the equilibrium between exfoliation and intercalation structures

in the PS/ZnAl LDH nanocomposites can be driven toward to exfoliation by decreasing

the content of LDH.
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Figure 2.10: XRD patterns of LDH and LDH nanocomposites: (a) LDH-PSS, (b) LDH-
PVS and (c) LDH-COs [53].
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Intensity (cps)

2 theta (degree)
Figure 2.11: Change of XRD patterns with the different contents of ZnAl(DS) in the
PS/LDH nanocomposite samples: (a)100 wt%, (b) 50 wt%, (c) 20 wt%, (d)10 wt%, (e) 5
wt%. [59]

The high degree of exfoliation of the LDH clay layers in polymer nanocomposites
has also been reported by several groups [46, 63, 58, 105, 70, and 106]. The high degree
of exfoliation is not only confirmed from the disappearance of all the characteristic peaks
corresponding to LDH after expected conversion, but also from the large extent of
polymer fraction unextractable by a suitable solvent from the resultant nanocomposite
[106]. When the melt-compounding method is employed for polymer/LDH
nanocomposites preparation, processing conditions such as temperature, degree of
shearing, etc influence the degree of exfoliation of the LDH particles [70]. Besides, the
concentration of LDH and the nature of polymer matrix also influence the state of particle
dispersion in the nanocomposite. In general, with highly polar matrices, like epoxies,
PMMA, polyimide, polyamide, etc the high degree of exfoliation of the LDH clay layers
is achieved up to much higher LDH concentration compared to the relatively less polar or
non-polar polymers. In later case, the high degree of exfoliation exists at lower
concentration of LDH and with increasing concentration agglomerate formation takes
place. Chen and co-workers reported that in polystyrene/LDH nanocomposites, fully

exfoliated LDH particles are observed at the low concentrations of LDH whereas at high

41



Chapter 2 Literature Review

concentrations, the LDH particles mostly have intercalated nature [57-59]. The analysis
of the TEM micrographs of the polymer/LDH nanocomposites presents direct
information about the nature of clay particle dispersion. In the exfoliated nanocomposites
based on PMMA, epoxy and polyimide, the dispersed particles mostly exist as exfoliated
layers or small tactoids (stacks of small number of single layer). This has been vividly
demonstrated in Figure 2.12, where TEM images of the nanocomposites containing 5.0
wt% LDH in different matrices are shown at comparable magnification. In case polar
matrix (epoxy, PMMA and polyamide), complete exfoliation of the LDH particles can be
observed whereas in polystryrene matrix LDH particles are mostly intercalated. In
addition to the polarity of matrix polymer, the method of preparation of the
nanocomposites significantly influences the crystallinity and the morphology of the

dispersed LDH particles.

50 nm

- S

Figure 2.12: TEM micrographs showing LDH particle dispersion in different polymer (a)
PMMA [46], (b) epoxy [63], (c) polyamide 6 [70] and (d) polystyrene containing 5 wt%
LDH [59].
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2.6.2 Properties of Polymer/LDH Nanocomposites

In general, when compared with the conventional polymer composites, polymer
nanocomposites exhibit significant improvements in different properties at relatively
much lower concentration of filler. Polymer—clay nanocomposites exhibit extremely large
interfacial area due to the confinement of polymer chains within the galleries of clay
platelets of large surface area per unit volume. It is believed that the confinement of
polymer in clay galleries would affect the local chain dynamics to a certain extent. Since
several chemical and physical interactions are governed by surfaces, polymer-clay
nanocomposites can have substantially different properties from conventional polymer
microcomposites. They usually differ from the conventional composites in different
aspects, like size of the dispersed filler particles, nature and extent of interaction at the
particle-polymer interface, etc. The efficiency of various additives in polymer composites
can be increased many folds when dispersed in the nanoscale. This becomes more
noteworthy when the additive is used to address any specific property of the final
composites such as mechanical properties, conductivity, gas permeability, thermal
stability, etc. In case of polymer/LDH nanocomposites, similar improvements are also

observed in many occasions.

2.6.2.1 Mechanical Properties

The enhancement in mechanical properties of polymer nanocomposites can be
attributed to the high rigidity and aspect ratio together with the good affinity between
polymer and LDH. For instance, stronger interface interactions significantly reduce the
stress concentration point upon repeated distortion which easily occurs in conventional
composites reinforced by glass fibers and thus lead to weak fatigue strength.

The mechanical properties of epoxy/LDH nanocomposites are shown in Figure 2.13. It is
evident that the presence of a small amount of LDH significantly increases the tensile
strength and the modulus showing the strong reinforcing nature of LDH on the epoxy
matrix. This highly reinforcing nature of LDH particles in epoxy is related to their
exfoliated structure in the nanocomposite, where the highly anisometric LDH layers
remain strongly attached to the polar epoxy matrix. This becomes possible due to

favorable chemical and electrostatic interaction between LDH surface and oxygen rich
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backbone of epoxy matrix. Thus, each individual exfoliated layer imparts reinforcing
effect on the matrix. However, such strong interaction often acts negatively on the impact
strength of the nanocomposites resulting sharp decrease in elongation at break after a
certain level of LDH concentration. In case of relatively less polar polymer, aggregation
of the dispersed particles leads to a reduction in the mechanical properties after an initial

improvement observed at low concentration of LDH.
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Figure 2.13: Effects of the LDHs content on the tensile properties (tensile strength,
Young’s modulus and strain at break) of the epoxy/LDH nanocomposites [63].

Hsueh and Chen [63] have observed this behavior in polyimide/LDH based
nanocomposites. They reported that beyond 5 wt% LDH content, the dispersed
nanolayers form aggregates and the tensile properties of the nanocomposites are reduced.

The increase in modulus is believed to be directly related to the high aspect ratio of LDH
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layers as well as the ultimate nanostructure. Moreover, a dramatic increase was also
observed in exfoliated nanostructures such as LDH based exfoliated PMMA/LDH
nanocomposites, Wang et al. [106] have observed a strong reinforcing nature of the
exfoliated LDH clay particles. In presence of 5 wt% LDH, such composite shows above
60% and 80% increase in tensile strength and modulus, respectively, in comparison to
unfilled PMMA. However, flexibility and the impact properties of such nanocomposites
are significantly affected, which is reflected in over 50 % lowering in elongation at break
during tensile testing. Similarly, mechanical properties of other LDH reinforced polymers

have been reported by several authors [107-109].

2.6.2.2 Thermal and Flammability Properties

The improvement of thermal properties compared to the unfilled polymer is a
very important aspect of polymer/LDH nanocomposites. The thermal stability of polymer
composites is generally estimated from the weight loss upon heating which results in the
formation of volatile products. LDHs contain large amount of bound water due to the
presence of —OH group on the metal hydroxide sheets and some free water molecules in
the interlayer region. The mechanism by which LDH clays improves the thermal stability
and flammability of polymer matrix is similar to that observed in case of conventional
metal hydroxide type fillers, like Mg(OH), and AI(OH)s. The endothermic decomposition
of LDHs takes off heat from the surrounding and the liberated water vapor reduces the
concentration of combustible volatile in the vicinity of the polymer surface. As a result,
the decomposition temperature of the polymer is increased. Interestingly, such
improvement is quite significant even at low concentrations of LDH. This is probably due
to better dispersion of the LDH particles compared to that observed in conventional
composites based on simple metal hydroxide. Again, when the more basic interlayer
anions in the unmodified LDHs are replaced by less basic organo anionic species in the
modified LDHs, the thermal stability of the metal hydroxide layers are enhanced [110].
Additionaly, the nanoscale dispersion of the clay materials in polymer nanocomposites
improves the compactness of the char formed after burning of the surface region. This
hinders the conduction of heat and the diffusion of oxygen into the bulk region [111,112].
The improved thermal stability of LDH based nanocomposites has been reported by

many researchers [63, 28, 58, 59, 113,114]. In all these cases, thermogravimetric analysis
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(TGA) showed significant increase in the temperature at which 50% weight loss occurs.
The addition of 5 wt% LDH causes significant enhancement of the thermal stability of
the composites, which is attributed to the nanoscale dispersion of the LDH hydroxide
layers in the polyimide matrix. However, beyond 5 wt% LDH loading decomposition
temperature does not change much with further increase in LDH concentration. The
morphological analysis of these nanocomposites reveals that above 5 wt% concentration,
the dispersed LDH particles form aggregates and remains mainly in the intercalated
forms. This type of behavior has also been observed with other LDH based
nanocomposites, like Zn—Al/polystyrene [59] and Zn—Al/polyethylene [58]. In these
cases, decomposition temperature, though remain higher than the pure polymer, exhibits
a decreasing trend after certain level of LDH content. Recently, Zang et al. [115],
examined the effect of LDH containing different divalent metal cation on thermal
stability of PP/IPR intumescent system. They showed, the thermal decomposition
temperatures for the PP/IFR, PP/IFR/ZnAl-LDH, PP/IFR/CaAl-LDH, PP/IFR/CuAl-
LDH, and PP/IFR/MgAIl-LDH samples are 333.9, 379.2, 374.3, 385.9, and 386.1°C,
respectively. It is obvious that the thermal decomposition temperatures of PP/IFR/LDH
samples are 40-52°C higher than that of the PP/IFR sample without LDH, which
indicates that the LDHs with different divalent metal cations possess the enhanced

thermal stability of the PP/IFR system to some different degree.
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Figure 2.14: Left: TGA curves of LDH/polyimide nanocomposites with various LDH
loadings, Right: Effects of LDH content on the decomposition temperatures at 5 and 10
% weight loss of LDH/polyimide nanocomposites [63].

The LHDs already proved as a potential flame retardant for polymeric systems.

The flame retardant characteristics of LDH clays originate from their Mg(OH), like
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chemistry, which involves endothermic decomposition with the liberation of water vapor
and often carbon dioxide. The residue of such combustion is the metallic oxides that
impede the burning process by reducing the oxygen supply to the fresh surface beneath.
The early report on the flame-retardant application of LDH was published by Miyata et al
[68.]. In the recent years, many reports have been published that highlight the improved
thermal and flammable properties of LDH clay based polymer nanocomposites. Recently,
Zammarano and co-workers [116] have reported synthesis of self-extinguishing
epoxy/LDH nanocomposites. They have also observed a synergistic effect between LDH
clay and ammonium polyphosphate in such nanocomposites, where reduction of APP
concentration from about 30.0 wt% to about 16.0 — 20.0 wt% can be tolerated in presence
of a small amount of LDH without sacrificing the flammability performance. Recently,
Manzi-Nshuti et al. [117] reported effect of LDH divalent metals on fire properties of
polymers like PMMA and PE and interestingly it is observed that ZnAl performs well
with PE, but not PMMA, while MgAl was the best system for PMMA but performs
worse with PE as shown in Figure.2.15. The dripping behavior of unfilled PE (left) and
PE/LDH nanocomposites has been investigated by Costa and co-workers [118] and show
that burning rate of LDH filled PE is considerably slow compared to the unfilled PE. In
addition, the potential of LDH as a flame retardant is also underlined by several authors
[119-122].
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Figure 2.15: Comparison of the fire properties of polymeric systems of ZnAl and MgAl.

The % reduction in PHRR is plotted vs. the LDH loading (wt.%) and the cone heat flux
was set to 50 kW/m?. (A) PE systems; (B) PMMA systems [117].

Figure 2.16: Dripping behavior of unfilled PE (left) and PE/LDH nanocomposites
containing 12.75 wt% LDH (PE-LDHY) (right) (pictures were taken approximately after
the same time period from the cessation of first 10 s flame application during UL94V

test) [118].
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2.6.2.3 Barrier Properties

Polymer nanocomposites exhibit excellent barrier properties against gases (e.g.,
oxygen, nitrogen and carbon dioxide), water and hydrocarbons. In this regard LDH
nanofillers are relatively new but possess a great potential to improve the barrier
properties of polymers because its high aspect ratio [123]. However, few reports still
persist in literature on barrier properties of LDH reinforced polymer composites. Water
vapor permeability (WVP) of dextrin-alginate/LDH nanocomposites is reported to
decrease with organomodified LDH reinforcement (Figure 2.17) [124]. Kuila and co-
workers [125] showed the influence of DS-LDH in the solvent (toluene) uptake
properties on EVA-28/LDPE/DS-LDH nanocomposites. It is observed that the solvent
uptake capacity decreases for EVA-28/LDPE blend nanocomposites containing 1 and 3
wt. % of DS-LDH. This is possibly due to the nano level dispersion of LDH particles
offering whole surface area available for the interaction between the polymer and DS-

LDH.
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Figure 2.17: WVP of films with no filler, SA only or LDH only showing hydrophilic
tendencies and those with combinations of SA and LDH showing hydrophobic tendencies
[124].
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Additionally, the high aspect ratio of LDH layers possessing the excellent barrier
properties by the formation of polymer bridging flocculation in solvent also cannot be
ruled out. Meanwhile, the increase in solvent uptake at higher DS-LDH contents may be
due to the aggregation of DS-LDH layers in the polymer matrix.

The better barrier properties may also be attributed to the labyrinth or tortuous
pathway model as proposed in Figure 2.18 [125]. When a film of polymer
nanocomposites is formed, the sheet-like clay layers orient in parallel with the film
surface. As a result, gas molecules have to take a long way around the impermeable clay
layers in polymer nanocomposite than in pristine polymer matrix when they traverse an
equivalent film thickness. It is interesting to note that the enhancement of barrier
properties does not arise from the chemical interactions since it does not depend on the

type of gas or liquid molecules.

Oxygen Oxygen Oxygen
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Figure 2.18: Barrier property improvement mechanism for polymer/clay
nanocomposites: (a) straight path in unfilled polymers, (b) tortuous path in
nanocomposites with random-oriented clay platelets and (c) =zigzag path in
nanocomposites with well-aligned clay platelets. [126].

2.6.2.4 Crystallization Behavior

Crystallinity and crystallization behaviour of a polymer affects the structure and
property of the material. In the polymer—clay nanocomposites, the dispersed clay
particles in a polymer matrix invariably act as a heterogeneous nucleating agent for the
spherulite growth. However, such nucleating effect of nanoclays is more pronounced at

very low loading levels, ca. 1-5 wt.%. Above these levels, nanoclays may hinder the
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motion of polymers, thus retarding the crystallization rates. The restricted mobility of the
chains imposed by higher clay content would not allow the growth of well developed
lamellar crystals [127]. Nanoclays, thus, play two roles in the crystallizations, i.e. a
nucleating agent to facilitate the crystallization and a physical hindrance to retard the
crystallization [128]. For nanocomposites with low loading levels of fillers, the
crystallization process can be either enhanced or inhibited depending on the nature or
property of polymer employed. LDH is also know to accelerates the crystallization rates
of polymers like PP [129], PET [130], poly(butylene terepthalate), syndiotactic PS [131],
and PLLA [132,133] and poly(3-hydroxybutyrate [134,135] etc. The introduction of
LDH hinders the crystallization of PLLA [133]. This is evidenced by a decrease of the

spherulite growth and crystallization temperature on the basis of optical microscopy and

DSC observations as shown in Figure 2.19.

Figure 2.19: Polarized optical micrographs of neat PLLA (a, b, ¢) and PLLA/LDH2.5
composite (a', b', ¢') isothermally melt-crystallized at 120 “C (a, a"), 130 °C (b, b"), and
140 °C (c, ¢') [133].

Apart from enhancing the crystallization rate nano LDH platelets with large surface areas
also enhance polymer—layered hydroxide interactions. In this regard, the addition of LDH

fillers to polymers can stabilize a metastable phase and induce polymorphism.
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2.6.2.5 Rheological Behavior

The linear dynamic mechanical properties of LDH reinforced nanocomposites
have been examined in the melt state for polymer matrices like polyethylene [136,137].
Rheological behavior of the nanocomposite show peculiar characteristics as compared to
conventional composites. The PE/LDH nanocomposites showed solid like rheological
behavior at lower frequencies which was shown to be due to frictional interactions
between the hydroxide layers (Figure 2.20). This behavior depends on the concentration
of clay in the composite. It was shown that above a critical concentration of the clay,
nanocomposites form percolated structure with the clay layers and show solid like
behavior. Studies on the steady shear rheological behavior of show that for very low
shear rates, clay platelets take a longer time to attain planar alignment along the flow
direction, and hence, show a rheopexy behavior. At higher shear rates the nanocomposite

shows time independent shear viscosity.
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Figure 2.20: Storage modulus (G') versus frequency (w) plots for unfilled PE and
PE/LDH nanocomposite melts based on the results obtained from dynamic oscillatory
measurements [136].
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2.6.2.6 Photo-oxidative Behavior

Photo-oxidative degradation in polymer nanocomposites (PNC) materials caused
by light and oxygen is an important issue concerning the use of these materials in outdoor
applications e.g automotive, household and construction etc. The few studies concerning
the photo-degradation of polymer nanocomposites based on layered silicates converge on
showing an important result: the presence of the silicate causes a higher instability of
PNCs to UV ageing with respect to the pristine polymers like PP [138, 139]. PS [140],
EPDM [141], PE [142] etc. Relatively, very few reports on photo-oxidation behavior of
LDH reinforced polymers were found [143, 144]. Leroux and co-workers [145] studied
the photo-oxidative behavior of nanocomposites formed with polystyrene (PS) and
organo-modified LDHs. It is observed that that the hybrid nanofiller do not modify the
photo-oxidation mechanism of PS. The same products of oxidation were observed with
the same proportions. A slightly higher oxidation rate was observed in the case of the

sample with 5% of filler Figure 2.21.
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2.7 Potential Applications of LDH Materials

LDHs provide a battery of advantages, like tunable chemical compositions and
its purity, non-toxicity, large amount of bound water in their structure, possibility of
modification by a large number of organic anionic species, etc. This makes them a
potential candidate for various applications. Although the application of LDH clays or in
general anionic clays is still in growing stage, their huge potential can be imagined from

their properties. Figure 2.22 shows an overview of various fields of application of LDH

materials.
Catalysts
e Hydrogenation Ca.talyst 51_1pp01‘t
e Polymerisation * Zieglar-Natta
¢ Steam reforming * CeO;
Layered double
hydroxde
Bio-medical
* Antacid
Industry . Antipeptil.l. Adsorbent
e Flame retardant * Drug stabilizer . Ha'logen s.c.m-'enger
e Molecular sieve ¢ Gene and drug delivery ¢ PVC stabilizer
¢ Ton exchanger * Anti-inflammatory * Waste water
N drugs treatment
* Biosensors
* Sunscreen formulation

Figure 2.22: Various fields of application of LDH materials [146].

The use of LDH materials in the field of catalysis is well known and have been reported
for basic catalysis (eg. Polymerization of alkene oxide, aldol condensation,
transesterification reactions, etc), reforming of hydrocarbons with H,O, hydrogenation
(production of methane, alcohols, paraffins, olefins, etc), oxidation reactions, support for

Zieglar-Natta catalysts during polymerization of olefins, etc [ 146, 147].
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Because of bio-compatible nature, the use of LDH materials in bio-medical field
is wide spread. One important and very promising field of application is the controlled
release of drugs and various active chemical species. In this regard, the intercalation
chemistry of LDH type clay is of special interest in stabilizing and sequestration of highly
active or toxic molecules. Such bio-nanohybrid can then be administered into the body
system, where the active ingredients are released at desired location via a chemical switch
such as change in pH. For example, for controlled release of various inflammatory drugs
the use of these techniques provides better results [148]. Recently, Lee and Chen [149]
reported the drug release behavior of nanocomposite hydrogels prepared from Mg-Al-
LDH and poly[acrylic acidco- poly(ethylene glycol methyl ethyl acrylate)]. LDH-organic
hybrids can also be used in designing of electrochemical biosensors for various
chemicals. For examples, polyphenylene oxidase intercalated Zn-Al-LDH hybrids for
phenol determination [150], urease intercalated Zn-Al-LDH for urea detection [151] etc.
The Mg-Al-LDH is also used as stabilizer and halogen scavenger in polyvinylchloride
(PVC) formulation [152]. The incorporation of small amount of LDH into PVC
significantly improves the thermal stability of the resin and suppresses its degradation.
Evans et al. have made extensive investigation on the intercalation of various organic
dyes and UV stabilizers within LDH [153, 154]. Such intercalated LDH-dye hybrids can
also dispersed in polymer matrix, where the hybrid fillers simultaneously exhibit the
functions of the nanofiller and the organic dye. The concept of nanotechnology in
designing flame-retardant polymer composites is an upcoming field. It has already been
established that polymer nanocomposites based on layered silicates type clays show
certain improvements in flame retardancy of polymers. In many cases partially exfoliated
and intercalated clay structure show better results compared to completely exfoliated one
[112]. LDH clays, especially those based on Mg—Al and Zn—Al also have a definite
potential as flame-retardant fillers. The mechanism by which they delay or restrict the
burning process of polymer is similar to that followed by conventional metal hydroxides.
But, the added advantages are their improved dispersion into polymer matrices and
confinement of polymer chains within the metal hydroxide layers through intercalation.
This can improve their efficiency as compared to the conventional metal hydroxides (like

Mg(OH), and aluminum trihydrate) by reducing the loading requirement for meeting
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certain flame-retardancy rating. Another important aspect is the choice of clay modifying
surfactants. Usually, in case of LDH clays, the amount of any surfactant used for such
purpose is theoretically equivalent to the amount of interlayer anions present in the
unmodified materials. Since the commonly used anionic surfactants for LDH clays posses
oligomeric structure, their incorporation even in small percentage (of the amount required
for complete replacement of the interlayer anionic species) produce organically modified
LDHs that contain substantial amount of organic portion. Therefore, choice of these
surfactants can be made in such a way that they serve a dual purpose, such as
modification of unmodified clays by enlarging the interlayer region and the improvement
of the flame-retardancy of the final composites. In this regard, organic surfactant
containing phosphorous and aromatic moieties are the ideal candidates. The potential of
LDH clays in preparing polymer nanocomposites with special properties has drawn
considerable attentions among researchers in the recent years. The most widely reported a
method in literature is solution intercalation process, which gives nanocomposites with
intercalated to exfoliated clays structures. The melt-compounding method employed in

the present study is still to be explored in details with these materials.
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Chapter 3
EXPERIMENTAL AND
CHARACTERIZATION TECHNIQUES

“Scientific innovations continually provide us with new means of analyzing the finds”

~Richard Leakey

3.1 Introduction

This chapter describes the experimental methods and characterization techniques
used in the preparation of PP-LDH nanocomposites fabricated using the melt blending
technique. The different characterization techniques used in the course of this work are
discussed in this chapter. These nanocomposites have been characterized by a host of
techniques for their microstructure using X-ray diffraction (XRD), transmission electron
microscopy (TEM), and scanning electron microscopy (SEM). The filler—polymer
interactions and photooxidative changes in nanocomposites were analyzed by Fourier
transform infrared spectroscopy (FTIR). The mechanical property enhancements in the
nanocomposites have been studied using dynamic mechanical thermal analysis (DMTA)
and universal testing machine (UTM). Thermo gravimetric analysis (TGA) is used to
elucidate the thermal stability of these nanocomposites. Crystallization behavior in
nanocomposites is studied by differential scanning calorimeter (DSC). The spherulite
growth was recorded under polarized optical microscopy (POM). Rheology is an
important tool to wunderstand the correlation between the mesostructure of
nanocomposites and solid—state properties to create technologically important materials.
Linear and non—linear rheological experiments were conducted to elucidate the durability
of the nanocomposites structures under various conditions of shear and/or external stress.

Accelerated photooxidative weathering was carried out in SEPAP 12/24.
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3.2 Experimental

3.2.1 Melt Compounding

Melt processing technique is the most popular and economic method for
thermoplastics and the composites based on them. In the present case, melt processing
was carried out both in small scale using a micro-compounder and in large scale using a
twin-screw extruder. There are several parameters associated with melt processing
technique that control the quality of the processed materials. For example, temperature,
mixing time, shear rate applied (speed of screw elements), design of the mixing
equipments, etc all critically control the extrudate quality of thermoplastics. For
preparing PP/LDH based nanocomposites, the similar processing conditions were
maintained for all compositions. The nanocomposites were prepared using melt

compounding technique. Two types of equipments are used for this purpose.

3.2.1.1 DSM Micro Extruder & Injection Molder

Various master batches of nanocomposites and the matrix polymer were prepared
using the DSM micro-compounder (Figure 3.1). It is a twin-screw extruder, having a net
barrel capacity of 5 CC (Model DSM Micro 5-DSM research, The Netherlands) and
consists of a vertical barrel with two conical screws (screw diameter ranges from 0.43 to
1 cm, screw length = 10.75 cm. A brief overview of the different parts and processing

were described using Figure 3.1.

3.2.1.2 Haake Polylab Batch Mixer

Haake Polylab batch mixer (shown in Figure 3.2) is a laboratory sized batch
compounder and is suitable for preparing small batches of samples sufficient for carrying
out most of the preliminary analysis required for material characterization. Haake Polylab
batch mixer having 50g capacity is used for the compounding of nanocomposites of LDH
and MMT nanoclays. The batch mixer is a Rheomix 600P equipped with roller rotors
R600.
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5- Hopper
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Figure 3.1: DSM micro-compounder and their parts
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and screws

Thermocouple

Figure 3.2 Haake Polylab batch mixer (Rheomix 600P)

3.2.2 Injection Molding

The extruded materials were injection molded following ASTM standard for
tensile, flexural and Izod impact test specimens using a DSM injection-molding machine
(Figure 3.1- part 15, 16 & 17) with barrel temperature of 180-220'C. All test specimens
were allowed to condition under ambient environment for at least 48 hours prior to

testing.

3.2.3 Compression Molding

The films are prepared by compression molding using Carver press model F —
15181. An appropriate quantity of material is taken and heated above melting
temperature between metal sheets, which are sprayed using mold release spray. Nominal
pressure is applied to get the required thickness of the film. Platens of carver press are

then cooled using water circulation. These films are used for further characterization.
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3.3 Characterization Techniques

3.3.1 Fourier Transform Infrared Spectroscopy (FT-IR)

Fourier transform infrared (FTIR) spectra for unmodified LDH, and organically
modified forms were recorded over the wave number range 400 — 4000 cm ' using
Perkin-Elmer 16 PC FT-IR spectrophotometer, equipped with multiple reflectance
accessories. The powdered samples were mixed with KBR in a 1:200 ratio of their weight
and pressed in the form of pellets for measurement. For measuring FTIR of the polymeric
composites thin films of thickness in the range 100 — 250 um were compression molded.

Infrared spectra for the characterization and monitoring the functional group
generation during photo-oxidation of PP/LDH nanocomposites were recorded with a
Nicolet 5SX-FTIR spectrometer working with OMNIC software. Spectra were obtained
using 32 scans and 4 cm™ resolution. The rate of photo-oxidation of the UV degraded

films was followed by measuring peak intensities in carbonyl and hydroxyl domains.

3.3.2 X-ray Diffraction Analysis (XRD)

The crystalline structure of LDH, the degree of swelling and the interlayer
distance in layer structure of LDH and MMT in the nanocomposites were determined by
Wide angle X-ray diffraction (WAXD). X-ray diffraction analysis (XRD) was carried out
with a Rigaku (Japan) D/max-RB wide angle X-ray diffractometer (WAXD). X-ray
diffraction was performed at accelerating voltage 30 kV with a current of 35mA at room
temperature. The operation parameters were Cu-Ko radiation at a rotating anode
generator operated at voltage of 40 kV and at current of 100 mA. The scanning rate was
2’/min at an interval of 0.02. Samples were in lcm? pieces taken from compression-
molded specimen. The diffraction patterns were recorded with a step size of 0.02° from
20 = 2° to 60°. The calculation of the interlayer distance (d) was carried out from the

measured value of diffraction angle 26 by using the Bragg equation.

d=_"
2 sinf

3.1)
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where, A represents the wave length of the incident X-ray beam and n is a positive
integer. XRD spectra were interpreted with respect to the position of the first order basal
reflection < 003 >, which depends on the distance between two adjacent metal hydroxide
sheets in the LDH crystal lattice (i.e. d). The higher order reflections of the same < ikl >
series (i.e. <006 >, <009 > and so on) were also reported as they indicate the presence of

repeating crystal planes and symmetry in a specific crystallographic direction.

3.3.3 Transmission Electron Microscopy (TEM)

Conventional optical microscopes can investigate structure to the resolution of
few micrometers. But much higher resolution is required to study the fine structural
details of the polymer nanoclay composites. Polypropylene nanocomposites were
analyzed by transmission electron microscopy (TEM) in an effort to characterize the
nanoscale dispersion of the LDHs. The samples for TEM imaging were sectioned using a
Leica Ultracut UCT microtome at 80-100 nm thickness with a diamond knife at -100 "C.
The sections were collected from water on 300 mesh carbon-coated copper grids. TEM
imaging was done using a JEOL 1200EX electron microscope operating at an
accelerating voltage of 100 kV. Images were captured using a charged couple detector

camera and viewed using Gatan Digital Micrograph software.

3.3.4 Scanning Electron Microscopy (SEM)

SEM is designed for direct studying the surfaces of solid objects. By scanning
with an electron beam that has been generated and focused by the operation of the
microscope, an image is formed in much the same way as a television. Advantages of the
SEM include higher resolution than optical microscopy with a much larger depth of field and
focus, easy to operation and easy to prepare the sample. For this reason the SEM can
produce an image that is a good representation of the three dimensional sample. In this
thesis we have used SEM for observing the morphology of the organomodified LDHs
and nanocomposites based on LDH, surface erosion studies after photo-oxidation of
nanocomposites and to observe the fracture behavior. The SEM images were scanned

under Leica Cambridge Sterecoscan 440 model, electron microscope. The stained samples
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were dried under vacuum for 24 h at 50°C and the gold-coated samples were examined

for SEM.

3.3.5 Polarized Light Optical Microscopy (PLOM)

A microscope is a simple lens system for magnifying small objects. The first lens
called objective has a short focal length of few millimeter and creates an image of the
object in the intermediate image plane. This image is then viewed by another lens (eye -
piece) that provide additional magnification. A polarized light beam is used to view the
spherulitic morphology. A spherulite is a commonly observed spherically symmetrical
morphological feature consisting of chain folded lamellae radiating from a central point.
The spherulite growth formation in PP/LDH nanocomposites were observed under
PLOM. Spherulitic morphology of the samples prepared was studied by OLYMPUS
polarized optical microscope (POM) attached with a Mettler Toledo FP82HT hot stage
under crossed polarizer. Thin slices were cut from the injection molded samples, inserted
between two microscope cover glasses, melted at 200 ‘C. The slides were then
transferred to the hot stage and melted at 200 "C then slides were held for one minute to
ensure uniform melting. In subsequence, samples were cooled to room temperature at a
constant rate of 10 °C /min. The course of non-isothermal crystallization was recorded by

taking photomicrographs, using Olympus digital camera.

3.3.6 Thermogravimetric Analysis (TGA)

The determination of changes in chemical or physical properties of material as a
function of temperature in a controlled atmosphere can be obtained by a thermal analysis.
TGA is a good analytical tool to measure thermal decomposition of solids and liquids,
solid-solid and solid - gas chemical reactions. TGA curve provides information
concerning the thermal stability of the initial sample, intermediate compounds that may
be formed and of the residue if any. In addition to thermal stability, the weight losses
observed in TGA can be quantified to predict the pathway of degradation or to obtain
compositional information. The thermogravimetric analysis (TGA) i.e. thermal stability
and degradation behavior of LDHs and PP/LDH nanocomposites was done using TA
instruments TGA-Q5000. The thermal stability and amount of LDH present in the
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nanocomposites were determined from TGA. The samples were heated under flowing
nitrogen atmosphere from 50 to 900 ‘C, at a heating rate of 10 ‘C /min. and the

corresponding weight loss was recorded.

3.3.7 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is a frequently used technique for the
thermal analytical investigation of polymeric materials. DSC measures the amount of
energy (or heat) absorbed, cooled or maintained at a constant (isothermal) temperature,
e.g. heat will be absorbed at both the Tg and the melting point of the sample. As a result,
the melting and crystallization processes appear as peaks (endothermic or exothermic)
and the area under the curve gives a direct measure of the heat of fusion or
crystallization. The DSC test allows these thermal transitions to be identified for a plastic
material by noting the absorption of heat from the plot of heat versus time as the sample
is heated. Results identify the temperatures of the transitions. Non-isothermal, isothermal
crystallization and crystal-to-crystal phase transformation of PP and the nanocomposites
were studied by TA instruments Q10 differential scanning calorimeter (DSC) calibrated
with indium. The samples of PP and PP/ LDH nanocomposite about 200 mm thick were
obtained by hot compression molding, disk-like samples about 5 mg weight were taken
for DSC measurements. Samples were heated to 200 “C at a rate of 10 ‘C/min under a
nitrogen atmosphere and held for 5 min to destroy nuclei before cooling at the specified
cooling rate. The exothermal curves of heat flow as a function of temperature were
recorded to analyze crystallization process and the crystallinity of the samples was
determined from the heat of crystallization. The crystallization temperatures 7, were

recorded from the endothermic peak obtained during cooling from melt in the DSC.

3.3.8 Dynamic Mechanical Thermal Analysis (DMTA)

DMA is an important tool that provides invaluable insight into the structure—
property relationships of polymers. DMTA probes essentially the relationships between
the dynamic properties and the structural parameters including molecular weight,
molecular orientation, crystallinity, crosslinking, copolymerization, plasticization etc.

From a research perspective, suitability of innovative materials for new applications can
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be assessed by considering, modulus, damping, glass transition, softening temperature
and creep. DMTA measures the response of a given materials to a cyclic deformation
(usually tension or three point flexion type deformation). DMTA results are expressed by
three main parameters: (i) the storage modulus (E"), corresponding to the elastic response
to the deformation; (ii) the loss modulus (E£"), corresponding to the plastics response to
the deformation and (iii) tan o, that is the (E'/E") ratio, useful for determining the

occurrence of molecular mobility transitions such as the glass transition temperature.

log E', E"

tan o

[s]

s A Y
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Figure 3.3: Typical DMA scan showing E’, E” and tan 0 curves

Thus, the dynamic properties provide information at the molecular level to
understanding the polymer mechanical behavior. The dynamic mechanical properties of
the PP/LDH nanocomposites are studied using the TA Instruments Rheometric Series
RSA III dynamic mechanical analyzer in the tensile mode. For the constant frequency,
oscillatory test, temperature sweep is carried out from -60 to 120 C and the sample is
heated at a rate of 5 "C/min. The frequency is kept as 10 rad/s and the 0.02% strain is
fixed suitably in the linear region, by carrying out strain sweep tests and noting that the

force lies between the transducer limits.
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3.3.9 Mechanical Properties

Most polymers are used in load-bearing capacity. The geometrical responses to
loading lead to a wide range of mechanical properties required. However, nearly all can
be grouped under stress-strain properties, viscoelasticity and failure properties. These
properties are in turn largely determined by the polymer structure (i.e., molecular weight,
crosslinking, branching, segmental structure and morphology) and the nature and extent
of compounding. In addition, external conditions such as temperature, loading rate and
environment must be considered when characterizing the mechanical behavior of a

polymeric system.

3.3.9.1 Tensile Test

Tensile measurements were made on Dumbbell-shaped specimens (Figure 3.4)
with thickness of 4 mm and a width of 10 mm at the center. Figure 3.4 shows the
dimension of the Dumbbell shape specimen. The tensile properties were measured at
room temperature (27 ‘C) on a universal testing machine (Instron, UK, model 4204)
according to ASTM D638. The specimen was pulled at a constant crosshead speed rate of
50mm/min. From the stress-strain curves, the instrument software calculated the
following properties: tensile strength, Young modulus and elongation at break. Five

specimens of each formulation were tested and the average values were reported.

ll?:mm
12.5mm

~ T N~

28 mm

42 mm

- P
62 mm

Figure 3.4: Specimen dimension of the dumbbell specimen
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3.3.9.2 Flexural Test

Flexural test was carried out according to ASTM D790. The test procedure used
was Test Method 1, Procedure A, i.e., three-point loading utilizing center loading. The
reason to use three points bending as the evaluating technique was due to its ease in
specimen preparation and similarity to impact loading exerted on the automotive parts.
Sample for flexural test was placed on a simple supported beam. The distance between
the spans was 100mm and the strain rate (compression speed) was 3 mm/min. Five

specimens of each formulation were tested and the average values were reported.

3.3.9.3 1zod Impact Test

Izod impact strength (unnotched) was measured using an impact tester (Ceast,
Italy) in accordance with the ASTM D256-93 standard test method for determining the
pendulum impact resistance of unnotched specimens for plastic. Figure 3.3 shows the
dimension of the 1zod impact specimen. The test method covered the determination of the
resistance of plastic to breakage by flexural shock as indicated by the energy extracted
from standard pendulum type hammers. The notch was milled with a 45° angle and 2.5
mm depth with an Automatic Notcher Machine. Izod tests were carried out at room
temperature. The test conditions used were as follows: Hammer energy = 7.5J, Velocity =

3.0 m/s and Angle = 150°.

3.3.10 Melt Rheology

An oscillatory shear experiment is the most commonly used method for
determining the linear viscoelastic properties of polymer melts. In a typical oscillatory
shear experiment, a sinusoidally varying small amplitude stress or strain is applied to the
sample, and the response, i.e., either sinusoidally varying strain or stress respectively, is
measured. A typical frequency response curve is shown in the Figure 2.7. At low
frequencies (terminal region), G" > G' i.e., the behavior of polymer melt is liquid like.
The slopes of G' and G" are 1 and 2 respectively. G' and G" increases with frequency

until the crossover frequency is reached.
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Figure 3.5: G' and G" behavior as the function of frequency

Reciprocal of crossover frequency gives the characteristic relaxation time of the
material. After crossover, G' reaches a constant value in the intermediate frequencies
called as the plateau modulus. Plateau modulus is independent of the molecular weight
and depends only on the chemical nature of the polymer. In this region G" passes through
a minimum. At higher frequencies or small time scales, response will be only due to the
small parts of the polymer chains. The viscoelastic material functions are strongly
dependent on temperature and frequency. No single experiment can cover the entire span
of frequencies. Dynamic oscillatory frequency sweeps are carried out using Rheometric
Scientific ARES rheometer in the frequency range of 0.1 to 100 rad/sec at temperatures
180 — 200 °C. Parallel plate geometry of 25 mm diameter is used for this purpose. The
specimen thickness is about 0.5 mm. The strain sweep experiment is carried out to find
the region of linear response. The strain value fixed at 5% ensuring that the

measurements are carried out in linear region.
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3.3.11 Limiting Oxygen Index (LOI)

LOI, the minimum oxygen concentration by volume for maintaining the burning
of a material, is a very important parameter for evaluating the flame retardancy of
polymeric material. The LOI is used to determine the minimum concentration (in a
flowing mixture of nitrogen and oxygen) of oxygen required to sustain a candle-like
burning process of any material. It is expressed by a number indicating percentage of
oxygen in a nitrogen-oxygen mixture and gives a qualitative measure or indication of
materials’ susceptibility to continuous burning after ignition. In this test, the minimum
amount of required oxygen to stabilize the flame of the samples is reported; the higher
the LOI value, higher will be the resistance to flammability. The LOI value is obtained
based on following equation:

1%
LOIY% =—2 32

02 - NZ

where Vo, and V), are the minimum oxygen concentration in the inflow gases
required to pass the "'minimum burning length" criterion and the nitrogen concentration
in the inflow gases respectively. LOI is often useful in comparative investigation and
quality control during product design. Usually, a material having LOI value 21 or less
burn spontaneously in air. So, the efficiency of a flame-retardant is often interpreted by
the increase in the LOI value (from that in the pure polymer) when it is incorporated into
a polymer. Although the relevance of this test to the real fire conditions is questionable,
this test method is widely practiced both in industry and in academics because of
inexpensive test equipments and a small sample requirement. The typical LOI test
apparatus, as shown in Figure 3.3 consists of a glass tube of 75 to 100 mm in diameter
and of 450 to 500 mm in height. A specimen with a specified dimension is supported
inside the glass tube. A gas mixture of oxygen and nitrogen is supplied at the bottom of
the tube and a small candle-like flame is applied to the top of the specimen in an attempt
to ignite it. The composition of the gas mixture can be controlled (up to minimum 0.1

volume percent) by varying the flow pressure of the oxygen and nitrogen stream. The
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LOI values of the LDH based composites were measured by a oxygen index tester from
Veekay Testlab, Mumbai using injection molded strips (125 x 6.5 x 3.2 mm) according to
ASTM 2863.

Figure 3.6: A typical LOI measuring instrument

3.3.12 Accelerated Photoageing

Accelerated weathering of PP/LDH nanocomposites were performed in SEPAP
(Figure 3.7). This apparatus has been designed for the study of polymer
photodegradation in artificial conditions corresponding to a medium acceleration of
aging. It is a climate chamber equipped with 4 artificial lamps (mercury vapor : unit
power 400W) with cut off of UV radiation below 300 nm and emitting a polychromatic
light through borosilicate filters ; samples are continuously exposed without water
sprinkling ; temperature is maintained at 60°C. The samples were rotated to assure

homogeneous irradiation all over the exposed surfaces. Temperature is carefully

YR
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monitored by a thermal probe (Pt 1 0 0) connected to a sample. Advantage of accelerated
weathering lays in robust identification of degradation mechanism due to rapid
accumulation of photo-byproducts. Correlation with natural aging is valid as long as the
chosen accelerated aging cycle is representative of climatic conditions found in tropical
countries. SEPAP used in present study is SEPAP 12-24 weathering device from Atlas,

Germany.
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Figure 3.7: Accelerated Photoageing device (SEPAP 12/24)
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Chapter 4
SYNTHESIS AND CHARACTERIZATION

“The important thing in science is not so much to obtain new facts as to discover new

ways of thinking about them”
~William Lawrence Bragg

Sunil P. Lonkar, S. Morlat-Therias, F. Leroux, J-L. Gardette, R.P. Singh, ““Preparation and
Nonisothermal Crystallization Behavior of Polypropylene/Layered Double Hydroxide
Nanocomposites”, Polymer, 50 (2009), p. 1505-1515.

4.1 Introduction

The basic reason for selecting LDH is their typical metal hydroxide-like
chemistry and conventional clay-like layered crystalline structure with aspect ratios
similar or even higher than that observed for aluminosilicates [1-2] and it makes LDH
suitable for polymer nanocomposite preparation. However, in this type of clay the sheets
have high charge density and hydrophilicity, which makes the intercalation of polymer
chains into the gallery of LDHs difficult. Because of the hydrophilic nature of pristine
LDHs, the formation of a thermodynamically homogeneous mixture of LDH with
hydrophobic polymers at molecular level is difficult. Hence, to intercalate polymer chains
into the galleries is of great challenge. Therefore, the surface treatment of LDHs sheets is
necessary to render its surface more hydrophobic, which facilitates exfoliation. A typical
way to enhance the interaction between the LDH and the polymer is by exchanging the
interlayer anions with anionic surfactants having long hydrocarbon chains i.e
organomodification. Three main benefits are normally obtained in the LDH by means of
organomodification, related to potential use as nanocomposites precursors in polymer
matrices: Firstly, the LDH basal space increases, making possible the interaction of
macromolecular segments or molecules within the interlayer galleries. Secondly, the
attractive forces between contiguous platelets decrease. As a consequence, the exfoliation

of the platelets can be achieved more easily by means of shearing forces during the melt
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mixing with the polymer. Finally, it gives organophilic character to the LDH particles,
making them more compatible with polymer matrices. Thus, first step to prepare PP/LDH
nanocomposites was the LDH organophillization.

In addition to the base matrix PP and the filler particles, the PP/LDH
nanocomposite prepared by melt compounding contains a third component, namely
compatibilizer. This compatibilizer is a functionalized polymer containing pendent
maleic anhydride groups on a polypropylene backbone. The primary purpose of using a
functionalized polymer (PP-g-MAH) is to improve compatibility between the non-polar
PP matrix and the highly polar LDH particle surface. It is believed that the polar
functional groups present in functionalized polymers (like maleic anhydride group in PP-
g-MAH) can have favorable interaction with clay surface. The rigorous morphological
characterization of a polymer/clay nanocomposite is necessary to understand the state of
clay particle dispersion in polymer matrix. The primary approach is to study the changes
in the interlayer separation of the clay crystals using X-ray diffraction analysis (XRD).
However, the XRD analysis alone cannot be reliable to draw final conclusion about the
dispersion state of clay particle in nanocomposites [3-4]. This is because of the fact that
the nature of reflection (in terms of its position and intensity) in the XRD pattern not only
depend on the interlayer separation, but also on several other factors, like concentration
of the clay in the nanocomposites, symmetry in specific crystallographic directions, etc.
Therefore, alongwith XRD analysis, electron microscopic investigations are often
coupled to obtain a complete picture of dispersion of the clay particle in polymer
nanocomposites. However, the morphological analysis using electron microscopy, like
TEM also has certain inherent disadvantages so far as polymer nanocomposite is
concerned. First, to view the nanoscopic particle distribution within a polymer matrix one
needs to rely on high magnification images, which makes the scan surface area very
small not necessarily representing the whole surface area of the sample. Second, it shows
only the surface morphology of the particle distribution and not the bulk morphology. In
case of molded articles or test specimen, the nature of particle distribution can be
significantly different at the different sections of the samples [5]. To obtain the overview

of particle dispersion over large surface area, images of different magnifications starting
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from low magnification to high magnification should be investigated simultaneously on
the same surface.

The study focuses here on is organophillization LDHs comprising different metal
cations, which is realized by anionic exchange reaction with organic anions. The
compositions and structures of the modified LDHs were analyzed by using different
instrumental techniques such as FTIR, XRD and TEM analysis. Also, the thermal
properties of such modified anionic clays have also been investigated. Afterwards, the
modified LDHs have been successfully employed in fabrication of PP/LDH
nanocomposites by melt intercalation using PP-g-MAH as a compatibilizer. It is believed
that the maleic anhydride groups can react with the interlayer anionic groups of LDH. A
series of samples were prepared in accordance with the aim of the study. Polymer
intercalation within the LDH lamellar structure and dispersion of LDH particles were

characterized by FTIR, TEM and WAXD analysis, respectively.

4.2 Materials Description

4.2.1 Layered Double Hydroxides

Three different types of LDHs have been used in this study comprising different
metal cations. The M": Al (M™ =Mg*" and Zn®") ratio in the synthesized LDH is
approximately kept to 2:1 and 1:1:1for Mg,Al-DDS, Zn,Al-DDS and ZnMgAIl-DDS,
respectively. For initial part of this study different phases of dodecyl sulfate modified
(DDS) LDHs were obtained through courtesy of Dr.Fabrice Leroux, LMI, University of
Blaise Pascal, France. Following similar literature procedure sizable amount of LDHs
have been synthesized.

The various chemicals used for the synthesis of DDS modified LDHs were synthetic
grade and are described below.

Metal Chlorides: Magnesium Chloride (MgCl,), Zinc Chloride (ZnCl,), and Aluminum
Chloride (AICls): All were in hexahydrated form with 98% purity and were purchased
from Aldrich chemical company. NaOH is obtained from (Spectrochem, India).
Surfactant: Since the interlayer region of the LDHs clay accommodates anionic species,

anionic surfactants are most suitable to modify for its modification. The sodium dodecyl
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dulfate (DDS) was used as a surfactant for the modification of LDH to study its
intercalation behavior. The choice of surfactants was made based on extensive literature
survey, solubility in aqueous medium and structure of the hydrocarbon chain. The DDS

(>98% CH3(CH3)1,0 SOsNa, Spectrochem, India) was used as received.

4.2.2 Montmorillonite

The montmorillonite type cationic clay is used for performance comparison with
LDHs. In present study we have used Cloisite® 20A montmorillonite clay. It is a natural

montmorillonite modified with a quaternary ammonium salt as shown in Figure 4.1.

CH,

+

H;C—N*—HT
HT

Figure 4.1: Chemical structure of the dimethyl dehydrogenated tallow quaternary ammonium
chloride (C20A)

Cloisite® 20A: Where HT is Hydrogenated Tallow (~65% C18; ~30% C16; ~5% C14),
Anion: Chloride, (1) 2M2HT: dimethyl, dehydrogenated tallow, quaternary ammonium

Table 4.1: Various technical details of the commercial clay used in the present study

Description Montmorrilonite

Trade name Cloisite® 20A

Producer Southern Clay Products, USA
Density 1.77 gl/cc

Bulk density 0.118 g/cc

Particle Size (by volume) 10%<2 p, 50% <6 p, 90%<13 p
Color Off white
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4.2.3 Polymers

The main polymer matrix used in the whole study is polypropylene (PP), which is
a commercially available general purpose grade of isotactic polypropylene with 2.5-3.0
MFI obtained from Exxonmobil Chemical Company, France. It is a high molecular
weight grade with a high value of polydispersity index. Various characteristics of the

virgin PP are given in Table 4.2.

Table 4.2 Description of the different polymeric materials used

Polymer Density  Molecular MFI® de
(g/cc) weights (M,)" (g/10 min) o)

PP 0.90 3,10,000 3.0 165
PP-g-MAH* 0.91 42,000 115 157
(Polybond 3200)

"Measured by Gel Permeation Chromatography (GPC)
°Melt Flow Index, ASTM D 1238

1% Maleic anhydride grafted polypropylene
*Measured by differential scanning calorimetry (DSC)

Maleic anhydride grafted polypropylene (PP-g-MAH) was used as a
compatibilizer to obtain better dispersion of LDH clay particles in polypropylene matrix.
The PP-g-MAH used was of lower molecular weight and of higher melt index compared

to the base matrix. The details of these polymeric materials used are shown in Table 4.2.

4.2.4 Additives

In order evaluate the efficiency of antioxidants and light stabilizers in presence of
LDH nanofiller in final nanocomposites, two types of commercially available additives
are used namely, Irganox 1010 and Tinivin 770. These are obtained through courtesy
from Ciba Chemical Co. Mumbai. Irganox 1010 (tetrakis[methylene 3-(3°, 5’-di-tert-
butyl-4’-hydroxyphenyl)-propionate]methane) is a hindered phenol type antioxidant,
where as Tinuvin 770 (Bis(2,2,6,6-tetramethyl-4- piperidinyl) sebacate) is hindered

amine type light stabilizer, their structures are depicted in Figure 4.2.
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Figure 4.2: Structure of (A) Irganox 1010 and (B)Tinuvin 770

4.3 LDH: Synthesis, Modification and Characterization

4.3.1 Synthesis

A series of hydrotalcite-type material Mg,Al, Zn,Al and ZnMgAI-Cl was
prepared by simultaneously adding drop wise an aqueous solution of sodium hydroxide
(2.0 M) and a mixed aqueous solution of magnesium chloride and aluminum chloride into
a large plastic beaker containing 100 mL deionized water which had been boiled and
stored under nitrogen before use. The total metal concentration of 1 M with a Zn*",
Mg**/AP’" molar ratio of 2.0 for Mg,Al, Zn,Al and 1.0 for ZnMgAIl-LDH was used.
Nitrogen was bubbled throughout the process to minimize dissolved carbonate. During
the reaction, the temperature and pH of the reaction mixture were maintained at 25+1 "C
and 10+0.2, respectively. The suspension was stirred for three hours, transferred to plastic
bottles, and placed in an oven at 65 “C for 4 days. After cooling to room temperature, the
suspension was centrifuged at 6000 rpm and the precipitate washed extensively using
deionized water until free of chloride (AgNOs test). The samples were not subjected to
any drying process, so as to preserve their morphology or particle size without any
change. The products were dried at 65 C and finely ground. This method has been
described in literature and is suitable for synthesizing highly crystalline LDHs with
narrow particle size distribution [6]. The conditions chosen for the synthesis provides
Mg,/Zn,-Al-LDH with ‘x’ around 0.33, The detailed reaction set up is shown in Figure
4.3.
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4.3.2 Modification

Like layered silicate based nanoclay materials, modification of layered double
hydroxides is also an inevitable step in the preparation of polymer nanocomposites based
on LDHs, especially when melt-compounding technique is used. Since, the hydroxide
layers of LDH clays are positively charged, the modifying surfactants should contain at
least one negatively charged functionalities or highly nucleophilic sites in their chemical
structure. In the present work, three different LDHs have been modified by a surfactant
having anionic functional group i.e. dodecyl sulfate (DDS) having n-C12 tail. The
organo-modification was carried out by anion exchange reaction. SDS was introduced
into the LDH interlayer at pH 6.5 and at a DDS: LDH ratio of 12 mmol/g. The mixture of
LDH and water (1 g/220 mL) was homogenized by stirring before adding the SDS
solution. The suspension was stirred at room temperature for 3 days under nitrogen and
vigorous stirring. The resulting powder was washed several times with a mixture EtOH
/H,O (50/50), and then dried under vacuum. Similar procedure was employed by
adjusting total metal concentration of 1 M with an MgZJr/A13Jr molar ratio of 1 and
Zn*'/AP’" molar ratio of 2 in order to obtain MgZnAl-DDS and Zn,Al-DDS,
respectively. The pristine and DDS modified LDH was characterized by X — ray
diffraction, FT-IR, morphological and thermal studies.

pH probe
Magnetic stirring at room temperature

| I'

Figure 4.3: Reaction setup for layered double hydroxide preparation
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Table 4.3: Composition of layered double hydroxides

LDH Metal mole ratios
code Mg Zn Al Ideal LDH formula
MA-CI1 2.0 0.0 1.0 Mg2 0Al(OH)6 00 (CD). 2H20
MA 2.0 0.0 1.0 Mg2 0AI(OH)6 o0 (C12H2504S). 2H20
ZMA 1.0 1.0 1.0 Zn. Mg AI(OH) (C_H_OS).2H O
1.0 1.0 6.00 12 25 4 2
ZA 0.0 2.0 1.0 Zn_ Al(OH) (C _H_0OS).2H O
2.0 6.00 ~ 12" 25 4 2

4.3.3 Characterization

4.3.3.1 FT-IR Analysis

The FTIR spectra of LDH materials provide many important information,
especially about the interlayer anions and their successful organo-modification, hence are
very useful to understand the structure of these materials. Figure 4.4 shows the typical
FT-IR spectrum of both pristine and organo-modified LDHs. In the spectrum of both
modified and unmodified LDHs, the broad and strong band in the range of 3600-3200
cm ' centered at 3472 cm™' which is due to the O—H stretching vibrations of surface and
interlayer water molecule. A broad band or shoulder is observed in the range 1600 — 1640
cm ', which may indicate the presence of H,O molecules as the band for its bending
vibration appears in this region. The lattice vibration bands from the M-O and O-M-O
(M=Zn, Mg, Al) groups appear in the 400-800 cm ™' region. Intercalation of DDS instead
of C1” ions can be confirmed by the strong absorption bands in the range 28502950 cm ™'
corresponding to the -CH,- stretching vibration of the hydrocarbon tail present in DDS
surfactant anion. Two strong absorption peaks appear at 1220 and 147lcm™ can be
assigned to the stretching vibrations of sulfate and methylene, respectively. The bands
appear in the range 1000 — 1400 cm ™' are mostly due to the anionic functionalities
present in the surfactants. These FT-IR assignments further confirm that dodecyl sulfate

anion is successfully intercalated into the gallery of the LDH.
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Figure 4.4: FT-IR spectra of unmodified and modified layered double hydroxides

Table 4.4 Assignment of FTIR bands in both modified and unmodified LDHs

Band Position (cm™) Type of vibration
3200-3700 cm™ Voun
2850-2950 cm’! V_cHa
1620 cm’™ V_20 (bending)
1471 & 1360 cm™ V_cin- (bending)
1220 cm™ V_s-o (symmetric)
1060 cm’™ V.s-o0 (asymmetric)
630 cm™ Vs

500-800 cm’™! VoM /omo (M=Mg, Zn, Al)
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4.3.3.2 XRD Analysis

The XRD patterns of the synthesized unmodified (MA-Cl) and its organomodified
form (MA, ZMA and ZA) are shown in Figure 4.5. X-ray diffraction patterns indicated
all the synthesized LDHs have typical, well-order layered structures with a high degree of
crystallinity. It is observed that in MA-CI XRD spectra, the first three reflections belongs
to the common < Akl > series i.e. < 00/ > and resemble to those reported in literature for
synthetic Mg-Al-LDH [7] and hydrotalcite minerals [8]. It is found that the characteristic
basal reflection < 003 > has the value of 20 about 11.51°. By employing Bragg’s
equation, a basal spacing or interlayer distance is calculated to be about 0.76 nm, which is
equal to the sum of the thickness of interlayer region and one metal hydroxide layer as

shown in Figure 4.6.

(003)
(006)
El
©
> (009) ZA
‘®
c
]
£ ZMA
MA
003) (006)
009 -
, (009) MA-CI
III L L L L L
5 10 15 20 25 30 35 40 45 50 55 60
20 (deg)

Figure 4.5: XRD patterns of unmodified and modified layered double hydroxides.

The XRD patterns of the DDS modified LDH is also shown in Figure 4.5. It can

be seen that position of the first order basal reflection < 003 > in all modified samples is
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shifted to a higher d-value indicating an expansion in the interlayer distance. After the
ion-exchange with DDS solution, the first order basal reflection < 003 > of DDS
modified LDH moved to the lower angle position (20 = 3.03"), which corresponds to a d-
spacing of 2.96 nm. These values were in good agreement with those reported in
literature, obtained empirically by X-ray measures [9, 10] or determined from theoretical
models [11]. Although none of the modified samples show distinct reflection at d = 0.76
nm, there exists a weak and broad reflection in the close vicinity, which may be either
due to the presence of small fraction of the unmodified LDH or due to a higher order
reflection in < 00/ > series in the modified samples. However, the first option seems most
probable as the XRD pattern of all the modified sample show reflections corresponding
to single < 00! > series and no mixed < hkl > as compared to the unmodified LDH. The
absence of reflection corresponding to mixed < Akl > series also indicates a loss of
crystallinity of LDH after organic modification. This may be due to the presence of only
small crystallites and/or the loss of coherent conditions for all other directions (i.e. no
repeat units) in the sense of scattering. Figure 4.6 illustrate how the DDS anions are
placed within the interlamellar space in LDH by replacing the chloride anions.

Thus, the enlarged d-spacing of DDS-LDH indicates the successful intercalation
of DDS chains into the layers of LDH, thus making LDH more organophilic and

facilitating the intercalation and dispersion of organic materials.

| Mg,Al Hydroxide Sheet

2.96 nm

Figure 4.6: Schematic representation of surfactant intercalation in to LDH galleries

96
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4.3.3.3 Morphological Analysis

The morphology of both modified and unmodified LDHs is examined using
scanning electron microscopy. LDH clays have usually plate-like particle morphology.
The size distribution of the particles depends mostly on the synthesis conditions and
varies from few hundred nanometers to few micrometers in lateral dimensions. In Figure
4.7, the SEM micrograph of the synthesized LDH shows the particle geometry where the
primary plate-like particles are characterized by distinct hexagonal shapes and sharp
edges. The highly anisometric nature of these primary particles is also apparent. The
lateral dimension of these plate-like particles varies within few micrometers whereas the
thickness hardly exceeds few hundred nm. However, it is observed that the particle
morphology are somewhat modified after organic modification. As can be observed from
Figure 4.7, the well defined hexagonal particle shapes are lost. Instead plate-like particle
morphology with irregular shapes and edges persist in the modified LDH. This could be
because of the surfactant anions being much larger in size than simple inorganic anions
perhaps hinder the large scale lateral growth of the LDH layer. Hence, the organo-
modified LDH show prominent surface irregularities compared to the unmodified LDH.
From Figure 4.7, it seems that in modified clay the particle surfaces is either perforated
or contain structural features probably due to secondary layer growth. Also, they appear
more floppy compared to unmodified LDH. The size of the surfactant anions may be a
potential factor that influences the stacking and the growth of the metal hydroxide layers
during regeneration process. However, more critical investigations are necessary for
determining the exact mechanism of the regeneration process in presence of the organic

surfactants.
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Figure 4.7: SEM micrographs of the unmodified and modified layered double
hydroxides. (magnification bar 1pum)
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4.3.3.4 Thermal Analysis

The thermal analysis of the modified LDH is primarily aimed to investigate the
decomposition behavior of the organic fraction and also the metal hydroxide layers. This
was carried out by identifying various decomposition stages and the corresponding
temperature range in the TGA plots. The comparison of the TGA plots of the modified
LDH with that of the unmodified one gives an indication of the interlayer surfactants
anions influence on the decomposition of the host material. Thermal behavior of
unmodified Mg-Al-LDH has been studied in details by several researchers. The most
widely reported proposition suggests a two-stage decomposition process: a low
temperature (up to about 225 “C) dehydration stage due to the loss of interlayer water and
a high temperature decomposition (225 — 500 °C) stage due to the loss of interlayer anion
and dehydroxylation of the metal hydroxide layer [12]. Often the high temperature
decomposition occurs in two distinct steps depending upon the M**/AI** ratio [13, 14,15].
This tendency becomes more prominent as the M>"/AI’" ratio increases. At M>"/AI’" ratio
equal to 2, these two steps are quite distinctly separated [16, 17] The first of these two
peaks is attributed to the partial loss of OH from the brucite-like layer and the second
one to the complete loss of OH and chloride ions [13]. However, it has also been
observed that release of interlayer chloride starts as early as 250 ‘C and continues till
500°C [18].
The thermal decomposition and derivative analysis of the unmodified LDH and its
modified forms is presented in Figure 4.8. It is observed that the decomposition of
unmodified MA-CI is divided into two steps. In the first one, at around 130-200°C,
assigned for weight loss of 10.3% is due to the loss of physically adsorbed and interlayer
water. In the second one, at around 333 - 430 "C, a weight loss of 31.2% can be ascribed
to the dehydroxylation of the LDH layer and the elimination of interlayer CI anion. The
total weight loss for the region (50-700 ‘C) is observed about 40 %. For organomodified
LDHs, the first decomposition for water occurs relatively early i.e around 90 °C. This
may be because, after ion-exchange, LDH becomes more organophilic and the hydrogen
bond interaction between water molecules decreases, resulting in a reduction of the
decomposition temperature as it can be seen from thermogravimetry curves of MA, ZMA

and ZA.
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for LDH and its various modified forms showing major decomposition stages

Temperature (°C)

101



Chapter 4 Synthesis and Characterization

In the second step, at around 210-230 "C, a weight loss of 35% is observed and
can be ascribed to the degradation of DDS chain in the LDH layer. Around 10 'C
incremental differences are seen for different LDHs that can be explained by the
compositional difference and interactions of DDS chains with LDH layer. The third step,
above 320 ‘C, is due to the dehydroxylation of LDH sheet, which is hindered by the
second step. For ZMA, because of mixed metal composition the process of
dehydroxylation may be retarded and as a result, the decomposition temperature
increases. The total weight loss for the same region is around 55%, which is about 15%
higher than that for unmodified LDHs. This remarkable difference is attributed to the
differences in the molecular weight between the exchanged anions DDS (266 g mol™)
and chloride (35.5 g mol™), and to the concentration in each sample.

Thus, overall thermal analysis gives detailed idea about degradation behavior of
both unmodified and modified LDHs. Moreover, successful organomodification LDH is

also evidenced, these results are in agreement with the FTIR and XRD measurements.

4.4 PP/LDH: Synthesis and Characterization

4.4.1 Nanocomposite Preparation

Nanocomposites of PP and LDHs were fabricated using PP-g-MAH as a
compatibilizer by melt mixing techniques. A series of different set of nanocomposites
were prepared in accordance with different property evaluation of PP/LDH
nanocomposites and each method of preparation has been explained in detail in following
sections:
4.4.1.1 PP/LDH Nanocomposites: Method 1

In this method PP/LDH nanocomposites were prepared in two steps using a co-
rotating tightly inter-meshed twin-screw extruder (Haake Polylab Batch Mixer). All
materials were dried at 80 'C under vacuum prior to mixing. All the samples were
prepared by pre-mixing in a beaker polymers and filler in the right composition and then

feeding the preheated hopper.
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Step 1. Preparation of mastebatch:

DDS intercalated LDH (Mg,Al-LDH) was mixed with PP-g-MAH in a weight proportion

1:2. The operation temperature was maintained at 160 ‘C for 5 min at 100 rpm rotor
speed to prepare a master batch of filler in compatibilizer. All experiments were
performed under inter atmosphere.

Step 2. Preparation of composites:

The designated amount of masterbatch was added to the molten PP and mixed at 180 'C
for 5 min at 100 rpm rotor speed.

The PP/LDH nanocomposite in different compositions was prepared by above mentioned
method was used for thermal, mechanical and rheological characterization (Chapter 5).
Table 4.5a shows the different samples prepared and the designation of PP/LDH

nanocomposite compositions.

Table 4.5a: Designation of PP/LDH nanocomposite compositions prepared by Method 1

Sample PP (Wt %) PP-g-MAH LDH (Wt %)
(Wt %)
PP 100 0 0
PPL1 97 2 1
PPL3 91 6 3
PPLS 85 10 5
PPL7 79 14 7

PPL10 70 20 10
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4.4.1.2 PP/LDH Nanocomposites: Method 2

In this method PP/LDH nanocomposites containing 1, 3 and 5 % LDH
nanoparticles were prepared by melt mixing in two steps using a co-rotating tightly
intermeshed twin-screw extruder (DSM Micro-Compounder). All materials were dried at

80 C under vacuum prior to mixing.

Step 1. Preparation of compatibilized PP:

Isotactic polypropylene was mixed with PP-g-MAH in a weight proportion in such way
that final composite will have 5 Wt% of PP-g-MAH. The operation temperature was
maintained at 180 'C for 5 min at 200 rpm rotor speed to prepare a master batch of

compatibilizer in PP. All experiments were performed under inert atmosphere.

Step 2. Preparation of composites:

The designated amount of Mg, AI-DDS LDH was added to the molten compatibilized PP
and mixed at 180 "C for 5 min keeping other parameters as above.

The samples were abbreviated as PPL1, PPL3 and PPLS5 as shown in Table 4.5b. These
samples were used for investigation of crystallization behavior and kinetics study of
PP/LDH nanocomposites (Chapter 6). In order to obtain better dispersion of LDH and
avoid effect of varying content of PP-g-MAH on crystallization behavior the value of PP-
g-MAH were kept constant to 5 Wt%.

Table 4.5b: Designation of PP/LDH nanocomposite prepared by Method 2

Sample PP (Wt%) PP-g¢-MAH LDH (Wt %)

(Wt %)

PP 95 5 0
PPL1 97 5 1
PPL3 91 5 3

PPLS 85 5 5
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4.4.1.3 PP/LDH Nanocomposites: Method 3

In this method, masterbatch comprising MA-g-PP and LDH (MA, ZMA, ZA) in
the ratio of 2:1 is prepared according to previous procedure as mentioned in section
4.4.1.1. For preparation of stabilized sample, the preweighed designated amount of
stabilizer is well mixed (physically) with dry PP separately. In 2" step the master batch
and PP/stabilizer was melt blended in microcompounder under inert atmosphere at 180
°C for 5 min at 200 rpm screw speed. The series of samples prepared by this method and
used for photo-oxidation and stabilization study (Chapter 7). In order to investigate the
effect of different metal cations on photooxidation behavior PP/LDH nanocomposites and
on efficiency of antioxidants, different LDHs are used and abbreviated as A- Mg,Al, B-
ZnMgAl and C- Zn,Al LDH, M- OMMt. The sample abbreviation and compositions are
listed in Table 4.5¢ and 4.5d, respectively.

Table 4.5c: Designation of PP/LDH nanocomposite compositions used for photo-
oxidation and stabilization study (Chapter 7) and gas barriers and flammability study
(Chapter 4).

Sample % PP %PP-g-MA %LDH % OMMt
PP 100 0 0 0

fPP 89.5 10.5 0 0
PPMS &5 10 0 5
PPLAS 85 10 5 0
PPLBS &5 10 5 0
PPLCS 85 10 5 0
PPM10 70 20 0 10
PPLA10 70 20 10 0
PPLB10 70 20 10 0

PPLC10 70 20 10 0
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Table 4.5d: Designation of PP/LDH nanocomposite compositions used for stabilization

study (Chapter 7)
Sample Irganox 1010 Tinuvin 770
PPLASa 0.1 0
PPLASD 0.6 0
PPLASc 0.1 0.1
PPLASd 0.6 0.6
PPLBS5a 0.1 0
PPLB5b 0.6 0
PPLB5c 0.1 0.1
PPLB5d 0.6 0.6
PPLC5a 0.1 0
PPLC5b 0.6 0
PPLC5c¢ 0.1 0.1
PPLC5d 0.6 0.6
PPM5a 0.1 0
PPMS5b 0.1 0.1
PPa 0.1 0
PPb 0.1 0.1
fPP1a 0.1 0

fPP1b 0.1 0.1
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4.4.2 Nanocomposite Characterization
4.4.2.1 FT-IR Analysis

In present study, it is believed that the maleic anhydride groups can react with the
interlayer anionic groups of LDH. Thus, the layered double hydroxides could chemically
bind to the macromolecular polypropylene chains, resulting in the prevention of their
agglomeration and the breakup of large stacking. Such interactions could improve the
compatibility between the polymeric matrix and the nanoparticles, increasing the degree
of dispersion of the particles, as shown in Figure 4.9. To verify the interactions that take
place between the interlayer anions and the maleic anhydride groups of PP-g-MAH, FT-
IR spectroscopy was used. Figure 4.10 shows the typical FT-IR spectra and it is observed
that the most characteristic peaks of PP-g-MAH, except those of PP, are the two peaks
between 1700 and 1800 cm™ corresponding to the anhydride groups. In the spectrum of
PP/LDH nanocomposite, a strong absorbance at 1780 cm™ has been intensively
weakened and new band at 1715 cm™ is observed, may be due to their reaction with the
anhydride groups and this could be of evidence that such reactions take place. This shift
is due to the result of the aforementioned interactions that facilitate polymer chains to

intercalate into the lamellas.

(o] | 0
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b - 1 0.0' ) Processing
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| ¥ |

Figure 4.9: Conceptual diagram of PP-g-MAH/LDH interaction to form the
intercalated /exfoliated networks
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Figure 4.10: FTIR spectra of a) PP and b) PPL5 (Method-2)

4.4.2.2 X-ray Diffraction Analysis

In nanocomposites, the extent of intercalation of nanofillers having layered
structure was analyzed by XRD technique. The complete disappearance of XRD peaks
may reveal high degree of exfoliation or the presence of small diffracting volume as in
the cases of low filler loading. Direct observation by TEM is then necessary to
characterize an exfoliation state. Figure 4.11 shows XRD analysis of PP and PP/LDH
nanocomposites comprising varying content of LDH, a significant change in position of
the basal peak is observed. The XRD patterns of these samples are characterized by the
presence of the first order basal reflection (< 003 >).The characteristic crystalline basal
position peak of Mg, Al-DDS LDH at (< 003 >) has been completely disappeared in the
case of PP/Mg,Al-DDS LDH nanocomposites. However, for higher LDH loading peak
become broad and shifted towards lower angle. Moreover, the higher order basal position
peak at (< 006 >) has been shifted towards lower angle and their intensities are sharply

reduced accompanied by peak broadening.
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Figure 4.11: The X-ray diffraction patterns of MA-LDH, PP, PPL1, PPL3, PPL5, PPL7
and PPL10 in the range of 20 = 2-10° (Method-1)

This may be due to intercalation of polymer chain segments into the interlayer
region of LDH induced by the stronger shearing action during melt-mixing in the
extruder. The overall XRD results suggested that the stacking layers of the Mg, AI-DDS
LDH in these samples were fully/partially separated and an exfoliated/intercalated
PP/LDH nanostructure was formed. The XRD patterns of the nanocomposites with C20A
and PP with PP-g-MAH as compatibilizer are shown in Figure 4.12 As can be seen from
this figure, the composites with 5 and 10% clay contents show an increase in intergallery
spacing, as the dyo; peak shifts to lower angles, showing that the intergallery distance was
enlarged from 2.2 nm to around 3.5 nm. This clearly indicates that macromolecular links
had intercalated into the interlayers of the modified clay. The higher order basal peak also
shifted considerably towards lower angle indicating intercalated/exfoliated microstructure

of PP/OMMt nanocomposites.
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Figure 4.12: X ray diffraction patterns of nanocomposites of PP with C20A(OMMt)

4.4.2.3 Morphological Analysis

The complex morphological structures of polymer nanocomposites can be
analyzed using TEM technique by thoroughly investigating the level of clay dispersion
and the compatibilizing effect of PP-g-MAH, which can greatly affect the properties of
nanocomposites.

In present study, the microstructure of the PP/LDH nanocomposites was
investigated by TEM micrographs and is elaborately shown in Figure 4.13 and 4.14. The
Figure 4.13 shows the fine dispersion of 5 wt% Mg,Al-DDS LDH in PPLS5, comprising the
LDH: PP-g-MAH ratio equal to 1:1 in lower and higher magnification. The micrographs
show that LDH nano-layers are well dispersed and intercalated throughout the PP matrix.
Dark lines in the micrograph represent the existence of single LDH layers. However,
certain highly swelled tactoids are also observed. From the TEM observations at high
magnification, it is clear that the delamination took place resulting in the presence of

single double hydroxide layers as well as tactoids with reduced thickness.
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e

Figure 4.13: TEM micrograph of PPLS5 in low and high magnification showing that LDH
particles also undergo intercalation into tactoids and exfoliation into single layers
(Method-2)

In Figure 4.14, the TEM micrographs of PP/LDH nanocomposites with ratio of
LDH: MAH-g-PP (1:2) comprising various LDH contents between 3 wt% and 10wt% are
demonstrated at high magnification. Evidently, PPL3 and PPL5 show homogeneous
dispersions of LDH platelets and delamination of individual LDH platelets takes place.
The observed single platelets reveal the lateral dimension of about 100-200 nm, which
leads to the localized exfoliation in PPL3 and PPL5. However, PPL5 and PPL7, both of
which still contain the some intercalated nanocomposite structures in the PP matrix.
Furthermore, LDH agglomeration with intercalated tactoids has been detected in PPL10
nanocomposite. Those tactoids are surrounded with well dispersed LDH platelets,
resulting in an “island-like” morphological structure. PPL7 and PPL10 show quite
prevalent intercalated structures. Moreover, the micrograph of PPL7 visually
demonstrates much larger interlayer galleries in the intercalated clay platelets compared
to those in PPL10. Such stacked LDH tactoids representative of intercalated morphology,
random clay platelets representative of exfoliated morphology and large dark structures

occurring amongst some of the clay tactoids are visible.

Intercalated tactoid

e
» _'.'%—(
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Figure 4.14: TEM images of PP/LDH nanocomposite (Method-1)

Overall finding is that the mixed morphologies of intercalated and exfoliated structures
are in close proximity of each other. The closeness of these structures suggests that the
polymer matrix is becoming increasingly reinforced. This phenomenon explains the
increasing modulus and strength properties of LDH reinforced PP nanocomposites.
Therefore, TEM analysis provides complementary results for XRD analyses to

validate the remarkable exfoliated/ intercalated structure in such nanocomposites.
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4.5 Conclusions

In the present study, a series of hydrotalcite-type material i.e Mg,Al, Zn,Al and
ZnMgAIl-Cl are successfully prepared by co-precipitation method. To make the
unmodified LDHs clay a suitable precursor for the preparation of polymer
nanocomposite, modification by anionic surfactants is necessary. In this context, sodium
dodecyl sulfate was used as an organic modified to modify LDHs in order to enlarge the
interlayer distance and to render it more organophilic. The surfactant was selected based
on their functionality, chain length, etc. The direct ion exchange method was employed
for organic modification of LDH because of its higher efficiency and simple procedure.
The characterization of the organically modified LDHs was carried out extensively using
various analytical techniques, like XRD, FTIR, TGA and SEM. The XRD analysis of the
modified clay indicated that the all synthesized LDHs have typical, well-order layered
structures with a high degree of crystallinity. X-ray diffraction patterns reveal that the
surfactant anions are arranged as monolayer within the interlayer region of LDHs and
enlarge the interlayer distance according to the length of their hydrocarbon chain. It was
observed that interlayer spacing is enlarged from 0.76 nm to 2.96 nm after organo-
modification which is well enough to intercalate the macromolecular chains into the
galleries. Thus, the enlarged d-spacing of DDS-LDH indicates the successful
intercalation of DDS chains to the layers of LDH, thus making LDH organophilic and
facilitating the intercalation and dispersion of organic materials. The FTIR spectra of
LDH materials provide many important information, especially about the interlayer
anions and successful organo-modification. The FT-IR assignments reveal that the
dodecyl sulfate anion is successfully intercalated into the gallery of the LDH. It also
gives the evidence for existence of some water molecules in the interlayer region in the
modified LDH, which are usually arranged as monolayer in between surfactant and metal
hydroxide sheet. The morphological analysis of both modified and unmodified LDHs
showed that these materials posses a plate-like particle morphology having distinct
hexagonal shapes and sharp edges. However, it is observed that the particle morphology
are somewhat modified after organic modification and irregular shapes and edges persist
in modified LDHs. The thermal analysis of unmodified and modified LDHs depict that
the decomposition of unmodified MA-Cl is divided into two steps. The total weight loss
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for the region (50-700 'C) is observed about 40 %. For organomodified LDHs,
decomposition occurs in three steps and it is influenced by interlayer organic modifier
and nature of metal cation composition. The total weight loss for MA, ZMA and ZA is
observed is to be 56%, 57% and 58%, respectively, which is about 15% higher than that
for unmodified LDHs. These results are in agreement with the FTIR and XRD
measurements.

In second section, we have successfully prepared polypropylene/organomodified
layered double hydroxide (LDH) hybrid nanocomposites by direct melt intercalation
using PP-g-MAH as a compatibilizing agent and the conventional twin screw extrusion
compounding process. A series of samples comprising varying content of LDHs and
compatibilizer have been prepared in accordance with the aim of the study. The samples
have been prepared for different property evaluation, crystallization studies and photo-
oxidation behavior in PP/LDH nanocomposites. Moreover, nanocomposites based on
PP/OMMLt type conventional nanocomposites have also been prepared for comparison.
The addition of PP-g-MAH as a compatibilizer results in a higher adhesion between the
PP matrix and LDH nanolayers, due to the interactions that take place between the
reactive groups. The FT-IR spectrum verifies the interactions that take place between the
interlayer anions and the maleic anhydride groups of PP-g-MAH. The XRD analysis
reveals, complete disappearance of first order peaks, for higher LDH loading peak
become broad and shifted towards lower angle. Moreover, the higher order basal position
peak has been shifted towards lower angle with intensities. These results conclude that
the LDH layers were found to be dispersed at the nanometer level and the stacking layers
of the LDH in these samples were fully/partially separated and an exfoliated/intercalated
PP/LDH nanostructure was formed. TEM examinations provided direct evidence for the
formation of intercalated and exfoliated nanocomposites. The TEM observations at high
magnification showed that the delamination took place resulting in the presence of single

double hydroxide layers as well as tactoids with reduced thickness.
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Chapter 5
THERMAL, MECHANICAL AND

RHEOLOGICAL CHARACTERIZATION

“Most of the fundamental ideas of science are essentially simple, and may, as a rule, be

expressed in a language comprehensible to everyone”
~ Albert Einstein

Sunil P. Lonkar, S. Morlat-Therias, F. Leroux, J-L. Gardette, R.P. Singh, “PP/LDH
Nanocomposites: Thermal, Mechanical and Rheological Characterization” communicated to
Composites Science and Technologies

5.1 Introduction

Nanocomposites consisting of a polymer and clay (modified or not) frequently
exhibit remarkably improved mechanical and physical properties when compared to those
of pristine polymers. Improvement includes thermal properties, higher modulus,
increased strength and heat resistance, decreased gas permeability and flammability etc.
Hence, it is very important to investigate these properties for new nanofiller in order to
assess their feasibility in fabrication polymer nanocomposites with improved properties.
The present chapter deals with the assessment of LDH type new nano-filler in property
improvement of polypropylene such as thermal properties, mechanical properties,
rheological behavior, gas barrier and flammability properties of these hybrid materials
were investigated in detail. The thermal stability is one of the fundamental properties that
can determine processing and application, especially when PP is used as general material.
The thermal stability of PP can be changed by the presence of nanoclay in the polymer
matrix [1-2]. Also, the chemical nature of the clay and the organic modifier may play an
important role in the degradation pathway of the nanocomposite. The purpose of this
work was to evaluate the thermal stability of PP/LDH nanocomposites based on Mg—Al
layered double hydroxide. The effect of intercalation and exfoliation of the LDH on
thermal stability will also be analyzed. Mechanical properties like tensile/flexural
modulus, yield stress and toughness are measures that characterize the potential for

improved end-use performance of a polymer

117



Chapter 5 Thermal, Mechanical and Rheological Characterization

nanocomposite relative to the neat polymer or a traditional composite [3-4]. Well
dispersed LDH can affect the mechanical properties of a semicrystalline polypropylene.
The high modulus LDH inclusions of anisotropic shape can reinforce the PP. Thus in this
view, the anisotropic shape of the LDH clay is important for mechanical property
enhancement. Dynamic mechanical testing provides a method for determining the storage
modulus (£") and loss modulus (£") as a function of temperature. The analysis of the
storage modulus, loss modulus and fan J curves are very useful in ascertaining the
performance of the sample under stress and temperature. DMTA not only measures the
dynamic mechanical properties of a material, but also detects changes in the solid
structure of a polymer after compounding with other materials. In addition, DMTA
provides information on the compatibility [5-6], crystallinity and stiffness of the polymer
[7] and it is useful as a relative comparison of the behavior blends. Rheological analysis
of polymeric melts involves the study of the mechanical response of the melt under the
action of external mechanical stress or strain. In case of filled polymeric systems,
rheological behavior can be drastically different from that of the unfilled melts depending
on the nature of filler particles (structure, size, shape, surface characteristics, etc) and the
state of their dispersion in the polymer matrix [8-9]. In fact, rheological analysis is an
important tool to investigate the state of filler particle dispersion in filled systems and
their response under external force. Though an indirect method, rheological analysis can
be treated as a complementary to the direct methods for morphological analysis, like
XRD and electron microscopy, which altogether provide a complete picture of the state
of filler particle dispersion in polymer matrix. Also, one of the important aspects of the
present investigation is to study the efficiency of LDH nanofiller as a potential flame
retardant for polypropylene. In this regards, the evaluation of the composite materials in
terms of limited oxygen index (LOI) provides the first hand information on the
effectiveness of fire retardant additives or so called flame-retardants [10]. Polypropylene
finds extensive application in food and packaging because of its high distortion
temperature and crystallinity. It offers a strong barrier to humidity but suffers from high
oxygen permeability. Therefore, laminates of PP and other oxygen permeation resistant
polymers are often employed in packaging applications. The commercial importance of

PP has led to intense efforts in developing PP-layered silicate nanocomposites in order to
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enhance its properties. The high aspect ratio of the LDH layers is expected to improve the
oxygen-barrier properties by hindering the penetration of the gas molecules and
increasing their average path length. The present study also focuses on the detailed

investigation of oxygen barrier properties of PP/LDH nanocomposites.

Hence, the overall objective of present study is to investigate the effect of LDH
nano clay and interlayer metal cations in PP matrix on thermal properties, mechanical
properties, such as stiffness, strength, impact resistance, rheological behavior,

flammability and oxygen permeability.

5.2 Thermal Analysis

Thermal analysis is essentially the study one of more properties of a material as a
function of temperature. Thermal analyzer is the apparatus that allows automatic
monitoring of the property with change in temperature. Three types of thermal analysis
were used to analyze the thermal properties of PP/LDH nanocomposite that is
thermogravimetrc analysis (TGA), dynamic mechanical thermal analysis (DMTA) and

differential scanning calorimetry (DSC).

5.2.1 Thermogravimetric Analysis (TGA)

Thermogravimetric (TGA) analysis of the PP/LDH nanocomposites with different
LDH content is shown in Figure 5.1. It can be seen that during the thermal degradation,
the TGA curves displayed a single step degradation process for all samples produced.
The thermal decomposition of pure polypropylene is characterized by major temperature
region of weight loss in the temperature range 300 - 440 'C. In the differential
thermogravimetric (DTG) plot, (Figure 5.2), this region appears as a sharp
decomposition peak at about 406 ‘C. It is observed that the presence of LDH causes
distinct changes in the thermal decomposition behavior in comparison to the unfilled PP.
With the addition of only 3 wt% LDH, the first decomposition stage in unfilled PP, is
shifted to a higher temperature range (the decomposition peak in DTG shifts from about
406 °C to about 440 "C). With further increase in LDH concentration, the decomposition

temperature is gradually increases up to 473 °C for 10 wt% LDH.
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Figure 5.1: Thermogravimetric analysis of PP/LDH nanocomposites containing
different LDH content

Usually, the comparison of thermal stability for polymeric materials from TGA
plots is carried out in terms of two temperatures: one is the onset of decomposition
temperature (Ty9) referring to 10% weight loss and the other is the decomposition
temperature (Toso) referring to 50% weight loss. Figure 5.3 and Table 5.1, shows the
comparison of these two temperatures for unfilled polypropylene and LDH filled
nanocomposites. The incorporation of the LDH which is in a platelet form, resulted in
significant improvement in the initial thermal stability of PP. The onset of decomposition
is delayed significantly by the addition of 3 wt% LDH. In fact, with increasing LDH
concentration, the onset decomposition temperature T ; increases considerably but then
stabilizes for 7 and 10 wt% LDH concentrations. The decomposition temperature, Ty s
also drastically increases with increasing LDH concentration. With about 5 wt% LDH

concentration, Ty s increases by about 50 “C as shown in Figure 5.3.
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Figure 5.2: Derivative thermogravimetric analysis of PP/LDH nanocomposites
containing different LDH content

Further additions of LDH up to 10 wt% led to a further improvement in the
thermal stability of PP where the Ty reached 415 °C, which is about 25 % increment.
Similarly, for Ty s such increment is up to 20%. The variation of Ty ; and Ty s with LDH
content is summarized in Table 5.1. Also, the sample weight percentage decreases
continuously to a residual level after mass loss has commenced and given in Table 5.1.
When the amount of the residues obtained under nitrogen and oxygen atmosphere during

TGA experiments are compared, comparable numbers are obtained in case of filled

system (Table 5.1).
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Table 5.1: TGA data for PP containing different LDH content

Thermal, Mechanical and Rheological Characterization

Sample To1 (C) Tos (C) Char Residue Char Residue
(%) in N, (%) in air
PP 341 395 0 0
PPL1 359 405 0.46 043
PPL3 380 434 1.18 1.14
PPLS5 398 443 2.22 2.25
PPL7 410 457 3.13 3.08
PPL10 413 463 4.35 4.33
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Figure 5.3: The influence of LDH concentration on (A) the decomposition temperatures

at 10% weight loss (Ty.;) and 50% weight loss (T s)
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The comparison of the DTG plots of nanocomposite composition PPL5 is shown
in Figure 5.4. It is observed that under air atmosphere sample decomposition occurs at
around 371°C along with a small hump around 280 °C, whereas under nitrogen
atmosphere, a single-step decomposition occurs at 458 ‘C with the low temperature peak
being completely suppressed. These findings reveal that the PP/LDH nanocomposites
undergo diverse decomposition behavior under air and oxygen, respectively. It is obvious
that the high amount of residue obtained under non oxidative atmosphere indicates the
formation of carbonaceous char. Where perhaps the organic species (surfactant anion,
polymer chain segments, etc) present within the interlayer region have delayed and
therefore, less access of oxygen due to their encased position within metal hydroxide
layer and the surrounding bulk polymeric matrix. Additionally, the endothermic
decomposition of the metal hydroxide layers imparts a cooling effect, which may further
affect the combustion process of these constraint organic species. As a result, incomplete
combustion is more likely resulting in the formation of carbonaceous char even when
combustion is carried out under oxygen atmosphere. In fact, such carbonaceous char
formation within clay layers has earlier been proposed in case of combustion of
polymer/layered silicate nanocomposites [11-12]. The basic difference between layered
silicate and LDH during combustion is that the later undergoes endothermic
decomposition liberating water and metal oxide, which makes reinforcement of the char
less probable with LDH.

Overall results show that the LDH filled PP posses higher thermal stability
compared with neat PP. The improvement in the thermal stability for PP/LDH
nanocomposites is due to the formation of char which hinders the out-diffusion of the
volatile decomposition products, as a direct result of the decrease in permeability of
oxygen. The decrease in permeability is usually observed in intercalated or exfoliated

platelets clay in the PP/LDH nanocomposites.
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5.2.2 Dynamic Mechanical Thermal Analysis (DMTA)

Dynamic mechanical testing provides a method for determining the storage
modulus (£") and loss modulus (£") as a function of temperature. The analysis of the
storage modulus, loss modulus and tan o curves are very useful in ascertaining the
performance of the sample under stress and temperature. The reinforcement effect due to
the addition of LDH and the glass transition temperature (7,) are of great interest in this
study.

The dynamic storage modulus £’ and loss tangent tan ¢ at various temperatures

for the PP/LDH based nanocomposite is shown in Figure 5.5.
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Figure 5.5: DMTA curves for PP/LDH nanocomposites (A) Dynamic elastic modulus
(E") and (B) loss tangent ( tan 9)

The representative values of E’ at five specific temperatures from -30°C to 75°C and T,

values are listed in Table 5.2.
It is noted that the incorporation of LDH into the PP matrix results in a

remarkable increased in elastic modulus over the entire investigated temperature range
especially at temperature below T, (~0°C). It can be seen that the elastic modulus
continues to be increased at clay content up to 5 wt% with the maximum improvements
of 32% at 25°C for PPL3 and PPL5. Then, the modulus enhancement becomes dawdling
when high LDH contents (7-10 wt %) are considered. In particular, such small
enhancements of relative moduli observed at 25°C with increasing the LDH content,

which is in good agreement with the corresponding mechanical properties, determined at
the room temperature in Section 5.3. Moreover, a sharp drop in E' from ~ -20 "C and ~10

‘C is observed which can be associated with the relaxation of the amorphous phase (o-
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relaxation). Hence, an enormous reinforcement effect with the better magnitude of £’ has

been observed for PP/LDH based nanocomposites.

Table 5.2: Dynamic elastic moduli E’ of PP/LDH nanocomposites at various
temperatures and related glass transition temperatures (7¢)

Sample Dynamic Elastic Modulus (E') (109 Pa=GPa) T,(C)
30°C  5C 25°C 50C 75°C

PP 2.09 1.38 0.95 0.65 0.36 -2.30

PPL3 2.45 1.51 1.08 0.73 0.44 3.82

PPLS5 2.77 1.71 1.22 0.82 0.48 6.28

PPL7 3.18 1.91 1.31 0.81 0.49 7.14

PPL10 3.35 1.93 1.32 0.86 0.52 10.11

This indicates that the plastic and elastic responses of PP towards deformation are
strongly influenced by the presence of LDH nano layers. The incorporation of LDH into
the PP matrix remarkably enhances its stiffness and has good reinforcing effects. It is
believed that the LDH became intercalated and a polymer layer formed around the layers.
Here the chain mobility of the polymer molecules were reduced as the reinforcing effect
of the organoclay platelets dominates. LDH layers affect the mobilization of PP
macromolecular chains and share the stress transferred among the PP matrix. Restricted
segmental motion at organic/inorganic interface and exfoliation of the clay galleries at the
nanoscale level may be the possible cause for a phenomenal increase in the elastic
modulus.

Figure 5.5B shows that the tan ¢ curves of neat PP and PP/LDH nanocomposites
follow a similar pattern. The relevant representative 7, values are also listed in Table 5.2.
Most nanocomposites demonstrate much higher 7, in contrast to PP (7,= -2.30°C), and a
further increase of 7, is shown by increasing the LDH content from 5 wt% to 10 wt%,

reaching the maximum value of about 10 C. The enhancement of T can be attributed to
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the restricted segmental motions at the organic-inorganic interface in the neighborhood of
intercalated compositions [13].

Also, this phenomenon mainly benefits from the uniform LDH dispersion and the
strong interactions between PP molecular chains and intercalated clay particles. Even at a
higher clay content of 10 wt%, the MA groups in PP-g-MAH can still break up the large
clay agglomerates into much finer particles with increasing the degree of dispersion, as
confirmed by the previous TEM study in Section 4.4.2.2. As expected, the more
intercalated clay particles are, the higher restriction of PP chains mobility occurs, leading
to the shift of 7, to a higher temperature. In addition, with increasing the LDH content,
the elastic moduli of such nanocomposites are also significantly enhanced by over 32%
below Tg. It is also observed that at higher temperatures above T, the elastic modulus
continues to be increased at a low clay content up to 7 wt%. This indicates that the strong
reinforcement effect can still take place in the rubbery plateau, depending on good clay
dispersion and favorable interfacial interactions, which tend to be achieved more easily at

low LDH contents.

5.2.3 Differential Scanning Calorimetry (DSC)

The influences of LDH and PP-g-MAH as compatibilizer on the crystallization
temperature (7,), melting temperature (7,,) and crystallinity content (X.) of polypropylene
were characterized by DSC thermal analysis. Figure 5.6(a) and (b) demonstrate the DSC
curves of PP/LDH based nanocomposites. The corresponding characteristic parameters
and calculated degree of crystallinity (X.) are listed in Table 5.3. Figure 5.6 (a) shows
the first DSC heating curves of the neat PP and nanocomposites. The thermograms
showed that all materials exhibited a single melting endotherm at a relatively constant
melting temperature at about 163 °C. As can be seen from Table 5.3, 7, remained
unaltered with the addition of either LDH or PP-g-MAH compatibilizer. More
interestingly, the 7. of nanocomposites is gradually enhanced up to 124 °C with addition
of LDH, as compared to 115 °C for PP. Such enhancement might be explained by a good
balance between the positive nucleating effect of LDH and detrimental influence of the
excessive PP-g-MAH with low crystallinity. Moreover, a better LDH dispersion leading

to much stronger interfacial interactions may also induce more nucleating cores to
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facilitate the crystallization with the better nucleating effect and the higher 7.. The higher
T, of such nanocomposites (>117 °C) also indicates that a higher extent of segregation of
dispersed clay particles takes place around the boundary of the spherulites or inter
spherulites, resulting in the enhanced intercalation [13a], as confirmed by previous XRD
and TEM results in Sections 4.4.2.2 and 4.4.2.3 of Chapter 4. The X, of nanocomposites
notably increases up to 69.9 % compared to that of PP (X, =65.6%), which again implies
the positive nucleating effect on crystallinity.

Therefore, it can be concluded that the introduction of LDH increased the
crystallization rate of PP chains. The presence of LDH layers acts as heterogeneous
nuclei of PP crystallization. Because the LDH layers are intercalated or exfoliated, the
number of the heterogeneous nuclei in PP/LDH is much larger than that in pure PP. The
further elaborative details on crystallization behavior and kinetic study of PP/LDH

nanocomposites are discussed in Chapter 6.
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Figure 5.6 : DSC curves of PP/LDH nanocomposites (a) Heating scan (b) Cooling Scan

Table 5.3: DSC characteristic parameters and degree of crystallinity of PP/LDH

nanocomposites
Sample Tm (°C) T. (°C) AHn (J/g) X¢ (%)
PP 163.1 115.4 102.3 65.60
PPL1 161.1 117.0 97.63 66.00
PPL3 162.7 122.7 105 68.96
PPLS5 162.7 123.4 105.1 68.76
PPL7 163.3 123.7 99.52 69.54

PPL10 163.0 123.5 112.6 69.89
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5.3 Mechanical Properties

Mechanical properties such as tensile, flexural and impact properties reflect the
macroscopic behavior of nanocomposites in relation to the clay dispersion and interfacial
adhesion under different physical testing mechanisms. Hence it is of paramount
importance to investigate the various mechanical properties of such materials which are

summarized in following sections.

5.3.1 Tensile test

The tensile test data obtained were used to plot stress-strain curves for the various
nanocomposite structures. Figure 5.7 and Figure 5.8 shows the average tensile stress-
strain and tensile modulus data computed for virgin polypropylene and PP/LDH

nanocomposite specimens.
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Figure 5.7: A typical stress-strain curve for PP and PP/LDH nanocomposites (A) and
Tensile strength and modulus as a function of LDH content (B).

As shown in Figure 5.7 and Table 5.4, the tensile strength of neat PP is 28.8
MPa and it is remarkably affected by LDH loading. The tensile strength values gradually
increase up to 7 wt.%, but beyond this threshold, they more or less level off regardless of
the LDH addition. Such behavior might be attributed to a higher level of
intercalation/exfoliation in the LDH dispersion and better improvement of the interfacial
adhesion, especially for the low clay content (< 5 wt %), as illustrated in Figure 5.7. This
is also due to the tendency of agglomerations above a specific concentration and higher
level of compatibilization. The excess amount of PP -g-MAH plasticize the interface
between the LDH and PP matrix and the tensile strength of compatibilized
nanocomposites were found to be the lowest at high concentrations. At optimum
compatibilization, better exfoliation of LDH and better adhesion at the interface

compensate the plasticizing effect of PP -g-MAH.
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Figure 5.7 shows the elastic modulus and tensile strength as a function of LDH
concentration. Both the tensile strength and the modulus increase in tandem up to 7 wt %
LDH concentration, thereafter significant degradation occurs. The average highest
modulus is found for 7 wt. % structures is approximately 1670 MPa which is about 27%
higher than that of virgin PP as shown in Table 5.4. A sharp increase in modulus up to
7% LDH loading is observed and then dropping to 10% (1650 MPa). A similar trend for
the ultimate tensile strength is shown in Figure 5.7. Such behavior may be due to the
uniformly dispersed LDH tactoids and intercalated structures. The organically modified
LDH is intercalated by the PP chains and confines the segmental movement of the PP
macromolecules. As a result, the modulus of the PP nanocomposites increases with LDH
loadings. A fraction of intercalated structure decreases with increasing LDH content. At
higher LDH concentrations, aggregation of the nanoclays and plasticization effect of

MAH-g-PP may occur decreasing the tensile strength and modulus.

5.3.2 Flexural Tests

The flexural properties of PP/LDH nanocomposites are illustrated in Figure 5.8.
It is observed that the flexural strength and moduli are significantly improved with
increasing the LDH content, the maximum enhancements of flexural strength and moduli
reach 31MPa and 1510 MPa, respectively. More interestingly, there is a sharp increasing
tendency in flexural modulus for a LDH content of less than 5 wt%, followed by a much
slower increase between 7 wt% and 10 wt%, similar trend is observed for tensile
modulus. The flexural strengths is also increased by maximum 32%. Remarkable strength
increasing trends are also very consistent for LDH contents less than 5 wt%, but beyond
this threshold, they more or less level off regardless of the LDH content. Such flexural
properties from PP/LDH nanocomposites might be attributed to a higher level of
intercalation/exfoliation in the clay dispersion and better improvement of the interfacial

adhesion, especially for the low clay content (< 5 wt%), as illustrated in Figure 5.8.
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Figure 5.8: Flexural strength and modulus as a function of LDH content

5.3.3 Izode Impact Tests

The influence of LDH content on the relevant impact properties is depicted in
Figure 5.9. Initially, with an increase of LDH content, the impact strength is
considerably enhanced by maximum 25% when increasing up to 5 wt% LDH, and then
drops off in a similar way until it levels off at a high LDH content of about 10 wt%,
comparable to that of neat PP. The higher impact strength at a lower LDH content
possibly benefits from more uniform LDH dispersion, leading to the better level of
intercalation/exfoliation. As mentioned earlier, the reduction of impact strength often
occurs at higher nanoclay content due to the induced material brittleness from the
proportional amount increase of nanoclay and PP-g-MAH that is more brittle than neat

PP itself [14-15]. Similar trend is also observed in case of PP/LDH nanocomposites.
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Figure 5.9: 1zode impact strength as a function of LDH content in PP/LDH nanocomposites

5.3.4 Elongation at break

The effect of LDH loading on elongation of PP is also studied as shown in Figure
5.6 and 5.10. It can be seen that the EB values remarkably decreased due to the presence
of LDH platelets in PP structure. This may be due to the restraints on mobility of the
polymer chains caused by the intercalated/exfoliated LDH platelets; this is also

associated with reduced chain mobility that causes reduction in ductility.
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Figure 5.10: Elongation at break as a function of LDH content in PP/LDH nanocomposites

Table 5.4: Mechanical properties of PP/LDH nanocomposites

Sample Tensile Young’s  Flexural Flexural Elongation Izode
Strength  Modulus Modulus Strength at break Impact
(MPa) (MPa) (MPa) (MPa) (%) strength
(Kg cm
|
cm )
PP 28.8+0.24  1320+15  23.6+0.53 114022 37.74£0.45 59.4
PPL1 28.9+0.21  1345+21  23.9+0.72 1190+26 27.1+0.32 61.5
PPL3 31.4+0.27 1470425  24.5+0.65 1260+31  25.8+0.35 64.4
PPLS 33.740.29 1630426  27.4+0.85 1470+32  19.0+0.27 70.1
PPL7 36.7£0.31 167029  31.1+0.59 1510+35 17.8+0.24 37
PPL10 35.5#0.31  1650+31  29.2+0.75 1480+36  15.3+0.19 25.5
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5.4 Rheological Analysis

The linear viscoelastic response of PP/LDH nanocomposites are studied using
dynamic oscillatory measurements with a sinusoidal strain input at a constant strain
amplitude of 5% and frequency sweep from 0.05 rad/s to 100 rad/s. The temperature
range used was 180-200°C. The linear viscoelastic responses of all the nanocomposite
compositions are qualitatively similar in this temperature range but, the time-temperature
superposition principle is not fulfilled for the nanocomposites, especially in the low
frequency region. This is mainly because of the reason that the modulus shift factors are
found to change with LDH concentration [16]. Therefore, construction of the master
curve is not possible. All the oscillatory shear experiment data presented in this section
corresponds to the measurements carried out at a fixed temperature of 200°C. The
material response is interpreted in terms of various parameters, like storage modulus (G"),
complex viscosity (n*), tan o, etc. Figure 5.11 shows the typical features of linear
viscoelastic response of the unfilled polypropylene and a nanocomposite melt containing
varying content of LDH during such a frequency sweep experiment. Within the
experimental frequency range, the storage modulus of the unfilled PP is lower than its
loss modulus. It means that the viscous component has a dominant effect on the flow
behavior of the unfilled PP melt in this frequency range. With increasing frequency, the
storage modulus increases more compared to the loss modulus and at some higher
frequency (which is larger than the highest value of frequency used in the present
experiment) G' crosses G" indicating increasing contribution of the elastic response. This
is typical behavior of unfilled thermoplastic melt [17]. On the contrary, PP/LDH
nanocomposites having high LDH content show completely different behavior. The
storage modulus always remains higher than the loss modulus within the experimental
frequency range indicating dominant elastic character of the material. This is typical
behavior observed in crosslinked polymer or polymer gel, where viscous flow is
restricted by chemical constraints. In the present case, high concentration of LDH
particles both in nano- and microscales creates strong physical barrier against the

mobility of the polymer chains.
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Figure 5.11: Difference in the viscoelastic response (storage modulus, G' and loss
modulus G") of unfilled polypropylene and high LDH filled nanocomposite in a dynamic
oscillatory frequency sweep experiment

The influence of increasing LDH concentration on linear viscoelastic response as
discussed in the following sections shows how liquid-like melt is gradually transforms
into a solid-like melt. Figure 5.11 also shows that the difference in viscoelastic response
between unfilled melt and the nanocomposite strongly depends on the frequency region at
which they are compared. In the high frequency range, due to a small time period in each
shear cycle, the dispersed filler particles can not fluctuate in phase with the oscillating
shear force field and appears virtually static. As a result their influence is minimized and
materials behavior is solely determined by the matrix behavior [18]. On the other hand, at
low frequencies the influence of the filler particles can be realized as they get more time
to follow the oscillating shear force field and if they interfere with flowability of the
materials strong effects like that presented in Figure 5.11 are observed. Therefore, in
discussing the linear viscoelastic behavior of nanocomposites, the low frequency data are

of prime importance. The ability to store energy by any polymeric melt during shearing
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depends on its chain relaxation behavior. Lower the relaxation time for a system faster it

dissipates the energy and hence shows lower value of storage modulus. In storage

modulus versus frequency plot (Figure 5.12), the low frequency data for unfilled

polypropylene reflect this fact. At low frequencies due to longer time period of shear

cycles polymer chains get sufficient time to relax nearly completely showing low value

of G'. This is the typical behavior of Newtonian liquids. The addition of LDH filler

causes an upward shift of the low frequency G' values, which becomes more prominent

with increasing LDH concentration ultimately leading to a virtually plateau behavior or

frequency independence (Figure 5.12). The extent by which LDH particles influence the

storage modulus can be measured semi quantitatively by the relaxation exponent (n;)

obtained by fitting the low frequency data to power law equation
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Figure 5.12: Storage modulus (G') versus frequency (®) plots for unfilled PP and
PP/LDH nanocomposite melts based on the results obtained from dynamic oscillatory

measurements.

139



Chapter 5 Thermal, Mechanical and Rheological Characterization

In case of homopolymers, the complete relaxation at low frequencies results in a
characteristic terminal behavior with the value of n; equal to 2 [19-20]. Figure 5.12
shows how n; changes with LDH concentration in case of PP/LDH nanocomposites. The
Table 5.5 shows the relaxation exponents obtained by fitting low frequency data to the
power law model. The unfilled polypropylene does not show typical homopolymer-like
low frequency behavior and it may be due to its high molecular weight associated with
long chain branching and high polydispersity index. Still the value of 1.32 for »; indicates
high extent of chain relaxation when compared to LDH filled compositions. While the
presence of small amount of LDH (3 wt %) changes »; significantly, the corresponding
change in G' is not much. This is attributed to the presence of low molecular weight
functionalized polypropylene (PP-g-MAH) as compatibilizer, which lowers the matrix
viscosity. Similar effects have also been observed in case of layered silicate based
polymer nanocomposites containing a functionalized polymer of lower molecular weight
[21]. However, with the further increase of LDH concentration (say beyond 5 wt %), the
both n; and G' at low frequency are changed significantly due to strong influence of LDH
particles on the flow behavior of the melt. It is apparent that with increasing LDH
concentration, G' shows decreasing frequency dependency in the low frequency region
and at very high LDH level (above 7 wt %) a virtually plateau region is reached. This
means that the system develops more and more solid-like behavior with increasing
resistance against relaxation through viscous flow of the polymer chains and segments.
This low frequency non-terminal viscoelastic response observed in PP/LDH
nanocomposites resembles the layered silicate based exfoliated nanocomposites, where
the polymer chain ends are inter-locked at the surface of the highly anisotropic exfoliated
silicate layers [22]. On the contrary, such non-terminal behavior is not observed when the
polymer chains do not interact with the exfoliated clay layers [23-24]. It is suggested that
the adsorption of polymer chain segments on a rigid surface creates an energetic barrier
against the repetition of the polymer chains. As a result, the chain relaxation process is
delayed (increasing the relaxation time) and shifts the terminal behavior to very lower
frequencies. Interaction between LDH clay surfaces with polymer chains through maleic
anhydride groups present in functionalized polymer has been observed. The

morphological analysis of the PP/LDH nanocomposites at different loadings discussed
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earlier and the fracture surface analysis of these nanocomposites show that polymer
chains are indeed adsorbed on the LDH particle surface and are also entrapped within
loose particle clusters [25]. The highly anisometric exfoliated LDH layers remains
randomly dispersed in the matrix and in the vicinity of larger particle agglomerates. With
increasing LDH concentration, the number density of the exfoliated layers increases,
which decreases the average inter-particle distance. This may lead to formation of
localized domains of physical networked structure, where the nanostructured particles
may orient themselves in some preferential direction [26-28]. The shearing in low
frequency region can not generate sufficient force to destroy such structured domain
resulting in fluctuation of individual particles to oscillate with the shear force field. Also,
close proximity and strong particle-particle interaction cause a kind of physical jamming
leading to extremely slow relaxation of the particle phase as well. As a result, this causes
strong reinforcement of the melt producing high elastic modulus compared to unfilled

melt.

Table 5.5: Values of n; in G'~0™ and n; in n*~®™

Sample ny ny
PP 1.32 0.04
PPL1 0.81 0.35
PPL3 0.67 0.48
PPL5 0.50 0.78
PPL7 0.34 0.83
PPL10 0.20 0.89

The variation of complex viscosity (n*) with frequency and LDH concentration is
shown in Figure 5.13. The unfilled PP melt is characterized by a low frequency
Newtonian flow behavior, which transforms to shear thinning characteristic in the high
frequency region. This is typical behavior of unfilled polymeric melts (with only
differences observed in the frequency region at which transition from Newtonian to shear

thinning behavior takes place depending on the molecular weight and the molecular
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architecture). The presence of nanostructured LDH particles in the melt not only
enhances the melt viscosity but also induces shear thinning character in the low
frequency region. The frequency independent viscosity of unfilled melt in the low
frequency region is an indication that the shear force applied in this region is not
sufficient to disentangle the polymer chains and align them in the flow direction. Such
Newtonian behavior at low frequencies or low shear rate is also common in polymer
composites containing non interactive filler particles, even at very high filler
concentration. Like an unfilled melt, these composite melts are also characterized by the
absence of yield stress. However, in case of PP/LDH nanocomposites, completely
different low frequency behavior is observed. Like typical polymer/clay based
nanocomposites, beyond certain critical concentration of LDH, the low frequency
Newtonian behavior changes into a shear thinning behavior. The extent of deviation from
the low-frequency Newtonian flow behavior is measured by a term called shear thinning
exponent (n;) obtained by fitting the low frequency data in Figure 5.13 to the power law
equation:
n*oc o™ 5.3

In case of unfilled PP, the value of n; is expected to be zero. But, polypropylene used in
the present study shows a small negative value (-0.04) of n,. The high molecular weight
and long chain branching are the factors causing this small increase in shear thinning
exponent. In the case of PP/LDH nanocomposites, the negative value of n, increases
significantly at a very small LDH concentration and steadily increases with further

increase in LDH concentration as shown in Figure 5.13.



Chapter 5 Thermal, Mechanical and Rheological Characterization

10 -
Data below this frequency m PP
« arefitted to n*~wn2 ® PPL1
—_ e ¥ PPL3
- ‘\*4 v PPL5
= 1 e A P PPL7
g 1 ‘<<< < PPL10
& 10°y =~ | ‘4 q
b h 1 <<<
= B <
8 __:::ﬁ--!!..."' P
o 47 AT <
a i 'ves <
S ! LTI
2 - o0 o0 o ' < <
% i 00000........ l'
[e] LY ° ° w
© 1024 ®ee

T ——rT —r—TrTrT —r—TTrr
0.1 1 10 100

Frequency (rad/s),

Figure 5.13: Complex viscosity (n*) versus frequency (®) plots for unfilled PP and
PP/LDH nanocomposite melts obtained from a dynamic oscillatory shear experiments.

Recently, Wagner et al. have proposed this shear thinning exponent as a semi-
quantitative measure of degree of exfoliation of the clay particles in polymer/clay
nanocomposites [29]. It is suggested that polymer nanocomposites containing exfoliated
clay particles show much higher value of n, compared to conventional composites, where
clay particles form big agglomerates. They observed no change in low frequency
complex viscosity with temperature of the melt, while high-frequency viscosity decreased
with increasing temperature. However, the similar explanation does not hold for the
PP/LDH nanocomposites and the results are shown in Figure 5.13. The PP/LDH
nanocomposites melts show weaker temperature dependency of the low-frequency
complex viscosity compared to that of the high-frequency complex viscosity indicating
stronger influence of the dispersed particle in the low frequency response. This behavior
is in agreement with the XRD and TEM results of LDH based nanocomposites

qualitatively showing significant enhancement in the degree of exfoliation of LDH

J
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particles with increasing LDH concentration. Therefore, the change in the shear-thinning
exponent as shown in Figure 5.13 is may be due to enhancement of degree of exfoliation.
Rather, the increasing LDH concentration brings about two changes in the system, firstly,
more number of polymer chains/segments get interlocked on the LDH platelets surface or
in the interlayer region. Secondly, the average distance between the dispersed particles is
decreased. These two factors contribute though different mechanisms to the final
properties of the nanocomposites. The interlocking of the polymer chains on LDH
platelets certainly restricts their mobility and hence delays their relaxation process. This
is reflected in so called zero shear viscosity of the melts. In case of unfilled PE and the
nanocomposites containing low amount of LDH, the well defined zero shear viscosity
can be determined (Figure 5.13) by extrapolating the viscosity versus frequency curve to
zero frequency. However, this does not work at high LDH concentration as the complex
viscosity versus frequency curves diverge as frequency approaches zero indicating the
presence of a yield stress value. The formation of network structure (more specifically,
sub network structures due to the formation of structured domains) by the nanostructured
clay particles beyond certain critical filler concentration induces solid-like behavior in the
melt showing high viscosity and elastic modulus. During low-strain and low frequency
oscillatory shearing, matrix mobility is severely restricted by such particulate domain.
However, as the shearing become more intense with increasing frequency or strain, the
network structures start getting disturbed and at sufficiently high frequency or shear rate
they may be completely destroyed with shear induced alignment of the clay particles in
the flow direction. As a result, melt rheology at this stage is solely influenced by the
matrix showing strong temperature dependence. The elastic nature of the melt is also
reduced by such alignment [27]. Additionally, the polymer chains which are entrapped
between particle clusters or constrained by the clay particles through intercalation and
adsorption, experience larger effective strain compared to unconfined chains [30]. This
can lead to enhanced shear thinning behavior of the nanocomposite melts at low shear

rate experienced during low frequency oscillatory measurements [21, 31].



Chapter 5 Thermal, Mechanical and Rheological Characterization

5.5 Gas Barrier Properties

The permeability of a nanocomposite system normally depends on the clay
content, length-to width ratio, relative orientation, and degree of dispersion (intercalated,
exfoliated, or intermediate state) of the nano-layers. In particular, a high length to width
or aspect ratio of the clay lamellae is a key factor in maximizing tortuosity. Because of
its layered crystalline structure and high aspect ratio, layered double hydroxide (LDH)
can be useful in lowering gas permeation when high dispersion is achieved in polymeric
system. The objective of the present investigation is to study the effect of different LDH
loadings on oxygen-barrier properties of PP/LDH nanocomposites. Table 5.6 shows the
oxygen transmission rate (OTR) measurements for various PP/LDH systems, which
indicate that the gradual decrease in gas permeation with addition of LDH to the PP
matrix with optimized compatibilizer is observed. Improvements in the oxygen barrier
properties are obtained for higher concentrations of the LDH, about 35 % reduction in
oxygen permeation is observed in 7 % LDH filled PP in comparison of pristine PP. This
effect can be explained by changes in the arrangement of the LDH platelets and by the
state of the amorphous domains. The insertion of inorganic particles into the
homopolymer matrix is likely to decrease the mobility of the amorphous phase, which in
turn is directly related to the gas diffusivity. Amorphous chains located in the vicinity of
the rigid particles do not entangle with one another and become locally oriented and
strained, thereby hindering the permeation of gas molecules. When the compatibilizer is
included, the polymer— clay interactions become stronger and the stack configuration is
modified, as shown by TEM images. The smaller clay aggregates and individual platelets
are then dispersed in the matrix, increasing tortuosity and induce the partial alignment of
nearby amorphous chains; these combined actions lead to an overall improvement in the
barrier properties. While there is no any significant difference in oxygen permeability
rate is observed for nanocomposites fabricated using LDH comprising different metal

cations as shown in Table 5.6.
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Table 5.6: Oxygen permeability properties of PP/LDH nanocomposites

Sample Oxygen Sample Oxygen
permeability permeability
mL/m’ per day mL/m’ per day

PP 567 +1 PPLA 406 £11

PPL1 53549 PPLB 41113

PPL3 48248 PPLC 402+11

PPL5 403+6 PPLM 440+16

PPL7 365+5

PPL10 385+5

Moreover, from these values it is clear that the PP/LDH nanocomposites have
lower OTR values than PP/OMMt nanocomposites indicating PP/LDH nanocomposites
have lower oxygen permeability. This may be due to higher aspect ratio of LDH clay

over OMMt clay, after uniform dispersion resulting in high tortuosity in nanocomposites.

5.6 Flame Retardancy

The effect of LDH type nanofillers as a flame retardant in PP was investigated by
LOI. The LOI value is merely expressed as a number indicating the minimum percentage
of oxygen required for self-sustained combustion of a polymeric material, this test
method can also be used to analyze how the materials burn at oxygen concentration
corresponding to LOI value and also close (from lower side) to it. During the LOI test
measurements, flame propagates vertically downwards along the burning test specimen.
The propagation first takes place through the surface layer and then finally reaches the
core of the sample. The values of limited oxygen indices for PP nanocomposites based on
LDH containing different metal cations are shown in Figure 5.14. In this test, the
minimum amount of required oxygen to stabilize the flame of the samples is reported; the
higher the LOI value is, the higher the resistance to flammability will be. Obviously, the

LOI values of different PP/LDH nanocomposites increased to different extents in the
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range of 17.6 to 22.5, because better dispersion of LDH nano-layers in the PP matrix and
layer of metal oxide formed made flame retardant sample more difficult to ignite and
consequently needed a higher oxygen concentration to support burning of the samples.
The LOI value of PP is 17.6% that indicates relatively high flammability. The addition of
small amount of LDH (PPL5) results in small change in the LOI value. In addition, small
variation in LOI values was also observed for depending on interlayer metal cations.
Incorporation of higher amount LDH into PP increases LOI value up to 22.5% for
PPLCI10 and the order of flame retardant is found to be decreased in following order
PPLC10>PPLB10>PPLA10. Since the LOI value is higher than 21 %, the PPM10 sample
is also classified as a material with average flammability. The higher LOI of PPLC10
reduces the activity of free radicals and makes them inactive. Thus, a higher amount of
oxygen will be needed to stabilize the flame. The basic difference between burning of
unfilled PP and PP/LDH nanocomposites is that in case of former no char/burn residue is
formed. Consequently, a reinforced charred structure is formed. The produced structure
acts as an insulator and both the heat transfer flux to the underneath layers and
volatilization of gaseous products into the gas phase reduces. Sufficient heat energy from
the flame-front must be conducted through the char layer to the melt region for sustaining
the burning process. Thus, the char layer acts as a physical barrier against the propagation
of the flame downward along the LOI sample. At low LDH concentration (PPL5), the
amount of char layer is formed and hence its thickness on the burning surface is very
small. As a result, the char can not provide efficient barrier effect and the test piece burns
quite easily at similar oxygen concentration as that for unfilled PP. With the increasing
LDH concentration, both thickness of the char layer and the endothermic decomposition
contribution of the clay increases. This makes the self-sustained burning of the sample
more and more difficult at low oxygen concentration, thus increasing the LOI value with
LDH concentration. At low LDH concentration, the viscosity of melt is not sufficient to
hold the residue on the vertically placed test specimen. As a result, it falls down and a
fresh unburnt surface is continuously exposed to flame resulting in spontaneous burning

of the test specimen at relatively lower oxygen concentration.
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Figure 5.14: Limited oxygen index (LOI) of PP/LDH nanocomposites

However, at higher LDH concentration, the high viscosity of the melt prevents the
easy slippage of the char layer from the sample stock. Therefore, the melt viscosity plays
an important role in determining the LOI value of the PP/LDH nanocomposites. In fact,
this is also true for the conventional polyolefin/metal hydroxide type flame-retardant
composites. The PP/LDH nanocomposites posses higher LOI values then PP/OMMt
nanocomposites. Such behavior may be due to the endothermic decomposition of the
LDH particles as it reduces the supply of heat for the combustion process. As a result,
more oxygen is required to sustain the flame, i.e. the LOI value increases. While burning
at oxygen concentration lower than that indicated by the LOI value of the respective
nanocomposite sample, the test piece though catches the flame, but the flame is
extinguished. Conversely in PP/OMMt nanocomposites the relatively less stable silicate
char is formed. Hence, PP/LDH nanocomposites show higher flame retardancy in

comparison to PP/OMMt nanocomposites.
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5.7 Conclusions

Based on this research devoted to study the thermal, mechanical, rheological, gas
barrier and flammability properties of an LDH reinforced PP; the following conclusions
can be drawn:

The TGA analysis showed that the incorporation of the LDH which is in a platelet
form resulted in a significant improvement in the initial thermal stability of PP. Presence
of LDH causes distinct changes in the thermal decomposition behavior in comparison to
the unfilled PP. The thermal degradation temperature tended to increase as the interaction
between the LDH and polypropylene matrix was improved via organic modification and
PP-g-MAH compatibilization. LDH reinforcement significantly enhances the thermal
stability of the composites. The onset of decomposition Ty ; is delayed significantly by
the addition of LDH. Tyso also increases with LDH concentration. Two step
decomposition was observed under air in contrast to the single step in N,. These results
show that the PP/LDH hybrid posses remarkable enhanced thermal properties. DMTA
measurements reveal that the addition of LDH can contribute to the reinforcement effect
by increasing the elastic modulus £'. This indicates that the plastic and elastic responses
of PP towards deformation are strongly influenced by the presence of LDH. The
nanocomposites achieve the significant reinforcement level with the modulus
improvement of about 40% at a high LDH content (7-10 wt%) and temperatures below
Ts. Such tendency is conversely well maintained at a low LDH content (< 5 wt%) in the
rubbery plateau. The glass transition temperatures (7g) of most nanocomposites are
increased compared to that of the corresponding neat PP, implying that these
nanocomposites benefit from the intercalation structures which restrict the mobility of PP
molecular chains. The thermal analysis results showed that the crystallization temperature
of neat polypropylene was increased due to the nucleation effect of LDH in the
nanocomposite structure. An increase about 8°C was recorded in 10 wt.% LDH /PP-g-
MAH/PP nanocomposite. On the other hand, no significant effect on melting temperature
was observed by LDH loading. Moreover, the crystallinity of LDH is found to increase
with addition of LDH, which implies the positive nucleating effect on crystallinity of PP.
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In mechanical properties, both the tensile strength and the modulus increases with
LDH content, while the rate of increase at higher loading is less pronounced. About 27.5
% and 35 % increase in average modulus and tensile strength for 7 wt. % PP/LDH hybrid
is observed, similar trend is observed in flexural properties. The improvement in modulus
and strength parameters is due to the PP-g-MAH to be associated with the functionality
of the LDH which promotes the interaction between the LDH and PP matrix. Stiffness
gradually increases from 1 wt. % to 7 wt. % with a decrease occurring for 10 wt. %
specimens. The study also shown that the impact strength and tensile elongation at break
of PP nanocomposites decrease steadily as the LDH content increased from 0 to 10 wt.
%.

The melt rheological analysis of PP/LDH nanocomposite shows flow behavior
typical of polymer/layered silicate nanocomposites. This was not only helpful to
understand the flow behavior of the composite melts under different shearing conditions,
but was also useful in understanding the nature of LDH particle dispersion and possible
filler-filler and filler-polymer interaction in the nanocomposites. The dynamic oscillatory
shearing in linear viscoelastic regime reveals that with increasing LDH concentration, the
nanocomposite melts progressively deviate from the low-frequency Newtonian behavior
to a strong shear thinning behavior. Also the pseudo-solid like behavior becomes more
and more prominent with the appearance of apparent yield stress. Such deviation in the
low frequency flow behavior is caused by the dispersed LDH particles and their physical
networked structures, which creates an energy barrier against the relaxation of the
polymer chains. This also gives indirect evidence that polymer chains are interlocked on
the LDH particle surface or within clusters. The morphological analysis shows that the
dispersed LDH particles form physically associated structures in different scales. As a
result, the response of these nanocomposite melts during shearing in non-linear regime
differs significantly from that of the unfilled PP melt. It is observed that steady shearing
causes breakdown of the filler structures until a steady state is reached. This is manifested
in the form of stress overshoot at the start-up flows during steady shear. Such behavior is
also observed in unfilled PP melt, but the time scale and magnitude of stress overshoot

differ drastically from the nanocomposites.
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The incorporation well dispersed LDH into PP shows improved oxygen barrier
properties. Moreover, the PP/LDH nanocomposites exhibits fairly better barrier
performance than PP/ OMMt nanocomposites. While there is no any significant
difference in oxygen permeability rate is observed for nanocomposites fabricated using
LDH comprising different metal cations. The flammability studies of the PP/LDH
nanocomposites showed improved flame retardancy in comparison to the unfilled PP.
The LOI value was progressively improved with increasing LDH concentration. PP/LDH
nanocomposites show higher LOI in comparison to PP/OMMLt. For different LDH, LOI
increases in the following order Zn,Al-LDH > ZnMgAIl-LDH > Mg,Al-LDH. The results
indicate that the LDH act as effective flame retardant for PP.

The improvements obtained in PP/LDH nanocomposite structure and properties
can make this commercial thermoplastic polymer more suitable for automotive,

construction and packaging applications.
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Chapter 6

CRYSTALLIZATION BEHAVIOR AND KINETIC STUDY

“If I have seen further it is by standing on the shoulders of giants”

—~Sir Isaac Newton

((Sunil P. Lonkar, S. Morlat-Therias, F. Leroux, J-L. Gardette, R.P. Singh, “Preparation and
Nonisothermal Crystallization Behavior of Polypropylene/Layered Double Hydroxide
Nanocomposites”, Polymer, 50 (2009), p. 1505-1515.

Sunil P. Lonkar and R.P. Singh, “Isothermal Crystallization and Melting Behavior of
Polypropylene/Layered Double Hydroxide Nanocomposites”, Thermochimica Acta, 491
(2009), p.63-70.
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6.1 Introduction
Polymer crystallinity is one of the important properties of all polymers. Polymer

exists both in crystalline and amorphous form. Figure 6.1, shows the arrangement of
polymer chain forming crystalline and amorphous regions [1]. It can be seen that part of
molecules are arranged in regular order, these regions are called crystalline regions. In
between these ordered regions, molecules are arranged in random disorganized state and
these are called amorphous regions. The study of crystallization phenomena is of great
importance in polymer processing. In particular, the study of crystallization kinetics of
polymers as a function of the processing conditions, from a macro-kinetic point of view,
is very important for the analysis and design of processing operations. On the other hand,
physical properties of polymeric materials such as hardness, modulus, tensile, stiffness
and melting point etc. are strongly depend on their microstructure and crystallinity, since
it is at this microscopic level where failure of the materials takes place. Polypropylene
(PP) is semicrstalline polymer and is well known that the physical and mechanical
properties of semicrystalline PP depend on the morphology and structure of the crystal
and on degree of crystallization. Also, the final properties of PP based composites in

engineering applications are critically dependent on the extent of crystallinity which in

(V)]

(V)]



turn depends on the processing conditions. The study of the kinetics of crystallization is
necessary for optimizing industrial process conditions and establishing the structure-
property correlations in polymer nanocomposites [2]. The crystallization process consists
of two steps such as nucleation and growth. When the nucleation occurs spontaneously
only due to the supercooling and no second phase or
other nuclei exists, such type of nucleation called as homogeneous nucleation. While in
presence of any other second phase such as foreign particle or surface from the same
polymer nuclei/crystal, then the nucleation is referred as heterogeneous nucleation. The
nucleation, growth and kinetics of development of these crystalline regions are of both
profound fundamental and pragmatic interest. These characteristics are directly linked to
understanding of the morphological details of crystalline regions. Crystallization of long
chain flexible molecules of sufficient structural regularity is widely observed for a large
number of polymers.

The crystallization ability of the polypropylenes and isothermal and non-
isothermal crystallization kinetics in presence of different fillers have been extensively
reported in the literature [3-8]. It has been found that the degree of crystallinity, crystal
size, and shape morphology and crystallization kinetics of the polypropylene matrix is
strongly affected by the presence of nano-scale particulates. Recently, Chen et al. [9]
calorimetrically studied the isothermal crystallization behavior of PP/polyhedral
oligomeric silsesquioxane (POSS) nanocomposites and found that POSS nanoparticles
could accelerate the overall crystallization of PP and suggested a three-dimensional
growth with heterogeneous nucleation. Maiti et al. [6] investigated how crystallization
controls the fine structure and morphology of the PP/clay nanocomposites. They
concluded that the clay platelets act as a nucleating agent and lower the size of the PP
spherulites. To our knowledge, only few articles report the use of such inorganic/organic
(I/0) LDH/surfactant assemblies as filler for polymers and their effect on the iso or non-
isothermal crystallization behavior and the subsequent effect on changes of the
microstructural parameters [10-12]. However, there was no literature on studies of LDH
induced crystallization and melting behavior of polypropylene.

The prime objective of this research is to investigate the influence of LDH type

nanometric anionic clays, organo-modified by surfactant molecules as filler on the
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crystallization behavior of PP in PP/LDH hybrid nanocomposites. A special focus will be
on the ability of these materials to crystallize from the melt. Morphology development
and melting behavior of PP/LDH hybrids, with respect to the recrystallization from
various melt conditions will be discussed. Crystallization kinetics of such melt
processable hybrids is extremely important from both a practical and fundamental
standpoint and results in the literature will be discussed in this regard. The data obtained
from differential scanning calorimetry were employed for measuring crystallization
kinetic parameters and subsequent melting. The crystallization kinetics was achieved by
confronting different models, namely Ozawa, Avrami and Liu et al. Another important
feature frequently exhibited by these polymers is the multiple melting behavior. Melting
behaviors following the isothermal crystallization process were also discussed. The
possible explanations of this phenomenon put forward in the literature will be
highlighted. The spherulitic growth rate and the effective energy barrier of iso/non-
isothermal crystallization were explained by an isoconversional approach. The spherulitic
growth rate was used to obtain data on the specific surface free energies for the PP and
all nanocomposites. The microcrystalline dimensions (Dyy) of crystal growth and
spherulitic morphology were investigated by WAXD and optical polarising microscopy
(POM), respectively.
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Figure 6.1: A polymer crystalline spherulite
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6.2 Nonisothermal Crystallization Behavior and Kinetics

A study of non-isothermal crystallization of polymer nanocomposites is of
pragmatic significance because in processing, crystallization occurs under non-isothermal
conditions. It has been reported that the nanoscale clay layers bring about significant
changes in the crystallization behavior and polymorphic nature in semicrystalline
polymers. The crystallization behavior of PP and PP/LDH nanocomposites was studied at
cooling rates (a) between 2.5 and 20 'C/min. Figure 6.2 (a), shows typical nonisothermal
crystallization thermograms of polymer. From these curves, some useful parameters for

the nonisothermal crystallization analysis, such as the onset temperature of crystallization

(T,), the crystallization temperatures, €.g. the exothermic peak maxima (7)) and the end

temperature of crystallization (7',) can be obtained.

1
AH,
7
T, | N T,

Endo — Heat Flow . Exo

Temperature (°C)

Figure 6.2: A typical a) non-isothermal crystallization curves, heating (lower curve) and
cooling (upper curve)
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Figure 6.3 (a-d), shows typical nonisothermal crystallization thermograms of PP

and PP/LDH nanocomposites. The various crystallization parameters obtained from these
curves e.g crystallization temperature (7,) and the percent crystallinity (X.) etc. of the PP
phase are listed in Table 6.1 The enthalpy of crystallization (AH,.) has also been

calculated from the enthalpy of crystallization normalized to the PP content, assuming

that the thermodynamic contribution of the LDH phase is negligible. The percent

crystallinity (X.) of pure PP and the PP nanocomposites was determined by Eq.6.1, where

the value of the heat of crystallinity of pure crystalline PP (AH CO) was assumed to be

146.5 J/g. [13]

x =8 00 (6.1)

< AH®

From DSC thermograms [Figure 6.3 (a-d) and Table 6.1] at various cooling
rates (2.5, 5, 10 and 20 'C), it is clear that the crystallization peak temperature, for
nanocomposites are higher than those of pure PP and decreases with increasing cooling
rates. The faster the cooling rate, the lower the temperature range at which the
crystallization occurs. At a slower cooling rate, there is sufficient time to activate nuclei;
therefore, the crystallization can occur at a higher temperature [7]. For example, the
crystallization temperature of PP increased by 15 C in presence of LDH nano particles
whereas decreased when the cooling rate was increased.

The plots, which show the variation of the peak temperature with cooling rates,
for the PP/LDH nanocomposites are shown in Figure 6.4. It is obvious that the peak
temperature at a given cooling rate increases with increasing LDH content, this
phenomenon can be explained by the heterogeneous nucleation effect of Mg,Al-DDS
LDH nanoparticles on PP macromolecular segments which can be easily attached to the
surface of the Mg,Al-DDS LDH, which leads to the crystallization of PP to occur at a

higher crystallization temperature.
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Table 6.1 Crystallization temperature and maximum percent crystallinity of PP /LDH

nanocomposites for cooling rates of 2.5, 5, 10 and 20 "C/min.

2.5 'C/min 5 “C/min 10 'C/min 20 'C/min
Sample  7.(C) X.% T,(C) X% T,(C) X.% T,(C) X%
PP 119.60 66 11633 67 11381 66 110.15 62
PPL1 132.74 63 129.18 64 12516 66 12132 67
PPL3 134.44 65 13075 69 12685 68 12285 66
PPL5 135.24 67 131.89 64 12817 65 12385 66
135{ ¥ Wi
\ —e— PPL1
i '\ —A—PPL2
130 - \\ —v— PPL3
[ J
\A
125_ .\
§ \
=120 .\
115 -
\.\
110 - .

T LU LR R A RN S R R BN R R
6 8 10 12 14 16 18 20 22

a (°C/min)

Figure 6.4: Crystallization peak temperature versus cooling rate for PP and PP/LDH

nanocomposites.
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6.2.1 Nonisothermal Crystallization Kinetics
In order to further analyze the nonisothermal crystallization process, the

crystallization kinetics of PP and PP/LDH nanocomposites is compared. From dynamic

crystallization experiments, data from the crystallization exotherms as a function of
temperature; dH./dT can be obtained, for each cooling rate.

The relative degree of crystallinity as a function of temperature, X7, can be calculated
according to the equation following equation:

[ a1, raryar
X — 0

T~ (T,
jT (dH_/dT)dT

(6.2)

where, T, and T,, are the temperature at which crystallization starts and ends, and dH./dT
is the heat flow rate. The development of relative degree of crystallinity X7 as a function

of temperature, 7, for PP and its nanocomposites at various cooling rates is shown in

rate on crystallization is observed.

Figure 6.5. The plots of X7 versus 7 for PP and PP/LDH nanocomposites are similar and
all these curves have the same sigmoidal shape, implying that only a lag effect of cooling
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Figure 6.5: The relative degree of crystallinity with temperature for the crystallization of
(a) PP and (b) PPL5 at different cooling rates.

In nonisothermal crystallization, the temperature can be related to crystallization
time scale by using the following equation:

(1,1

(24

(6.3)
(where, T}, is the onset temperature at a crystallization time ¢ = 0, 7), is the temperature at

crystallization time ¢, and o is the cooling rate). The results show that the higher the

Figure 6.6.

cooling rate, the shorter the time for completing crystallization. According to Eq.6.3 the
value of 7 on the X-axis can be transposed into the crystallization time (f) as shown in
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Figure 6.6: The relative degree of crystallinity with time for the crystallization of (a) PP

and (b) PPL5 at different cooling rates.
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The half crystallization time (#,) is defined as the half period (i.e 50 %
crystallization), from the onset of crystallization and the end of crystallization. The ¢ and
t12 values for PP and its nanocomposites can be obtained from Figure 6.8, and the results
are listed in Table 6.2. It is apparent that the value of ¢, decreases with increasing
cooling rate. Moreover, at a given cooling rate, the #,, value for PP/LDH nanocomposites
is lower than that for PP and even decrease with increasing LDH content. These results
signify that addition of Mg, Al-DDS LDH particles could act as heterogeneous nucleating
agents to facilitate the overall crystallization process. Such a similar trend was observed

in the case of PHB/LDH nanocomposite [10].

Table 6.2: Non-isothermal crystallization parameters T, T, ¢ and f;, for PP and its
nanocomposites at various cooling rates.

Sample @ ('C/min) T, ( ‘c)y t (min) T, ( C) t2 (min)
PP 2.5 119.60 1.59 123.58 2.10
5 116.33 0.818 120.42 1.03
10 113.81 0.359 117.40 0.57
20 110.15 0.1875 113.92 0.41
PPL1 2.5 132.74 1.7 136.99 1.82
5 129.18 1.018 134.27 0.89
10 125.16 0.538 130.54 0.54
20 121.32 0.237 126.06 0.34
PPL3 2.5 134.44 1.572 138.37 1.55
5 130.75 0.806 134.78 0.81
10 126.85 0.424 131.09 0.50
20 122.85 0.225 127.30 0.33
PPL5 2.5 135.24 1.54 139.09 1.37
5 131.89 0.602 134.90 0.78
10 128.17 0.308 131.35 0.48

20 123.85 0.167 127.59 0.30
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In order to understand fully, the evolution of crystallinity during the
nonisothermal crystallization, the Ozawa, the Avrami and the Liu model (modified
Avrami-Ozawa method) were employed to analyze the nonisothermal crystallization

kinetics of PP and its nanocomposites.

6.2.1.1 Nonisothermal Crystallization Kinetics by Using the Ozawa Model

According to Ozawa theory [14], the non-isothermal crystallization process is a
result of infinitesimally small isothermal crystallization steps. According to this model,
the degree of conversion at temperature 7, X7, can be written as a function of cooling

rate:
1-X, =exp(-K(T)/a™) (6.4)
where, K(T) is the function of cooling crystallization, a is the cooling rate and m is the

Ozawa exponent that depends on the dimension of crystal growth. The double

logarithmic form of Eq. 6.4:
In[-In(l-X;)=mK(T)-mha (6.5)

A plot of In[-In (1-X7)] versus In o at a given temperature should result in a straight line
if the Ozawa method is valid. The kinetic parameters, m and K(7) can be obtained from
the slope and the intercept, respectively. Ozawa plots for dynamic crystallization of the
PP and PPLS are shown in Figure 6.7. The curves in the plot of PP show better linear
relationship but PP nanocomposite containing 5% LDH deviates from linearity and an
increase in curvature was observed. These results shows that PP/OMMT nanocomposites
can be analyzed by the Ozawa method which is in agreement with previously reported
[15] but the nanocomposite, PP/LDH cannot be fit by Ozawa Model. The reason for this
difference is that, Ozawa in his approach ignored secondary crystallization, dependence
of the fold length on temperature [16] and also the constant value of cooling function over
the entire crystallization process [17]. Thus, the Ozawa method was found to be

inapplicable for the nonisothermal kinetic modelling of PP/LDH nanocomposites.
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Figure 6.7: Ozawa plots of In[-In(1-X?)] versus In a during nonisothermal crystallization

process: (a) PP and (b) PPL5 nanocomposite.

6.2.1.2 Nonisothermal Crystallization Kinetics by Using Avrami Model

Generally isothermal crystallization kinetics is explained by Avrami equation [18]
but the Eq. (6.6), was also adopted as an alternative approach [19], according to which
the equivalent time dependent crystallinity X, can be expressed as,

X, =1-exp(-Z,t") (6.6)
Where X, is relative degree of crystallinity at crystallization time ¢, n is the Avrami
exponent and Z; is the crystallization rate constant involving both nucleation and growth
rate parameters. As before Eq.6 can be liberalized in its double logarithmic form to give
Eq.6.7.
In[-Inl-X;)=InZ, + nint (6.7)

By fitting the experimental data to Eq.6.7, the values of n and Z, can be obtained from the
slope and intercept of the plots of In[-In (1-X;)] versus In ¢ for each cooling rate as shown
in Figure 6.8. From this figure it can be seen that the straight lines are obtained in each
cooling rate. It should be taken into account that in nonisothermal crystallization, Z; and n
do not have same physical significance as in isothermal crystallization because under
nonisothermal crystallization, the temperature changes constantly. Since the rate of

nonisothermal crystallization depends on the cooling rate, Jeziorny [20], suggested that
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the rate parameter Z; should be corrected for the influence of cooling rate a of the
polymer. The parameters characterizing the kinetics of nonisothermal crystallization was
given as follows:

InZ, =InZ,/a (6.8)
The results obtained from the Avrami plots and the Jeziorny methods are listed in Table

6.3.
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Figure 6.8: Avrami plots of In[-In (1-X; )] versus In ¢ for nonisothermal crystallization
process for (a) PP and (b) PPL5 nanocomposite.

The Avrami exponent is known to be influenced by the molecular weight,
nucleation type, and secondary crystallization, and in general, not much influenced by the
temperature. The values of the Avrami exponent for PP-LDH nanocomposites are higher
(varied from 1.9 to 2.9) than that for pure PP (varied from 1.6 to 2.8) for given cooling
rate, indicating that LDH nano-layers act as nucleating agents and governs a typical
heterogeneous nucleation mechanism in the crystallization kinetics of PP-LDH
nanocomposites. The Z. values of the PP-LDH nanocomposites are, as expected, higher
than that of the pure PP as the same cooling rate, showing that incorporation of nano
LDH could crystallize PP at quicker rate. These results are similar to other 2D reinforcing

PP nanocomposites [7, 21].
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Table 6.3: Nonsiothermal crystallization parameters obtained by Avrami and Jeziorny
methods

Sample a (‘C/min) In Z, Z. n
PP 2.5 0.84 2.52 2.82
5 1.48 2.40 2.62
10 1.72 1.74 1.92
20 2.18 1.55 1.62
PPL1 2.5 0.85 2.55 2.81
5 1.48 2.41 2.09
10 1.77 1.79 1.87
20 2.14 1.52 1.62
PPL3 2.5 0.87 2.61 2.85
5 1.52 2.50 2.28
10 1.67 1.70 1.93
20 2.16 1.54 1.70
PPL5 2.5 1.01 2.99 2.95
5 1.63 2.78 2.95
10 1.83 1.86 2.06

20 2.12 1.58 1.96
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6.2.1.3 Nonisothermal Crystallization Kinetics by Liu Model (Modified Avrami—
Ozawa Models)

Liu and coworkers [22] developed a method by combining the Ozawa and Avrami
equations to describe the nonisothermal crystallization kinetics which is applicable in
many nanocomposites systems [7, 23]. Therefore, the corresponding kinetic equation was
used here to study the nonisothermal crystallization behavior of the PP-LDH
nanocomposites. As the degree of crystallinity was related to the cooling rate a and the
crystallization time ¢ (or temperature 7), the relation between a and ¢ could be defined for
a given degree of crystallinity. Consequently, using equation (6.3) and combining
equations (6.5) and (6.7), a new kinetic model is derived for nonisothermal

crystallization:
InZ, +nlnt=K(T)-mh«a (6.9)
At given crystallinity X;, Eq.6.9 can be rearranged to

Ina=InF(T)—alnt (6.10)
where, F(T)=[K(T)/ Zt]l/ " refers to the value of cooling rate that must be selected

within a unit of crystallization time when the measured systems reaches a certain degree
of crystallinity; and a is the ratio of Avrami exponent n to Ozawa exponent (m) that is
n/m. It can be seen that F(7) has a definite physical and practical meaning. Indeed,
according to eq.6.10, at a given degree of crystallinity, plotting In a versus In ¢ should
yield a linear relationship. The kinetic parameters F(7) and a are determined from the
intercept and slope of the lines, respectively. Plots of In a vs In ¢ at various degree of
crystallinity for PP and PP/LDH nanocomposites are presented in Figure 6.9. It can be
seen that these plots show good linearity, which verifies the advantage of the combined
approach applied in this case. The values for @ and F(7) are listed in Table 4. The value
of a varies from 1.08 to 1.19 for pure PP and from 1.10 to 1.25 for PP/LDH
nanocomposites. Almost all a values of neat PP are lower than those of its
nanocomposites at the same relative degree of crystallinity. This phenomenon is similar

to the earlier reports of PP/Si0, [24], PP/clay [25] and PP/CNT [3].
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(b)

1.0

Figure 6.9: Plots of In a versus In t during the nonisothermal crystallization process

for (a) PP and (b) PPL5 nanocomposite.
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The values of F(7) systematically increase with increasing relative degree of
crystallinity and are lower in the presence of nano-scale reinforcement as reported for
other nano-scale reinforcements [3-4, 8, 24-25,] which indicates that PP/LDH

nanocomposites crystallize at a faster rate than PP.

Table 6.4 Kinetic parameters for the PP and PP-LDH nanocomposites at different
relative degrees of crystallinity by Liu method.

Sample X¢ (%) a F(T)
PP 20 1.08 4.71
40 1.06 6.55

60 1.12 8.41

80 1.19 11.47

PPL1 20 1.10 4.52
40 1.13 6.11

60 1.12 8.15

80 1.17 11.03

PPL3 20 1.12 3.85
40 1.13 5.63

60 1.19 6.87

80 1.23 10.74

PPLS5 20 1.12 3.52
40 1.15 4.75

60 1.24 7.24

80 1.25 10.48
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6.2.2 Nucleation Activity

Dobreva and Gutzow [26] suggested a simple method for calculating the
nucleation activity of foreign substrates in a polymer melt. Nucleation activity (®) is a
factor by which the work of three-dimensional nucleation decreases with the addition of a
foreign substrate. If the foreign substrate is extremely active, w approaches 0 while for

inert particles @ approaches 1. The nucleation activity is calculated from the ratio:

%
o= 6.11
B
The parameter B can be experimentally obtained from crystallization experiences through

the following relationship proposed by Dobreva and Gutzow:

log.g()t:const—L2 6.12
2.303AT

where ¢ is the crystallisation rate, AT is the undercooling (Ty- T¢), T the polymer
melting temperature and T, the crystallisation peak temperature. In Eq. (2) B’ represent
the value of B when the polymer crystallizes in presence of a nucleation substrate, and B
when there is no nucleation agent. The value of ® can vary from 1 to 0. It decreases as
the nucleation activity increases. The approach was successfully applied to evaluate

nucleating rate differences of PP containing different mineral fillers [27-31].

From the definition of B, the polymer crystal surface energy (o) can be estimated:

16 t6°V?
B=————m_ 6.13
3nkTmASm

and the lamella thickness (L), from the variant of the Gibbs-Thomson equation for a

crystal of large lateral dimensions and finite thickness:
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0 20
T =7"|1-—S- 6.13
m.m LAH
m
In the above equations, k is the Boltzman’s constant, T, the PP melting
temperature, AH,, the PP melting enthalpy and o. the specific surface energy. The
polypropylene molar volume (V,,) can be taken equal to 28 cm® mol™, the molar entropy

(AS,,) 24.2 JK'', the Avrami exponent n=3, and the melting temperature at equilibrium

(Tp") 479 K [29].
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Figure 6.10: Plot of log a vs. 1/ AT* for PP and PP/LDH nanocomposites.

The slopes, B* and B of linear plots of log ¢ vs 1/AT® (Figure 6.10) are used to
determine ®. The values of nucleating activity calculated are 0.83, 0.75, and 0.69 for
PPL1, PPL3, and PPL5 nanocomposites, respectively. This result shows that
organomodified LDH is an effective nucleating agent for polypropylene. The LDH layers
are the active substrates for the heterogeneous nucleation. With the presence of the active

substrates, the free energy opposing primary nucleation can be decreased.
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6.2.3 Effective Activation Energies for Nonisothermal Crystal Growth
Apart from the aforementioned macroscopic kinetic models, it is also interesting
to evaluate the effective activation energy AE for a non-isothermal crystallization
process. Considering the variation of the peak temperature with the cooling rate a, several
mathematical procedures have been proposed in literature for the calculation of AE [32,
33]. Among them Kissinger’s method [34] was one of the most popular approach of
evaluating effective activation energy of non-isothermal crystallization:
d[in(a/T})] AE
d (1/ T,) R

6.14

Values of the effective activation energy were calculated using the Kissinger’s method

for all nanocomposites listed in Table 6.5., with the data obtained from the plot of (a)
ln(a/ T pz ) versus 1/ T, and (b) In(a)versus 1/ T, by multiplying the slope by gas

constant R as shown in Figure.6.11 which are approximately linear.

The results show that the activation energy is strongly dependent on the LDH
content. In Kissinger approach, it is observed that the activation energy of PP is 314.2
kJ/mol, which drastically decreases with the presence of 1 wt% LDH (PPL1) in PP/LDH
nanocomposites (259.3 kJ/mol) and then increases with increasing LDH content (268.3
kJ/mol for 3 wt% LDH (PPL3) and 297.9 kJ/mol for 5 wt% LDH (PPL5) in PP/LDH
nanocomposites. These results indicate that the addition of 1 wt% LDH into PP probably
induces the heterogeneous nucleation (lower AE). The addition of more LDH into the PP
matrix causes more heterogeneous nucleation, which is expected to produce a lower AE
but the addition of more LDH also reduces the transportation ability of polymer chains
and prevents the PP macromolecule segment from rearranging, and as a result, increases

the activation energy during crystallization process.
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Figure 6.11: Determination of crystallization activation energy AE for PP and PP/LDH

nanocomposites based on Kissinger approach

Recently, a major concern has been raised for the use of these procedures in
obtaining AE, since they have been formulated for heating experiments (i.e., positive
values of a). Vyazovkin [35] has demonstrated that dropping the negative sign for a is a
mathematically invalid procedure that generally makes the Kissinger equation
inapplicable to the processes that occur on cooling. Moreover, the use of this invalid
procedure may result in erroneous values of the effective energy barrier, AE. The use of
multiple heating rate methods such as isoconversion methods is recommended. An
isoconversion method can in principle be applied to non-isothermal crystallisations for
evaluating the dependence of the effective activation energy on conversion and
temperature. Such dependencies have been quite helpful in detecting and elucidating
complex kinetics in polymeric systems. The more popular representatives of these
methods are the advanced isoconversion method of Vyazovkin and Sbirrazzuoli [36] and
the differential isoconversion methods of Friedman, Flynn and Wall, and Ozawa [14, 37-

38]. However, the latter is likely to be inapplicable to melt crystallisation because it
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requires calculation of the logarithm of the heating rate, which is negative for a cooling
process. Therefore, the differential isoconversion method of Friedman [37] and the
advanced integral isoconversion method of Vyazovkin [39] are the most appropriate. In
this investigation, the method of Friedman was used. According to the differential
isoconversion method of Friedman, different effective activation energies are calculated
for every degree of crystallinity from:

The Friedman equation is expressed as:

In(dX / dt) , =Constant — ]AaEX (6.15)

X
where, dX/d¢ is the instantaneous crystallization rate as a function of time at a given
conversion X . According to this method, the X; function obtained from the integration of
the experimentally measured crystallization rate is initially differentiated with respect to
time to obtain the instantaneous crystallization rate, dX/ds. Furthermore, by selecting
appropriate degrees of crystallinity (i.e. from 2 to 98%) the values of dX/d¢ at a specific X
are correlated to the corresponding crystallization temperature at this X, i.e. Tx. Then, by
plotting the left hand side of Eq.13 with respect to 1/7} a straight line must be obtained
with a slope equal to AEx/R. Plots of In(dX/df) versus 1/Tx at different relative
crystallinity are obtained as a straight lines, permitting thus, the calculation of the
effective energy barrier at different degrees of crystallinity. The correlation coefficient
obtained were always greater than 0.980.

Furthermore, the dependence of the effective activation energy on the context of
relative crystallization of the PP and PP/LDH nanocomposites is presented in Figure
6.12 (a). As it can be seen, AFE is strongly dependant on the LDH content and increases
with the increase in relative degree of crystallinity for all nanocomposites and neat PP at
X > 20%. In all the cases, AE takes great negative values at lower extent of conversion
that corresponds to temperature closer to the melting point. For the nanocomposites, it is
observed that 1% LDH show lower values of AE and then increases with increasing LDH
content. These results indicate that the addition of 1% LDH in to PP causes more
heterogeneous nucleation (lower AE). The addition of more LDH expected to cause more
heterogeneous nucleation but higher the content of LDH also reduces transportation

ability of polymer chains and prevents the PP macromolecule segment from rearranging,
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and as a result, increases the AE during crystallization process. Accordingly, the addition
of LDH may accelerate the overall nonisothermal crystallization process of PP.

Furthermore, according to recent reports, the effective activation energy barrier can be
plotted as a function of temperature by taking an average temperature associated with
certain o value [40], such plots can be seen in Figure.6.12 (b). It can also be seen, again
at given crystallization temperature, the 1% LDH nanocomposite exhibits lower value of
the effective activation energy while the 5% LDH shows higher AE. The values of AE
were negative, indicating that the rate of crystallization increased with decreasing
temperatures. The absolute value of AE for 5% nanocomposites were higher than that of
PP, which revealed that polypropylene segments require more energy to rearrange in
presence of LDH, since LDH nano layers might hinder the mobility of chain segments.
These plots also can be used in evaluating Lauritzen-Hoffman parameters, K, and U
The temperature dependence of the effective activation energy is defined as:
T’ © RTmz—Tz—TmT

Ea(T):U*—2+ ¢ 5
(Tr-T,) (r,-7)T

(6.16)

By performing the non-linear curve fitting based on Levenberg-Marquardt
method [54,55] to the experimental data, the parameter K, can be evaluated. The
estimated values of K, are listed in Table 6.5. and found linearly decrease with LDH %.
The values of K, are found to be close to those reported for isothermal crystallization and
are used for determination of surface free energy by using Eq.12. Herewith,
isconversional method has been successfully employed for non-isothermal crystallization

behavior of PP/LDH nanocomposites.
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Figure 6.12. Dependence of the effective activation energy on the extent of a) relative
crystallization b) average temperature (isoconversional analysis) for the PP and PP/LDH

nanocomposites.
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Table 6.5 Interfacial free energies (o.) and kinetic parameter (K) under different
crystallization processes.

Sample  AE (k/mol) K, (10°K*)*  o.(erg/em’)® K, (10°K*)* o (erg/cm?)’

PP 314.2 10.21 125.3 10.18 124.9
PPL1 259.3 9.57 108.4 9.61 108.8
PPL3 268.3 8.85 94.2 8.87 94.4
PPLS 297.9 7.91 87.8 7.86 87.2

“Isothermal crystallization
®Isoconversional approach/non-isothermal crystallization
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6.3 Isothermal Crystallization Behavior

To analyze the effect of temperature on the crystallization of the PP/LDH
nanocomposites, the DSC crystallization isotherms at different -crystallization
temperatures were obtained. Samples were heated to 200 'C at a rate of 10 'C/min under a
nitrogen atmosphere and held for 5 min to destroy any residual nuclei. Then it was
rapidly cooled to certain isothermal crystallization temperatures (7¢), and held to allow
complete crystallization. After the isothermal crystallization was finished, the samples
were heated to 200 'C at a rate of 10 'C /min to estimate melting profile of the samples.
The Figure 6.13 shows the typical isothermal crystallization exotherm. The curve shows
induction time (#) and total crystallization time (z.). The induction time is the time
required to initiate the isothermal crystallization while the total crystallization time is

total time required to complete the crystallization process.

Exo

Heat Flow

Time

Figure 6.13: A typical isothermal crystallization exotherm

The crystallization kinetics of PP and PP/LDH nanocomposites were studied by
differential scanning calorimetry (DSC). Figure 6.14, shows the DSC crystallization
exotherms for PP and PP/LDH nanocomposites that had been isothermally crystallized
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at different crystallization temperatures (7¢). It was observed that as the supercooling, i.e
the difference between the melting and crystallization temperature, decreases and the
exothermal peak becomes broader which implies that the crystallization rate is reduced as
the 7; increases. Thus, the induction time of the exotherm increases. The position of the
crystallization peaks of PP/LDH nanocomposites appeared earlier than that of PP. It is
evident that the crystallization rate of PP can be enhanced greatly by adding layered
double hydroxides type nano fillers. In the case of PP, the interval was between 118-126
"C and in the case of PP/LDH; this interval shifts to higher crystallization temperatures
122-130 °C. This shift revealed that the LDH nano particles are acting as nucleating agent
during the course of isothermal crystallization of PP/LDH nanocomposite. This
phenomenon is in agreement with earlier reports describing the effect of nano-fillers on
crystallization behaviors of polypropylene [8, 42]. However, the crystallinity value of PP
in the nanocomposites is found to be almost independent of LDH content. Therefore, it
can be concluded that the incorporation of the LDH increased the crystallization rate of

PP chains without increasing the level of crystallinity.

Heat Flow Exo >>

J T J T g T J J
0 2 4 6 8 10
time (min)
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Figure 6.14: DSC thermograms of isothermal crystallization at different crystallization
temperature: (a) PP, (b) PPL5

In order to further analyze the isothermal -crystallization process, the
crystallization kinetics of PP and PP/LDH nanocomposites is compared. From dynamic
crystallization experiments, data from the crystallization exotherms as a function of
temperature; dH, /dt can be obtained, for each crystallization temperature. The relative
degree of crystallinity as a function of temperature, X, can be calculated according to the

following equation:

t
J.(dHc /dt)dt
X, =2

t

P (6.17)
I(dHc /dt)dt

Where, dH. denotes the measured enthalpy of crystallization during and
isothermal time interval dt. The limits t and oo denotes the elapsed time during the course

of crystallization and at the end of the crystallization process, respectively.
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Figure 6.15: The relative degree of crystallinity with time for the crystallization of (a)
PP and (b) PPL5 at different crystallization temperatures.
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The development of relative degree of crystallinity X; as a function of time, ¢, for PP and
its nanocomposites at various crystallization temperatures is shown in [Figure 15(a-b)].
The plots of X; versus time for PP and PP/LDH (5%) nanocomposites are similar and all
these curves have the same sigmoidal shape, implying that only a lag effect of
temperature on crystallization is observed. The half crystallization time (¢/2), which is
direct measure of rate of crystallization can be defined as the half period (i.e 50 %
crystallization), from the onset of crystallization and the end of crystallization.

The 1/, values for PP and its nanocomposites can be obtained from Figure 6.15, and the
results are listed in Table 6.6. It is apparent that the value of ¢, decreases with
increasing crystallization temperature. Moreover, at a given crystallization temperature,
the ¢, value for PP/LDH nanocomposites is lower than that for PP and even decrease
with increasing LDH content. The kinetic constant (k) of the PP/LDH hybrid is higher
than that of PP at give crystallization temperature. These results signify that addition of
Mg,Al-DS LDH particles act as heterogeneous nucleating agents to facilitate the overall

crystallization process.
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6.3.1 Isothermal Crystallization Kinetics

In order to understand fully, the evolution of crystallinity during the isothermal
crystallization, the Avrami model [18] was employed to analyze the isothermal
crystallization kinetics of PP and its nanocomposites. As we know, the Avrami theory has
been widely and successfully used for the interpretation of isothermal crystallization
processes, according to which the equivalent time dependent crystallinity X; can be
expressed as shown in eq. 6.6 and 6.7. By fitting the experimental data to these
equations, the values of n and k can be obtained from the slope and intercept of the plots
of log [-In (1-X;)] versus log ¢ for each cooling rate shown in Figure 6. The experimental
data appear to fit very well with the Avrami equation at the primary crystallization stage,
and plots of log [-In (1-X; )] versus log ¢ at different 7; values and LDH content. As it can

be seen the straight lines are obtained showing good relationship at each cooling rate.
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Figure 6.16: Avrami plots of log [-In (1-X; )] versus log ¢ for isothermal crystallization
process for (a) PP and (b) PPL5 nanocomposite.
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Table 6.6 The Avrami parameters for Isothermal Crystallization of PP/LDH
nanocomposites

Sample T. (C) n kx10 Tm (C)  ty; (min)
(min™)
PP 118 2.39 2.99 157.3 0.55
120 2.40 1.17 157.5 0.84
122 2.49 0.43 158.0 1.28
124 2.52 0.134 158.7 2.0
126 2.50 0.047 157.8 3.08
PPL5 124 2.01 28.18 163.2 0.33
126 2.44 6.67 163.9 0.42
128 2.28 3.98 164.1 0.59
130 2.36 0.69 164.6 0.88
132 2.51 0.28 165.1 1.09

6.3.2 Crystallization Activation Energy

The crystallization thermodynamics and kinetics of the nanocomposites have been
analyzed on the basis of the theory of Hoffman—Lauritzen [42-43]. Accordingly, the

linear crystal growth (G) of polymer spherulites can be expressed as the following:

G=G,ex —U—* exp| — S (6.18)
S TR ) TN Ty |
EEsin
InG+|————|=InG,| ——= (6.19)
R(T.-T,) T.ATf

where Gy is the pre-exponential factor, U " is the activation energy of the segmental jump,

the first exponential term contains the contribution of diffusion process to the growth
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rate, while second exponential term is contribution to the nucleation process; U and T,

are the Vogel-Fulcher-Tamman-Hesse (VFTH) parameters describing the transport of

polymer segments across the liquid /crystal interphase, AT'=7 —1. the under cooling,

f=2T (T, +T, )the correction factor. The universal values used for the VFTH

parameters are U =1500 cal/mol (6300 J/mol) and T..=( T, ¢ -30) K [43]. In this study, the
T, value of PP used was 270K [44] and the equilibrium melting temperature 7p,, was set
equal to 212.1 'C. This value found by Marand and coworkers [45] using nonlinear
Hoffman-Weeks extrapolation. The kinetic parameter i.e nucleation constant, K, is the
term connected with the energy required for the formation of the nuclei of critical size

and can be expressed as:

.= % (6.20)
Ahky

where n is the variable that considers the crystallization regime and assumes the value n
= 4 for regime | and IIl and n = 2 for regime II [46]. In the present work, the
crystallization is assumed to take place in regime III according to Marand et al.[45], b is
the distance between two adjacent fold planes taken as 6.26 x 10"° m assuming (110)
growth front [45], ¢ and o. the lateral and fold surface free energy per unit area of the
surfaces of the lamellae parallel and perpendicular to the chain direction, respectively, kz
the Boltzmann constant (kz = 1.38 x 103 J/K), Ahy=1.93 x 10% is the heat of fusion per
unit volume of crystal [47]. To confirm an isoconversional method for non-isothermal
crystallization of PP/LDH nanocomposites, the values of K, for PP and PP/LDH hybrid
composites were obtained from DSC data on isothermal crystallization using Eq. 6.11, in
which the values of G and Gy, were substituted with (1/¢;2) and (1/¢1,2)0, respectively [48].
The plots of In G +U*/(R (I—T.)) versus 1/(T¢ -Ty) are shown in Figure 6.17. and shows
that the experimental data can be reasonably fitted with straight lines. The values of K,
and g, were calculated from Figure 6.17 and listed in table Table 6.5. It is found that the
value of . 1s 125.3 erg/cm2 for PP, and this very close to that obtained isoconversional
method. There is clear tendency for o, to decrease with as the LDH content is increased.

As is well known, a foreign surface frequently reduces the nucleus size needed for crystal
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growth, because the creation of the interface between polymer crystal and substrate may
be less hindered than the creation of the corresponding free polymer crystal surface [49].

The decrease of o, could indicate an increase in the entropy of folding and therefore, the
formation of less homogeneous and regular folding surface. As the composites have a
higher melt viscosity than neat PP, the chain movements are restricted during
crystallization and will form a less regular folding pattern in the crystals. Based on the
results of PP/LDH nanocomposites, we conclude that the addition of LDH at nanometric

level reduces the creation of new surface, hence leading to faster crystallization rate.
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Figure 6.17: The plots of In G +U /(R (Te—T.,)) versus 1/(T. -Ty) for PP and PP/LDH

nanocomposites
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6.3.3 Crystalline Structure of PP/LDH Nanocomposites

The crystalline form and crystal size, markedly affects the mechanical properties
of semicrystalline polymers like polypropylene. To investigate the influence of the LDH
on the crystalline structure and crystallinity of PP, we performed WAXD experiments on
both neat PP and the PP/LDH nanocomposites. The Figure 6.18, shows the WAXD
intensity profiles of PP/LDH nanocomposites after isothermal crystallization at 128 “C.
The X-ray diffractograms show nearly the o-crystalline form of PP after isothermal
crystallization. The monoclinic a reflections of PP can be found at 20 angles of 14.19°
(110), 16.98° (040), 18.68 ° (130), 21.25° (111) and 21.91° (131 and 041) crystalline
planes [50-51]. These observations confirm that the addition of LDH does not affect the
crystalline polymorph of PP. However, the crystallization rate of PP is accelerated by the
addition of LDH, as shown in the development of the WAXD crystalline reflections as a
function of the crystalline time. In Figure 6.18, it is also observed that the intensity of
(110) plane decreases with increasing LDH content accompanied by increase in the
intensity of (040) plane in case of nanocomposites. The intensity of (040) peak of PP in
nanocomposites was found to increase because the surfaces of well- dispersed exfoliated
LDH layers modified with organic modifier seems to induce the crystal growth in (040)
direction. It is known that the ratio between the (110) and (040) gives the information on
crystal growth orientations in a and b axes of a-phase [52]. The peak intensity of (110)/
(040) in PP/LDH nanocomposites is not due to the possible change in the crystal forms,
from o to y form with addition of nano filler like LDH which is in agreement with reports
of Kim et al.'® in case of maleated PP/MMT nanocomposites. The degree of perfection of
the a-phase i.e crystalline size (Dyy) can be calculated from the full width at half
maximum (FWHM) of the (110) face using the Debye-Scherrer equation:

KA

D, =—
" fcosl

6.21)

where Dy 1s the microcrystalline dimensions (nm), B is the half width of the diffraction
peak in radian [B= (81-0.2) x 7/180°)], K is equal to 0.9, 0 is the Bragg angle, and 1 is the
wave length of the X-rays (4=0.154 nm). The crystal sizes of the (110) planes of PP and
its LDH hybrids obtained this equation are listed in Table 6.7. As can be seen, compared

to PP, the crystal size of the composites is reduced, indicating that the packing order of
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the a-phase decreased in PP/LDH nanocomposites. This is in agreement with results of

the POM study, which showed small size crystal formed with low degree of perfection.

Table 6.7. The crystalline size D;;9 of PP and PP/LDH hybrids

Parameter PP PPL1 PPL3 PPLS
20 (°) 14.2 14.15 14.15 14.19
p1 (radian) 0.59 0.66 0.73 0.82

p (radian) 0.0068 0.0080 0.0092 0.010
D;19 (nm) 20.45 19.16 15.15 13.67

sl PPL3
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Figure 6.18: X-ray diffractograms of isothermally crystallized nanocomposites: (a) PP,
(b) PPL1, (¢) PPL3 and (d) PPL5 at 128 "C.
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6.3.4 Development of Spherulitic Morphologies

In order to investigate the influence of LDH nano-particles on the morphology
development and size of spherulites of PP, POM characterization was carried out. Figure
8 shows the micrographs of PP and PPL5 after isothermally crystallizing at 128 "C for 15
min. One can observe well-defined spherulites with a ‘Maltese-cross’ structure for PP

Figure 6.19.

Figure 6.19: Polarized microscopy pictures of isothermally crystallized nanocomposites :
(a) PP, (b) PPL1, (c) PPL3 and (d) PPL5 at 128 C.

Two kinds of optically different areas can be seen as separate phases. The dark
and bright areas might be amorphous and crystal regions, respectively. Comparably, the
morphology development of spherulites for PPL1, PPL3 and PPL5 shows the
instantaneous nucleation process and there is little indication of any regular structure and

have relatively small or less perfect Maltase crosses. Clearly, the dimensions of the
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spherulites decreases with LDH contents and only very tiny crystallites can be seen. This
is due to the effect of the nano-dispersed LDH layers, which may act as seeds
crystallization and may change the crystallization process during the formation of PP
crystallites. Therefore, a gradual decrease in crystal growth and perfection has been

observed with increasing LDH nano-layers in PP matrix.

6.3.5 Melting Behavior and Equilibrium Melting Points

The DSC heating thermograms of neat PP and the PP/LDH nanocomposite
sample are presented in Figure. 6.20 (a-b), respectively. It is observed that the PP/LDH
nanocomposite DSC thermograms possess two melting peaks in contrast to the single
melting peak of neat PP. However, the nature of the peak changes slightly with increasing
crystallization temperature. While up to now, some discrepancies still existed in the
origin and mechanism of the presence of multiple thermograms, it is generally believed
that different thermal history leads to crystals with different perfection [53]. The cause of
the first peaks in the scans is assumed to be due to the melting of the smallest lamellae
produced by secondary crystallization and in the inter-lamellar layers between the larger
crystallites. As such, this growth should not develop until after the primary stage is
complete. Since the last peak is less dependent on the crystallization temperature and is
much larger that the first one, it might be considered to be originated from the melting of
the major crystals formed in the primary crystallization process [54]. As seen from Table
6.7, the crystallization temperature barely affected the melting profile of neat PP and its
melting points were approximately at 157.6 'C at different crystalline temperature,
whereas, the melting points of PP/LDH nanocomposites found higher than neat PP and
was related to crystallization temperature. The melting of PPL5 crystallized at 132 "C was
higher than that at 124 'C. Generally, the perfection of the crystalline, or high-
temperature melting peaks increased with crystallization temperature, which was
confirmed by the fact that the higher-temperature melting peaks shifted to higher
temperatures with higher crystallization temperature. Relatively imperfect crystals would
be formed at lower crystallizations, and would melt at a lower temperature. This result
indicates that the isothermal crystallization temperature influences the melting behavior

of PP/LDH hybrid nanocomposites. The significant increase in melting points of
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nanocomposites could be ascribed due to possible interaction between LDH nano-layers

and PP molecular chains.
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Figure 6.20: Melting DSC curves of a) PP and b) PPLS5 at different 7.
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6.4 Conclusions

In this study we have systematically investigated the effect of organically
modified LDH on the both nonisothermal and isothermal crystallization behaviors and
their respective kinetics of PP.

The nonisothermal crystallization kinetics of PP and PP-LDH nanocomposites
was studied by means of DSC technique by cooling the melt at various cooling rates. The
Ozawa, modified Avrami and combined Ozawa- Avrami approaches were used for the
investigation. The Ozawa model failed to adequately describe the nonisothermal
crystallization behavior probably due to inaccurate assumption in the approach regarding
secondary crystallization, dependence of lamellar thickness on crystallization temperature
and the constant value of cooling function over the entire crystallization process.The
Avrami plots of PP and PP/LDH nanocomposites showed good linearity and were able to
explain crystallization kinetics for these systems. The values of Avrami exponent n varies
from 1.9 to 2.9 for neat PP and PP/LDH nanocomposites, suggesting spherulitic crystal
growth mechanism with heterogeneous nucleation at the low cooling rates. The Avrami
analysis modified by Jeziorny was also successful for describing the nonisothermal
crystallization process of PP/LDH nanocomposite. The half-time ¢,, and Z, showed that
the crystallization rate of PP and PP/LDH nanocomposite increased with increasing
cooling rates, but the crystallization rate of PP/LDH nanocomposite was faster than that
of PP at a given cooling rate. This behavior is ascribed to the nucleating effect of clay
nanoparticles. The method developed by Liu et al. was able to describe the nonisothermal
crystallization kinetics of PP and PP/LDH nanocomposites satisfactorily. Different
kinetic parameters determined from these models proved that in the nanocomposites,
LDH was efficient to start crystallization earlier by nucleation but crystal growth
decreased in nanocomposites due to intercalation of polymer chains in the galleries.
Different kinetic parameters determined from these models proved that in the
nanocomposites, LDH was efficient to start crystallization earlier by nucleation but
crystal growth decreased in nanocomposites due to intercalation of polymer chains in the
galleries. Furthermore, the activity of nucleation of LDH is determined with the values in
the range of 0.85 to 0.69 by using Dobreva’s method. It indicates that the hydroxide

layers of LDH are active substrates for heterogeneous nucleation, which results in the
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increase of the crystallization rate and the decrease of the degree of surpercooling
required for crystallizing nucleation. The isoconversional analysis was successfully
employed to determine the effective energy barrier for non-isothermal crystallization. It
was found to vary with conversion and altered by LDH addition. In addition, in the
analysis of the activation energy of crystallization, it was shown that the fold surface free
energy o. of PP chains decreased with increasing LDH content. Different kinetic
parameters determined from these models proved that in the nanocomposites, LDH was
efficient to start crystallization earlier by nucleation but crystal growth decreased in
nanocomposites due to intercalation of polymer chains in the galleries. Consequently,
these analyses showed that the addition of a small amount of LDH enhances the PP
nucleation mechanism but also hinders the crystallite growth.

The isothermal crystallization kinetic study of PP/LDH nanocomposites showed
that the addition of LDH nano-layers remarkably affected the crystallization and melting
behavior of PP/LDH hybrids. The isothermal crystallization kinetics of the PP and
PP/LDH nanocomposites was systematically studied by Avrami model using calorimetric
data at various crystallization temperatures. The Avrami plots of PP and PP/LDH
nanocomposites were found to obey the linearity and were able to explain crystallization
kinetics for these systems. The values of Avrami exponent # varies from 2 to 2.5 for neat
PP and PP/LDH nanocomposites, suggesting spherulitic crystal growth mechanism with
heterogeneous nucleation. The melting behavior of PP is also altered by addition of LDH,
a significant increase and two peaks in melting endotherm are observed. The existence of
double melting endotherms may be due to simultaneous melting-reorganization-remelting
and due to possible interaction between LDH nano-layers and PP molecular chains.
Moreover, the WAXD profile of PP hybrids corresponds to monoclinic a-form which
implies the addition of LDH does not change the overall crystalline structure of PP
matrix. However, a slight decrease in microcrystalline dimensions is observed in case of
PP/LDH hybrids. On the other hand, the LDH layers acted as heterogeneous nuclei in the
nucleation of crystallization, causing a dramatic increase of the crystallization rate and
decrease of the spherulite size with the increase of LDH content. The perfect spherulites
cannot form for colliding and compacting of a large number of small spherulites in a

limited space. The nucleus density increased with the increase of LDH content, leading to
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a positive effect on the crystallization, which is in good agreement with the result that the
interfacial free energy per unit area perpendicular to PP chains in PP/LDH
nanocomposites decreased with increasing LDH content due to nucleating effect of LDH.

Overall results conclude that the LDH at nanometer level can act as effective
nucleating agent and accelerating crystallization rate of PP. Finally, it can be concluded
that the type of nucleation, growth and geometry of PP crystals markedly change in the
presence of nano-sized LDH nanoparticles. It is our belief that such shifts in the
mechanism of crystal nucleation and growth leading to the development of a fine grain
micron-sized structure for the PP/LDH composites should improve the overall physical

properties of such hybrid material.
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Chapter 7
PHOTO-OXIDATION BEHAVIOR AND
PHOTOSTABILIZATION STUDIES

“We know very little, and yet it is astonishing that we know so much, and still more astonishing

that so little knowledge can give us so much power”
~Bertrand Russell

Sunil P. Lonkar, S. Therias, N. Cappera, F. lereoux J-L. Gardette, “Photooxidation of

Polypropylene/Layered Double Hydroxide Nanocomposites: Influence of Interlamellar Cations,
European Polymer Journal (Accepted for Publication).

7.1 Introduction

Under the action of sun light, polymer materials undergo a series of oxidative
reactions that lead to chemical degradation, with consequence of brittleness, loss of
brightness, color change, opacity and formation of surface cracks. Besides the reduction
in molecular weight, a number of changes take place in the molecules during
photodegradation with the formation of chemical groups like carbonyl, carboxylic acids
and other than hydroperoxides [1-2] (Figure 7.1). A natural weathering that has great
effect is produced by oxygen and light radiation, referred to technically as photo-
oxidation. The photooxidative degradation of polymers is extremely important from
scientific and industrial point of views. Oxidative degradation reactions are the main
limitation in the active life of synthetic polymers. This undesirable degradation may be

accelerated by exposure to UV radiation.

Polypropylene is one of the extensively used plastics in outdoor applications. Its
outdoor durability in modern days is very important because of large scale production.
Hence, the resistance to UV-light is a key factor for most outdoor applications of
polymeric materials. Recently, the study of photo-oxidation processes of polypropylene

materials has attracted the attention of researchers, even though some questions
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concerning the oxidation mechanism remained unanswered [3-4]. However, recent
developments in synthesis, properties and future applications of polymer nanocomposites
has revived an interest in observing the matrix behavior of this new type of composite
material when subjected to the photo-oxidation process [5-6]. In the last few years, the
impact of light on polymer/clay nanocomposites has been extensively studied [7-13]. It
has been shown that nanocomposites prepared with montmorillonite as a nanoclay and
polypropylene, as a polymer display similar behaviors under exposure to UV-light. The
nanocomposites degrade faster than the pristine polymers, as a consequence of a
significant reduction of the oxidation induction time (OIT) is observed. There is not only
academic, but also commercial interest in fully understanding the properties of this
material, because polymer/clay nanocomposites display generally a variety of desirable
properties, compared to both conventional composites and unfilled bulk polymers. These
special properties include mechanical strength, flame retardancy and dimensional
stability. Some of such characteristic improvements have already been found in PP/ clay
nanocomposites as summarized in Chapter 2 and still new positive results about the
behavior of this kind of nanocomposites are expected. However, the usefulness of these
materials depends on their durability in a particular environment in which they are used
or their interaction with environmental factors. Thus, the study of degradation and
stabilization of polymer nanocomposites is an extremely important area from the
scientific and industrial point of view and a better understanding of the degradation
mechanism of these materials will help to ensure a longer endurance of the product. Not
enough attention has been paid to study of the durability of polymer nanocomposites.
Since polymer—clay hybrids are now expanding to numerous outdoor applications, their
exposure to ultraviolet (UV) light of the solar spectrum and other environmental
deterrents is unavoidable. That is why as a potential new material, PP nanocomposites,
necessitate investigation from the standpoint of photoaging behavior and requires a
careful study of their photo-oxidation behavior. As previously reported in the literature
survey, montmorillonite type organo-clay filled films show faster photo-oxidation rate
with respect to the unfilled polymer matrix. Such adverse effect on durability of
polymeric materials under UV-light is not due to the faster photo-oxidation kinetics but

rather to a reduction of the oxidation induction time. In order to explain this faster photo-
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oxidation behavior, several hypotheses have been put forward: degradation of the organo-
modifier at the high melt polymer processing temperature, catalytic effect of the iron ions
on the intermediate macroalkyl-hydroperoxides decomposition, and adsorption of the
adopted stabilization systems onto the clay layers. Recently, Bocchini ef al. [14] have
reported the influence of nanodispersed hydrotalcites on the photo-oxidation behaviour of
polypropylene. It is observed that the presence of hydrotalcite was shown to change the
global rate of photooxidation of polypropylene by reducing the oxidation induction time
and increasing the oxidation rate. The differences of the oxidation induction time
disappeared after solvent extraction of the antioxidant. They were attributed to a
quenching of the antioxidant activity resulting from a migration onto the filler surface
induced by the preferential interaction with the polar hydrotalcite. Extracting the
antioxidant did not change the oxidation rate at the permanent regime. The increase of the
oxidation rate was attributed to transition metal ions, present as impurities in hydrotalcite,
which can accelerate the oxidation of the polymer by various mechanisms including a
catalyzed decomposition of hydroperoxides. Also, in a previous reports concerning the
photooxidation of montmorillonite/polypropylene [7, 9] and nanoboehmite/
polypropylene nanocomposites [11], one has proposed several hypotheses to explain the
oxidative degradation of these materials. The reduction of the OIT could result of the
adsorption of antioxidants onto the nanofiller, of a catalytic effect of transition metal
impurities of nanofillers, and also of additional initiation routes due to the oxidation of
the organic modifiers in the nanofillers. The most probable hypothesis was the
interactions between the nanofillers and the stabilizers: the antioxidant can be adsorbed
on the nanofillers thus preventing their antioxidant action [9, 15]. The photochemical
behavior of nanocomposites PS/LDH with synthetic hybrid LDH where M = Zn and Al
has also been studied [12] and in this case it was shown that the nanocomposites did not

degrade faster than the PS pristine polymer.
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Figure 7.1 : Photo-oxidation and stabilization of polymers

Hence, it would be very interesting to investigate the effect of LDH type
nanofiller towards photo-oxidative degradation of polypropylene. Thus, far the photo-
oxidation of PP/LDH nanocomposites has not received particular attention. In the present
study, we have focused our attention on the photo-aging behavior of polypropylene /
LDH nanocomposites in presence of PP-g-MAH as a compatibilizing agent. The effect of
interlamellar cations of LDH on photo-oxidation behavior of PP was also assessed.
Hence, the aim of the present work is to study this peculiar point which has considerable
consequences in terms of both fundamental aspects of the photooxidation of
nanocomposites and durability of these materials. Furthermore, present study also aims to
investigate the interactions between LDH comprising different metal cations and
stabilizing additive i.e antioxidants. Special attention has to be given to the influence of
each component on the rate of oxidation of the polymeric matrix. Two kinds of stabilizers
were tested: a phenolic antioxidant generally used to process polypropylene and a redox
antioxidant of the hindered amine light stabilizer (HALS) class, which is used as long-

term stabilizer for polypropylene.
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The photo-oxidation of all the samples was followed by FT-IR spectroscopy. The
surface morphology after photoageing is studied by scanning electron microscopy
(SEM). The knowledge obtained from this investigation will be useful in the design of PP

nanocomposites less prone to UV light for potential outdoor applications.

7.2 Photo-oxidation of PP/LDH Nanocomposites

7.2.1 Infrared Analysis

The photo-oxidation of polypropylene is known to result in the formation of
hydroxyl and carbonyl groups that can be easily detectable and monitored by infrared
spectroscopy in the regions of 3200-3600 cm™ and 1600-1800 cm™ respectively [4]. The
shape of the IR spectra recorded after exposure of the various samples to UV light in the
presence of atmospheric oxygen reveals notable changes of the chemical structure of the
materials as shown in Figure 7.2. The general evolution of the FT-IR spectra of films of
nanocomposites PP/LDH and PP/OMMLt upon irradiation in the presence of oxygen is
comparable to that of pristine compatibilized polypropylene and is mainly characterized
by an increase of absorbance in the carbonyl and hydroxyl region mainly hydroperoxides,
alcohols, ketones, esters and acids. Because of strong initial hydroxyl absorption of LDH
in the starting composites, it is very difficult to distinguish and monitor the hydroxyl
photoproducts developed during the course of PP/LDH photo-oxidation. Hence, the
nature of the main oxidation products can be considered in the carbonyl domain. The
photochemical oxidation of PP leads to the formation of a broad band with several
maxima peaking at 1713, 1735 and 1780 cm™. The photoproducts corresponding to these
absorption maxima have been identified formerly [8] and it is agreed that the main
absorption at 1713 cm™ is attributed to carbonyl group of carboxylic acid in the dimer
form. In present case, as shown in Figure 7.2 (PPLA, B, and C), an increase of
absorbance was observed in spectral domains in the FT-IR spectra of the PP/LDH
nanocomposites, corresponding to the carbonyl stretching vibrations domains. Moreover,
in the PP samples containing LDH, the shape of the oxidation bands in the carbonyl
domain is different than those observed in case of PP or PP/OMMt as shown in Figure

7.2 (fPP and PPMS5). Upon irradiation, the IR spectra of PP/LDH develop two broad
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absorption bands in the carbonyl region. One band has a maximum at 1715 cm™ and two
shoulders at 1735 cm™ and 1770 cm™, which are also observed with pristine PP or the
PP/OMMt nanocomposite. The shoulder on the carbonyl band at 1770 cm™ results from
the formation of y-lactones. The absorption maximum at 1735 cm™ is postulated to result
either from the carbonyl groups of esters or from the carbonyl vibrations of carboxylic
acids associated to hydroxyl groups. In the case of LDH, another FT-IR band appears at
1595 cm™, and is shifted t01610 cm™ for longer irradiation times which could be
attributed to carboxylate ions as photoproduct, indicating that the PP/LDH
nanocomposites develop different photoproducts compared to pristine PP. This peculiar
behaviour was not observed in the case of PP/OMMt nanocomposites [8-9]. Hence,
overall results indicate that the presence of LDH can modify the mechanism of polymer

oxidation or the final oxidation products in the material.
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7.2.2 Mechanism of Photoxoidation

The photo-oxodation mechanism of polypropylene can be summarised as follows
in Figure 7.3. The first step of the reaction is the formation of hydroperoxides which can
decompose to produce alkoxy radicals, which abstract a hydrogen on the polymeric
backbone or undergo a B-scission. Alcohol and ketone are formed with a macro-radical.
The macro-radical is further oxidized to form carboxylic acids with scission of the
macromolecular backbone, and some other carbonylated products. Because the
carboxylic acids are final stable products, the increase of their concentration can be

quantify the rate of photooxidation.
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Figure 7.3: Schematic Photo-oxidation mechanism of polypropylene [4]
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7.2.3 Rate of Photo-oxidation

The rates of photo-oxidation of the various nanocomposites (PP/LDH and
PP/OMMt) were compared by measuring the increase of absorbance at 1713 cm™ with
irradiation time. Because all of the formulations contained maleic anhydride (even fPP),
an absorption band was initially present at the same frequency in the spectrum of the
samples before irradiation. The increase in absorbance at 1713 cm™ was plotted as the
difference from the absorbance before irradiation as a function of irradiation time. The
samples had slightly different thicknesses, therefore, the absorbance values had to be
normalised. A correction factor was applied to adjust the characteristic absorption band at
2722 cm™ of PP to the same value. Figures 7.4a and 7.4b show the variation of
absorbance at 1713 cm™ as a function of irradiation time for fPP, PP/MMt and PP/LDH,

respectively, loaded at 5% and 10% (w/w) in the nanofiller.
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Figure 7.4: Rates of photooxidation of PP/LDH nanocomposites a) at 5% loading
b) at 10% loading.

In the case of the fPP film (Figure 7.4a), a short induction period of 5 hours was
observed before the oxidation of PP. This delay is always observed in PP photooxidation,
and reflects the activity of the remaining antioxidant, which is consumed as a sacrificial
additive. Once the active form of the antioxidant is consumed, oxidation starts and the
photoproducts accumulate in the polymeric matrix. Figure 7.4a compares the
nanocomposites with 5% clay. The PP/OMMt film degrades much more rapidly than fPP;
after 20 hours of exposure to UV light, the normalised absorbance is 0.37, but is only
0.22 with fPP. The three LDH nanocomposites are less degraded than the
nanocomposites with OMMt. The oxidation rate of the polymeric matrix in PP/LDH
depends on the divalent cations present in the LDH. The LDH phases containing Mg
degrade faster than those with Zn as the divalent cation. However, the Zn-containing
LDH phases have a rate of photooxidation almost similar to that of fPP. The influence of
LDH on polypropylene oxidation appears to depend on the divalent cations; the presence

of the LDH has no influence on the durability of the nanocomposite material, such as
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with the Zn,-Al-DS LDH. Increasing the loading of the LDH to 10% gives similar effects
as the 5% loading, and the kinetic curves shown in Figure 7.4b reveal the same

behaviour as observed in Figure 7.4a. The nanocomposites with LDH phases containing

Mg*" (Mg,-Al-DS and ZnMg-Al-DS) degrade faster than those with Zn,-Al-DS.

7.2.4 Morphological Aspects

The SEM is a reliable tool to monitor the surface changes during degradation of
polymeric materials. The morphologies of irradiated samples were studied by using
scanning electron microscopic analysis. Figure 7.5 displays the surface morphology of
nanocomposite films that were irradiated for 50 h in air. After irradiation for 50 hours,
large amounts of irregular cracks appeared on the surface of the composite films, which
revealed its degradation, while only a small cavities and mass of stripes appeared on the
surface of pure fPP film. It also can be seen that the cracking intensity is modernly low in
case of PPLCS5 in comparison of PPLAS and PPLBS5. This is in clear agreement with
conclusion derived from FT-IR analysis that the Zn,Al-LDH based PP nanocomposites
are is less prone towards photo-oxidation.

Apparently, the structure of PP/OMMt nanocomposites exhibits a severe damage
through surface erosion as a result of photo-oxidative degradation; this fact again
supported the conclusion that the presence of OMMt clay increases degradation PP in
comparison to the LDH type nanofillers. Overall findings indicate that OMMt
nanoparticles greatly enhanced the photocatalytic degradation of the PP materials in
compare to LDHs. Whereas, in LDH containing different metal cations the surface
erosion follows the order of MgyAl LDH > ZnMgAI-LDH > Zn,Al-LDH. SEM

observations agree well with the result of FT-IR analysis.
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Figure 7.5: Surface erosion of PP, PP/LDH and PP/OMMt nanocomposites after 50h of
UV irradiation

7.3 Photostabilization Studies of PP/LDH Nanocomposites
7.3.1 Effect of Phenolic Antioxidants

The influence of LDH nanofiller in presence of phenolic antioxidants were
studied under photo-oxidative conditions as mentioned in above section. From Figure
7.6, it can be seen that the induction time (i.e. time required to start the degradation) is
considerable varied for unfilled PP, PP/LDH and PP/OMMt nanocomposites. The
induction time for PP/OMMt is observed to be Sh which is 20 h earlier than PP/PP-g-
MAH and 15 h than PP/LDH nanocomposites. This results clearly reveals two facts,
firstly, the PP/OMMt nanocomposites have very short induction time i.e degradation
starts faster in comparison to PP/LDH nanocomposites (20h). Secondly, OMMLt decrease
the efficiency of phenolic antioxidants, whereas, nanocomposites with LDH the phenolic

antioxidants retains its stabilizing effect on PP.
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In Figure 7.7, the effect of interlamellar LDH metal cations on efficiency of
phenolic antioxidant was assessed. It is observed that by increasing the amount of
phenolic antioxidant from 0.1 % to 0.6 % the induction time is slightly increased. The
rate of photo-oxidation is found to be higher in case of PPAS5Sb ie. MgAl-LDH
reinforced PP. Similarly, in PPLB5b also moderate increase in photo-oxidation is
observed. Interestingly, in case of PPLC5b (Zn,Al-LDH) this behavior is considerably
lowered. This observations supports that the Zn,Al-LDH is the best LDH nanofiller in

Photo-oxidation Behavior and Photostabilization Studies
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Figure 7.6: Influence of phenolic antioxidant (0.1 % Irganox 1010)

presence of phenolic antioxidants for polypropylene photostabilization.
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Figure 7.7: Influence LDH cations in presence of phenolic antioxidants (0.6% Irganox

1010).

7.3.1 Effect of redox antioxidants

The efficiency of redox antioxidant (HALS: Tinuvin-770) in presence of LDH
containing different metal cations have been assessed and shown in Figure 7.8. The
HALS used here was chosen because it has a tertiary methylated amine group, which is
supposed to have less interaction with acidic species and also less hydrogen interaction
with the clay platelets compared to the non-methylated amine group [16]. The rates of
photo-oxidation of this series of samples are reported in Figure 7.8 and compared with
those of the samples with the phenolic antioxidant. It can be seen that the induction time
is considerably increased in presence of redox antioxidants. These results give evidence
that interactions between the nanoclay and the light stabilizer reduce its efficiency
towards PP photostabilization. Compared LDH type nanoclays the OMMt clay drastically
decrease the efficiency of stabilizers. The antagonism between redox antioxidants and
OMMt type clay described in earlier reports [5] and it is because of presence in iron
impurities that has photocatalytic activity; it can absorb these additives and reduces their

efficiency.

220



Chapter 7 Photo-oxidation Behavior and Photostabilization Studies

0,9
* PPb
08 1 u ppMsb
0,7 1 4 PPLASc
— e PPLB5c
< 0,6 1
£
o PPLC 5¢c
N 05
N~
-~
[a] 4
e "
<
03 1
0,2 1
0,1
0 E

0O 20 40 60 8 100 120 140 160 180 200
Irradiation time (h)
Figure 7.8: Effect of redox antioxidant of photooxidation behavior of PP, PP/LDH and
PP/OMMLt nanocomposites. ((0.1% Irganox 1010 + 0.1% Tinivin-770)
Also, the decomposition of organic modifier can also contribute to such behavior.
In presence of LDH, the adsorption of such stabilizing additives is not as prominent as in

case of OMMLt.
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Figure 7.9: Influence LDH cations in presence of redox antioxidants (0.6% Irganox 1010

+ 0.6% Tinivin-770).
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However, in case of different LDHs the efficiency of stabilizing additives is
significantly altered as shown in Figure 7.9. An opposite behavior is observed between
phenolic and redox antioxidants in photostabilization of PP/LDH nanocomposites. The
redox antioxidant showed higher efficiency for PP photostabilization in presence of
Mg,Al-LDH in contrast to the Zn,Al and ZnMgAI-LDH, respectively. Such behavior can
be ascribed due to the possible photocatalytic effect of metal cations or decomposition of
organomodifiers. The effect of phenolic and redox antioxidants in different composition
on photostabilization of PP/LDH nanocomposites is shown in Figure 7.10. It is observed
that the higher concentrations (PPLA 5d-0.6% Irganox 1010 + 0.6% Tinivin-770) have
better photostabilizing ability over rest of the compositions. Small quantity of redox
antioxidant (PPLA 5c) shows better performance as compared to higher phenolic
antioxidants. This could be because of the sacrificial loss of phenolic antioxidant during

the processing.
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7.4 Conclusions

The effect of accelerated photo-oxidation on the structure and morphology of
PP/LDH nanocomposites has been studied as a function of LDH comprising different
metal cations using FT-IR spectroscopy and SEM, respectively. The results obtained
were compared with PP/OMMt nanocomposites under similar photo-oxidative
conditions. The study reveals that the presence of LDH can modify the chemical structure
of the photoproducts accumulating in the matrix. The rates of oxidation are influenced by
the nanofiller, depending on the divalent cations of the LDH layers. The LDH phases
containing Mg®" have a prodegradant effect on the nanocomposite material, whereas
LDH with only Zn*" has no influence on the rate of oxidation of the polymer matrix.
From this study it is also concluded that, certainly, the PP/LDH nanocomposites are more
durable in comparison with PP/OMMt nanocomposites under accelerated weathering

conditions.

The photostabilization results show clearly that OMMt hinders antioxidants in
stabilizing polypropylene, which results in a dramatic decrease of the photochemical
stability of the PP. Whereas, nanocomposites with LDH the phenolic antioxidants retains
its stabilizing activity towards PP photostabilization. The effect of interlamellar LDH
metal cations on efficiency of phenolic antioxidant shows that the Zn,Al-LDH is the
better LDH nanofiller in presence of phenolic antioxidants for polypropylene
photostabilization. An opposite behavior is observed when compared the antioxidant
efficiency in presence on redox antioxidant in photostabilization of PP/LDH
nanocomposites. The redox antioxidant showed higher efficiency for PP
photostabilization in presence of Mg,Al-LDH in contrast to the Zn,Al and ZnMgAl-
LDH.
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Chapter 8
CONCLUSIONS AND FUTURE PERSPECTIVES

“I am always willing to learn, however I do not always like to be taught”

— Winston Churchill

8.1 Summary and Conclusions

The principal objective of this work has been to investigate the feasibility of
layered double hydroxide (LDH) type anionic clays as reinforcement to the
polypropylene (PP). The potential of these nanofiller was assessed in terms of the
structure-property improvement e.g. mechanical properties, flame resistance, thermal
stability and gas barrier properties of the resulting hybrid composites, crystallization
behavior and durability under accelerated photoaging. It is also found that the LDH type
anionic clays can be a potential alternative to montmorillonite (MMT) type cationic
clays, especially in terms of photoageing behavior of these hybrid materials. The chapter
wise silent points of conclusions are summarized as follows:

Chapter 1 portrays the brief background of polymer/clay nanocomposites, main
motivation and research objective for this study. Chapter 2 reviews the literature
background and A thorough literature survey was carried out on PP based nano structured
materials, methods of synthesis, material processing methods and their property
evaluations. Chapter 3 describes the experimental methods and characterization
techniques used in the preparation and characterization of PP-LDH nanocomposites. In
Chapter 4, the successful synthesis and characterization of different phases of
organomodified LDH is described. The intercalation of surfactant, certainly make LDH
more organophilic and facilitating the intercalation and dispersion of polymer chains. The
characterization means well revealed the crystalline structure, organomodification and
thermal behavior of different LDHs. Also, the successful preparation of PP/LDH hybrid

nanocomposites by melt intercalation using PP-g-MAH
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as a compatibilizing agent is summarized. The spectral analysis reveals the possible
interactions between LDHs and PP-g-MAH. The characterization techniques give direct
evidence for the formation of intercalated/exfoliated PP/LDH nanocomposites structures.
In Chapter 5 discusses the influence of nano LDH reinforcement on different
characteristic properties of polypropylene. Incorporation of the LDH which is in a
platelet form resulted in a significant improvement in the thermal stability of PP. The
addition of LDH can contribute to the reinforcement effect by increasing the elastic
modulus. The mechanical response of these hybrid materials is also found to be
remarkable. A strong influence of LDH particles on the flow behavior of the PP/LDH
melt is observed. At higher LDH content, system develops more and more solid-like
behavior with increasing resistance against relaxation. The incorporation of well
dispersed LDH platelets into PP shows improved oxygen barrier properties. Moreover,
the PP/LDH nanocomposites exhibits fairly better barrier performance than PP/ OMMt
nanocomposites. The flammability studies also showed improved flame retardancy in
PP/LDH nanocomposites. The crystallization studies discussed in Chapter 6 reveal
enhanced crystallization rates for non-isothermal as well as isothermal crystallization for
nanocomposites with LDH as nanofillers. Also, LDH at nanometer level found to act as
effective nucleating agent. The Avrami exponent n varies from 1.9 to 2.9 for suggesting
spherulitic crystal growth with heterogeneous nucleation at the low cooling rates. The
melting behavior of PP is also slightly altered by addition of LDH. The addition of LDH
does not change the overall crystalline structure of PP matrix. The crystallization studies
can lead to the development of a fine grain micron-sized structure for the PP/LDH
composites. Chapter 7 concludes that the PP/LDH nanocomposites are more durable in
comparison with PP/OMMt nanocomposites under accelerated weathering conditions.
The rates of oxidation are influenced by the divalent cations of the LDH layers. The LDH
phases containing Mg®" have a prodegradant effect on the nanocomposite material,
whereas LDH with only Zn®" has no influence on the rate of oxidation of the polymer
matrix. The influence of stabilizing additives on the photooxidation of PP/LDH
nanocomposites exposed to UV light shows that additive retains their activity in presence
of LDH in contrast to the OMMLt type nanoclay. The Zn,Al-DDS is found to be better

LDH nanofiller for stabilization in presence in phenolic antioxidants.
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Finally, we envision that this new hybrid material, which combines the

advantages various physico-mechanical properties and better performance towards

weathering, could play a significant role in the development of new nanocomposites for

automotive, construction and packaging applications.

8.2 Recommendations for Future Work

This work contributes to achieve the comprehensive investigations of PP/LDH

nanocomposites with a remarkable property enhancement through the material

formulation, melt processing and experimental characterization. It is recommended that

future research work should be carried out as follows:

Since PP-g-MAH as the compatibilizer plays a crucial role in the formulations of
PP/LDH nanocomposites by the melt compounding method, it is worthwhile to
use different types of PP-g-MAH with various molecular weights and grafting
contents in order to greatly improve the interactions and miscibility between LDH
particles and the PP matrix.

The cationic nature of the metal hydroxide layers in LDH makes the choice of
organic species more flexible. Organic species containing functional groups -OH,
-COOH, -SOsH etc. shows favorable interaction with LDH clays. Therefore, LDH
can be modified with wide range of organic species. Such flexibility in selecting
modifying anionic species makes LDH a suitable candidate for designing
multifunctional nanohybrids filler for polymers. For example, LDH can be
modified by organic species having specific properties, like UV absorption, photo
stabilization, antimicrobial effect, fluorescent effect etc. All these nanohybrids
can be potential functionalized fillers for polymers to develop novel composite
materials.

It also would be interesting to use other divalent cations like Ca2+, Ni2+, Co*" and
Mn** or Cu®" and trivalent cation Cr’*, Co’", Mn’*, Fe’" and V’* in developing
the different LDH phases. These fillers can be explored to study the improvement
in structure-property, crystallization, mechanical properties and flame resistance

of polypropylene.
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e Due to the complex morphological structures of nanocomposites with partially
intercalated/exfoliated LDH platelets and tactoids, effect of such nanofiller in PP
nanocomposites with respect to the actual morphology through numerical

modeling and simulations will be interesting to study.
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