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ABSTRACT

This thesis is focused on the compatibility between polymer and clay. It was found
that LLDPE based PEMA could be a good compatibilizer for a LLDPE and an
ammonium intercalated montmorillonite clay if applying a suitable MAH content,
surfactants density, PEMA amounts, mixer, shear stress and so on. Both
compatibilizer and clay can reduce the degree of crystallinity of composites. The
ternary nanocomposites could have lower modulus compared with the neat polymer
because of the compatibilizer.

In another system — PBT/MMT, to increase the interfacial interaction between
polymer and clay, two kinds of silane were used to organically modify nature
montmorillonite. The silane modified clay (S-MMT) can improve the clay dispersion
in the polymer matrix compared with natural clay and Closite 30B. In addition, S-
MMT decreases the crystallization rate and the degree of crystallinity of the hybrids;

however, [CPM silane could increase the mechanical properties of PBT/MMT.
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Nomenclature:

a Equivalent spherical radius of clay agglomerate, m
d Diameter

D The rate-of-deformation tensor

G Storage modulus

G Loss modulus

h Height of sample for XRD

AHeo  Unit exothermic heat, J/g

AH° The fusion heat of fully crystalline polymer

k Boltzmann constant, 1.381x102% J.K™!
My Weight average molecular weight
M, Number average molecular weight

Niot The total particle number

n A mechanism constant depending on the type of nucleation and growth-
process parameters

ng The number of particle which has the size of k
p Probability

Pe Peclet number

t Time

tin The half-time of crystallization

T Temperature, K

T Crystallization temperature of polymer, K

T Melting temperature of polymer, K

AT, Half-value width of crystallization peak,

V4 A composite-rate constant involving nucleation and growth-rate factors
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Greek Letters

0 Scan angle in XRD measurement, °C
A Wavelength, m

v Shear rate, s’

Ye The degree of crystallinity, %

n* Complex viscosity, Pas

n Steady shear viscosity, Pa's

Ne Viscosity of composite, Pa's

Mp Viscosity of pure polymer, Pas

Ne Viscosity ratio, ne np

® Frequency, s

T Shear stress, Pa

T Average shear stress, Pa

B Collision frequency function

1) The average viscosity of polymer, Pa-s
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Abbreviations:

APAM Alberta Polymer Asymmetric Minimixer
APTM 3-aminopropyl-trimethoxysilane
APTM-MMT APTM modified montmorillonite clay
CEC The Cation Exchange Capacity

CTAB Cetyltrimethylammonium bromide

CTMA-MMT Alkylammonium exchanged montmorillonite clay

DFT Perturbation-type density functional theory
DODAB Dimethyl dioctadecylammonium bromide

DSC Differential scanning calorimeter

EPDM Ethylene propylene diene monomer rubber

EVA Ethylene vinyl acetate copolymer

EVA-MA Maleic anhydride modified Ethylene vinyl acetate
EVA-g-MA Same as EVA-MA

EVOH Ethylene vinyl alcohol copolymer

FTIR Fourier Transform Infrared Spectroscopy

HDPE High density polyethylene

HT Hydrogenated tallow (~65% C18; ~30% C16; ~5% C14)
ICPM 3-isocyanatopropyltrimethoxysilane

ICPM-MMT ICPM modified montmorillonite clay

LDPE Low density polyethylene
LDPE1 LF-0219A
LLDPE Linear low density polyethylene

LLDPE-MA Maleic anhydride modified linear low density polyethylene
LLDPE-g-MA  Same as LLDPE-MA

MAH Maleic anhydride

MA-g-EPDM Maleic anhydride modified EPDM

MMT Montmorillonite clay

MDPE Medium density polyethylene

OMMT Organically modified montmorillonite clay
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PA-6 Nylon 6

PA-66 Nylon 66

PLS Polymer — layered silicate

PLNs Polymer — layered Clay Nanocomposites

PE Polyethylene

PE1 PF0118F, a butene copolymerized LLDPE obtained from
Nova Chemicals

PE2 PF0218F, a butene copolymerized LLDPE obtained from
Nova Chemicals

PETI Poly(ethylene terephthalate) ionomer

PEMA Maleic anhydride modified polyethylene

PBT Poly(butylene terephthalate)

PMMA Polymethylmethacrylate (acrylic)
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Chapter 1

Introduction

Polymer/clay nanocomposites have attracted much attention since the pioneering
work done at Toyota in 1993 (Usuki et al. 1993). In the past decades, polymer-layered
clay nanocomposites (PLNs) have been a very challenging and promising research
topic both in academia and industry. Due to the high aspect ratio and the large surface
area of the layered clay, remarkable improvement in material properties has been
reported for the new polymer/inorganic hybrids, which could not be found in
conventional fillers such as glass and silica. The layered clay can enhance modulus
(Kojima et al. 1993; Li et al. 2001; Zhong and Kee 2005), reduce gas permeability
(Osman et al. 2005), retard flammability (Lu et al. 2005), boost thermal stability
(Chang et al. 2003), improve chemical resistance (Liu and Vipulanandan 2001),
enhance ion conductivity (Walls et al. 2003), and decrease thermal expansion
coefficient (Agag et al. 2001). Moreover, low filler content is an additional advantage
for PLNs compared with conventional reinforcement materials.

There are three primary methods to synthesize PL.Ns (Ray and Okamoto 2003): in
situ polymerization, polymer solution intercalation and melt intercalation method.
Direct polymer melt compounding (melt intercalation) has great advantages over
either in situ polymerization or polymer solution intercalation. Melt compounding
does not require handling of organic solvents, and it can be done very easily with

current industrial processes such as extrusion and injection molding.
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However, the strong interaction between clay platelets hampers the development of
PLNs, especially for the melt compounding method. Due to the strong attraction
between clay layers, individual platelets cannot be delaminated in the polymer matrix,
i.e. an exfoliated structure cannot be obtained. Therefore it sacrifices some advantage
of large aspect ratio and surface area of clay. In some cases, the properties of the
composites with the layered fillers are not very different from the ones with
conventional fillers. In addition, because of the hydrophilic properties of inorganic
clay, it is hard to have good interaction with organic polymer, which results in poor
clay dispersion, limits synergetic effects, and deteriorates some properties. In this
thesis, “dispersion” is often used for “delamination”, since in the polymer composites
literature, the word “dispersion” is used more than “delamination”.

To overcome the disadvantages mentioned above, researchers used an ion exchange
method to modify clay. For example, today, there are many commercial organic
modified clay products (OMMT) such as Closite 20A, Closite 30B (modified by
different quaternary ammonium salt and produced by Southern Clay Products, Inc.)
and so on. However, compatibility between clay and polymers is still a problem in
practical applications. Although the galleries between clay platelets were increased
through modification, in many cases, clay sheets still cannot be exfoliated in the
polymer matrix, and the properties of the hybrids do not have any outstanding
improvement. The poor compatibility may be caused by (1) the edges of clay are not
organically modified and they are exposed to polymer matrix, and (2) the organic

chain(s) in cations do not interact well with polymer molecules in the matrix.
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To improve the compatibility between clay and a specific polymer, a proper organic
agent needs to be chosen. This coupling agent should not only have a good affinity to
the clay surface but also have good interaction with polymer matrix. In order to
enhance the interaction between polymer and clay, some LLDPE based PEMA’s and
two kinds of silane were chosen in this thesis to modify LLDPE/OMMT system and

PBT/MMT system, respectively.

The organization of the thesis is as following: Chapter 2 introduces the basic
concepts of polymer nanocomposites, especially for polymer layered nanocomposites,
and reviews the work done by some other researchers. In Chapter 3, different LLDPE
based PEMA’s as the compatibilzer for LLDPE and Closite 20A (an ammonium
intercalated montmorllonite clay) are investigated. Some factors such as shear stress
and mixing equipment are studied as well. In addition, the effects of compatibilizer
and clay on the degree of crystallinity and tensile strength of composites are also
studied. In Chapter 4, two kinds of silane are used to organically modify nature
montmorillonite. Silane modified clays (S-MMT’s) are then blended with PBT 315.
The clay dispersion in the polymer matrix, the crystallization behaviors and tensile
properties of composites are investigated respectively. Chapter 5 summaries this thesis

work and discusses future work.
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Chapter 2

Literature Review

2.1 Polymer Nanocomposites

The reinforcement of polymers using fillers is common in the production of
polymer composites. The use of nanoscale fillers to generate polymer is a technical
revolution in the development of new polymer compounds. Nanofillers, such as
carbon nanotubes (Breuer and Sundararaj 2004; Harris 2004), POSS (Phillips et al.
2004), nano metal and metal oxide (Zavyalov et al. 2002), nanosilica (Liu et al. 2003)
and layered silicate (Vaia and Giannelis 2001; Schmidt et al. 2002; Utracki 2002; Ray
and Okamoto 2003; Maniar 2004), provide a prosperous future for the new synthetic
materials.

Polymer layered clay nanocomposites (PLNs) have attracted much attention
because of the inherent features of layered fillers such as large aspect ratio, high cation
exchange capacity (CEC) and nanometer thin platelets. Polymet/clay composites have
remarkable mechanical properties, barrier performance and better thermal behavior
with very low loadings compared with conventional polymer/filler compounds. More
interesting is that the extent of clay dispersion and orientation in the polymer matrix
have a great influence on the ultimate properties of nanocomposites (Gopakumar et al.
2002; Bureau et al. 2004; Osman and Rupp 2005). It is believed that better dispersion
can take better advantage of the features of higher aspect ratio and higher surface area
of clay. However, the hydrophilic property of clay and strong interaction of platelets is

always a bottleneck in the development of these nanocomposites.
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People in academia and industry have been full of enthusiasm to work on
preparation methods and to develop new materials based on polymer silicate
nanocomposites. To better understand polymer layered nanocomposites, various
properties,  rheological behaviors (Ray and Okamoto 2003) and interaction

mechanisms have also been investigated.

2.2 Montmorillonite

Montmorillonite, also called bentonite, is a most commonly used layered silicates.
Neither name is a scientific name in itself. These two terms — montmorillonite and
bentonite are both words coined based on local deposits; the former was named after
its discovery locality, Montmorillon, France in the 1800's, and the latter was named
after Fort Benton, Montana, near which it was discovered (Earth 2004) .

Like some other common clays such as kaolin, illite, chlorites and attapulgite
(palygorskite), montmorillonite belongs to phyllosilicates. The principal building
blocks of these clays are two-dimensional arrays of silicon-oxygen tetrahedral
elements and two-dimensional arrays of aluminum- or magnesium- oxygen-hydroxyl
octahedral elements. Such tetrahedral sheets and octahedral sheets are arranged in
different ways in each phyllosilicate clay. For montmorillonite, its unit crystal
structure consists of two tetrahedral layers outside and one octahedral layer inside (see
Fig. 2.1). This structure was proposed by Hoffman et al. early in 1933 (Hofmann et al.
1933; Grim 1953), and has been used as the conventional structure for
montmorillonite up to now. But the structure cannot adequately account for all the
properties of montmorillonite, notably its ion-exchange capacity. Evidences from X-

ray-diffraction data, chemical data and careful dehydration studies are all strongly
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against this structure (Grim 1953). McConnell (McConnell 1950) suggested a
revision in the structure shown in Fig. 2.1, whereby some of the silica tetrahedrons are
replaced by (OH)s tetrahedrons. It provided more surface OH groups, and was in
agreement with the dehydration studies of montmorillonite mineral. However, many
people still believed that there are only small amounts of OH groups in the structure of
montmorillonite (Newman 1987), and the general formula is usually written as
M1, M2y M1 1mSixAlyO20(OH)4nH,O, where, M1,M2, ---Mn are some other metal
cations. It is not possible to provide an exhaustive review on this topic here. Interested
readers can refer to the literature (Hawkins and Egelstaff 1980; van Olphen 1991;

Janeba et al. 1998; Roth 1954).
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Figure 2.1  Atom arrangement in the unit cell of a 2:1 layer mineral (schematic),
from (van Olphen 1991).

In the crystal structure of montmorillonite, isomorphous substitution occurs, that is,

higher valence elements are often replaced by lower valence elements due to the size
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and charge effects. For example, in the silicon-oxygen tetrahedral sheet, tetravalent Si
is sometimes partly replaced by trivalent Al, and in the octahedral sheet, trivalent Al
may be replaced by divalent Mg, Fe, Zn, etc. Because a lower positive valence ion
replaces one of higher valence, it will result in a deficit of positive charge in sheets,
and then the face of montmorillonite layer bears permanent negative charge
correspondingly. The excess of negative layer charge is usually compensated by
adsorption of cations on the layer surfaces. These cations cannot be accommodated in
the interior of the crystal due to space limitation. Based on the adsorbed cations,
montmorillonite is mainly divided into sodium variety and calcium variety. The two
varieties differ mainly in that sodium montmorillonite is known to swell to several
times of its original volume when contacted with water, whereas, calcium
montmorillonite swells to a much less degree.

At the edge of montmorillonite plates, the tetrahedral sheets and octahedral sheets
are in a broken state (some primary bonds are broken correspondingly); therefore,
charge here is quite different from that bulk. On such surfaces, the charge type is
determined by the adsorption of potential-determining ions. It can be positive charge,
negative charge, or neutral, depending on the environmental conditions. This situation
is analogous to, but not completely identical with that on the surfaces of silica and
alumina particles sols (van Olphen 1991).

Montmorillonite is well known for its good water swelling property which is
different from kaolin, illite, chlorites and attapulgite; therefore, it is also classified in
the smectite group like hectorite, nontronite, saponite, zincsilite and so on (Moore

1989; Jolyonm 2005). Because of the swelling property, montmorillonite and some
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other smectite clays such as hectorite and saponite are more viable to be used as fillers

in the polymer composites if compared with illite and kaolite.

2.3 Morphology of Polymer/clay composites

The three basic morphologies of polymer/clay composites (see Fig. 2.2) are
classified according to the dispersion of clay sheets in the polymer matrix:
conventional, intercalated and exfoliated structures (Giannelis et al. 1999; Ray and

Okamoto 2003).

Conventional Intercalated Exfoliated
Figure 2.2  Schematic representation of different morphologies of PLNs.

In the conventional structure, polymer chains do not enter into the clay interspaces,
and clay agglomerates are random distributed in the polymer matrix. Because the size
of the agglomerates is comparable to that of conventional fillers such as glass and
silica, we called this morphology the conventional structure. In the intercalated
structure, polymer chains intercalate between the host layers resulting in a well
ordered multilayer structure, and the clay platelets are somewhat dispersed due to
polymer intercalation. In the exfoliated structure, one nanometer thick silicate layers
are delaminated and randomly dispersed in the continuous polymer matrix. Many
researchers (Gopakumar et al. 2002; Wang et al. 2002; Osman and Rupp 2005) have

studied the influence of clay dispersion on the properties of polymer/clay composites.
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It seemed that better dispersion can lead to better properties due to the higher aspect

ratio and the higher surface area of clay.

2.4 Preparation of Polymer/clay composites

As mentioned previously, there are three methods to produce the PLNs (Ray and
Okamoto 2003; Kurian et al. 2004): in situ polymerization (Rong et al. 2001; Wang et
al. 2001; Jin et al. 2002; Chang et al. 2003; Kovaleva et al. 2004; Wei et al. 2004; Ray
et al. 2005), solution mixing (Jeon et al. 1998; Song et al. 2002) and melt blending
method(Gopakumar et al. 2002; Kato et al. 2003; Tjong and Meng 2003; Wang et al.
2003; Lew et al. 2004; Zhai et al. 2004). For in situ polymerization, monomers
polymerize in the galleries of layered silicate platelets which originally are swollen in
the monomer solution. Reaction can be initiated by heat, radiation, or initiator grafted
inside the clay interlayer. This method can lead to intercalation, and/or exfoliation;
however, the processing is complex and hard to control. For some polymer/clay
systems, the interaction between polymer and silicate is still poor.

In solution mixing method, polymer and clay are in a solvent in which clay layers
can be swelled, and polymer chains can be adsorbed on the clay surface. After
removing the solvent, polymer/clay hybrids can be formed. This method can also
attain good dispersion of clay in the nanocomposite, but the solvent handling is
problematic. Direct polymer melt compounding is the dominant method used to make
polymer blend compounds in industry, and it can also be applied to the polymer
layered silicate nanocomposites. This method has great advantages over either in situ

intercalative polymerization or polymer solution intercalation: it does not require to
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deal with organic solvents, and it is very easy to execute with current industrial

processes such as extrusion and injection molding.

2.5 Interfacial improvement between polymer and clay for melt blending

A significant impediment to the fabrication of PLLNs with well-dispersed clay layers
is the hydrophilicity of the clay minerals. To improve the interaction between polymer

and clay, the following methods have been developed.
2.5.1 Modification of clay minerals

2.5.1.1 Ion exchange

Smectite clays have been modified via ion exchange reactions with organic onium
ions for five decades and are of industrial importance. The ion exchange method has
been widely used in oil well drilling, paint, grease, ink, cosmetics, environmental
clean-up, polymer nanocomposites and pharmaceuticals (Beall and Goss 2004). The
generally used organic onium ions are quaternary ammonium and phosphonium
(Carminati et al. 1990; Okamoto 2004). The thermal stability of phosphonium
modified MMT is better than that of ammonium modified MMT (Xie et al. 2002;
Kumar et al. 2003). There have been a lot of reports (Lan and Pinnavaia 1994; Dau
and Lagaly 1998; Park et al. 2002; Suh and Park 2002; Okamoto 2004) for
polymer/clay composites using OMMT prepared by ion exchange method. Although
this method can expand the clay galleries, it neglects the interaction between polymer

and filler; therefore, the criteria for good dispersion are not satisfied.
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2.5.1.2 Ion-dipole bonding

To get better thermodynamic compatibility, the surface treatment via ion-dipole
bonding of organic molecules, oligomers or polymers to the exchangeable cations on
the clay surface (Beall and Goss 2004) attracts much attention in recent year. The
primary requirement for a molecule to ion-dipole bond to the cations is that the
molecule contains groups that carry partial negative charges. Beall et al. applied for
two U.S. Patents for this technique in 1996. More detailed information can be found in

the work done by Beall.

2.5.1.3 Silane surface modification

Silane is a very popular coupling agent used in the glass and silica industry (Ishida
and Koenig 1980; Plueddemann 1982; Crespy et al. 1992; Lin et al. 2001; Liu et al.
2001; Jesionowski and Krysztafkiewicz 2002). The hydrophilic property can be
changed to organophilic through chemical reaction between the alkyloxy group on the
silane and silanol group on the fillers under certain conditions. In addition, the
problem of poor interaction between clay and polymer can be easily handled using
silane molecules bearing two functional groups— one having affinity to the selected
polymer and the other having affinity to clay.

The reaction mechanisms that occur between silane and fillers are still not fully
understood. Pluedemann (Plueddemann 1982) believed that alkyloxy groups on the
silane are hydrolyzed to silanol groups by moisture in the solvent and/or on the filler
surface, and then the silanol groups are condensed with hydroxyl groups on the clay

surface. Some other researchers (Tsubokawa and Kogure 1991; Tsubokawa et al.
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1994; Lin et al. 2001) reported that alkyloxy groups in silane can directly condense
with the surface hydroxyl groups on the filler without hydrolyzation.

It is disputed how many OH groups are on the montmorillonite unit. Some
researchers (Newman 1987; Herrera et al. 2005) believed that clays of the smectite
group, such as montmorillonite or laponites, contain a relatively low amount of
hydroxyls located at the edge of the individual platelets, and can therefore bind only a
small proportion of organics. But others (Duell et al. 1950; McConnell 1950) believed
that there should be more OH groups on the surface of the montmorillonite unit than in
the conventional structure proposed by Hotmann et al. in 1933. It is unfortunate that
literature regarding the surface coverage of organic materials on montmorillonite clay
minerals is scant; hence it is hard to clarify the issue. Exfoliation of natural clay in
organic solvent is difficult, making the silane modification of clay interlayers almost
impossible unless we can find solvents that exfoliate the clay well.

Many people (Wasserman et al. 1998; Domka et al. 2002; Erdemoglu et al. 2004;
Feng et al. 2004; Park et al. 2004; Herrera et al. 2005) tried the direct graft method to
modify neat clay using silane. They only altered the external surface properties. Feng
et al. also improved the reaction in the galleries of clay using a toluene and acetic acid
mixed solvent. Some other researchers (Letaief and Ruiz-Hitzky 2003; Bourlinos et
al. 2004; Lee and Kim 2004) used silane to modify OMMT after ion exchange, and
obtained complete delaminating of the silicate (Letaief and Ruiz-Hitzky 2003). To
overcome the low reactivity of smectite clay surfaces with organic molecules, several
researchers (Carrado et al. 2001; Wheeler et al. 2005) reported direct synthesis of

organoclays by the sol-gel process using organoalkoxysilane. This method allows a
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high degree of organosilane incorporation, but it may cause distortion and introduce
structural defects within the synthesized clay sheets. Therefore, the direct grafting of
smectite-type clay samples with organoalkoxysilanes still appears to be an important
method because it is easy to handle. It will be the dominant way to organically modify

clay minerals if the inner galleries of clay can be reached by organic molecules.

2.5.1.4 Other methods

Poly(vinylpyridine) (PVP) is an attractive macromolecule surface modifier because
it has pyridyl group which has strong affinity to polar surface and metal. In addition,
PVP can interact electrostatically in quaternized or protonated forms with charged
surfaces (Sukhishvili and Granick 1998; Schmitz 2000). It (Malynych et al. 2002) is
believed that PVP is a universal monofunctional surface modifier for various
nanoparticles.

In 1992, Crespy et al. (Crespy et al. 1992) described the synthesis route of
macromolecular binders and coupling agents and expected them to be used in the
interphase region. Liu et al. (Liu et al. 2003) used these kinds of macromolecular
coupling agents to organically functionalize nano-scale silica particles. The modifiers
they used are bifunctional epoxy compounds. One of the functional groups reacted
with the silanol group of silica, and the other functional group was thought to interact

with polymer matrix. Additionally, polyions have also been used to modify clay

(Tombacz et al. 1998).

2.5.2 Compatibilizer for Polymer and Montmorillonite

This method has already been used in polymer blends for decades (Datta and Lohse

1996; Shonaike and Simon 1999). The basic idea is to add compatibilizer C to
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components A and B if A and B are not compatible. Here, C has affinity to both A and
B. If we cannot find such kind of compatibilizer C, then we can use two materials E
and F, where E has a good interaction with A, and F has good affinity to B and E. For
polymer layered nanocomposites, we can use this method to prepare
thermodynamically compatible hybrids. Xu et al. (Xu et al. 2005) used acrylic acid
(AA) grafted HDPE to compatibilize HDPE/montmorillonite blends. Li et al. (Li et al.
2001) utilized epoxy resin to improve the compatibility between PBT and Closite 30B,
a organic modified montmorillonite. Poly(ethylene terephthalate) ionomer (PETT)
seemed to be a good compatibilizer for PET/clay nanocomposites (Barber et al. 2005),
and EVA was used as compatibilizer for PE and clay (Zanetti and Costa 2004).

Maleic anhydride (MAH) grafted polymer seemed to be a very popular
compatibilizer. PEMA was employed by many researchers (Tjong and Meng 2003;
Hotta and Paul 2004; Lew et al. 2004; Zhai et al. 2004; Morawiec et al. 2005) to help
the interaction between PE and clay. EVA-g-MA was used as a compatibilizer for
EVA and clay (Zhang and Sundararaj 2004). Some researchers (Reichert et al. 2000;
Hambir et al. 2002; Merinska et al. 2003; Chiu et al. 2004; Qin et al. 2005; Wang et al.
2005) enhanced the interaction between PP and clay using PPMA as compatibilizer.
PPMA was also used to compatibilize TPO (blends of PP and EPDM) and TPV
(Thermoplastic vulcanizate) with clay (Mishra et al. 2005). EVA-g-MA and LLDPE-
g-MA were used as compatibilizers of EVOH with clay (Artzi et al. 2003). PMMA is
used for SAN/clay compounds (Kim et al. 2003). MA-g-EPDM was for EPDM and

montmorillonite (Zheng et al. 2004). In addition, Wanjale and Jog (Wanjale and Jog
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2003) used a terpolymer containing maleic anhydride and acrylic ester groups to

compatibilize PMP/clay blends.

2.6 Factors affecting on the morphologies of polymer/clay composites

2.6.1 Morphology development of polymer layered nanocomposites

Description Scale
f([ R I “}
Agglomerate ", fjJ 0.1-1mm
Primary %MW}
particles o, et 1-10 um

0.01-0.001 pum
Crystallites

Figure 2.3  Schematic of the morphology development, from reference
(Vaia et al. 1995)

It was found that the dispersion process of aggregated clay in the polymer would
experience the following stages when applying shear (Vaia et al. 1995; Vaia et al.
1996; Giannelis et al. 1999): first, the clay agglomerate (0.1~1 mm) was broken into
prime particles (1~10 pm); then prime particles were sheared into crystallites
(0.5~0.05 um) (see Fig. 2.3); after that, polymer molecules started to diffuse into the
crystallite galleries inward from the perimeter on a large scale (although few
intercalations occurred at the beginning). Those swollen crystallites could be

delaminated further into smaller pieces, even to single layers upon application of
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suitable shear stress. These separated layers were thermodynamically stable because of

decreased attraction between layers due to increased interspaces.

2.6.2 Factors affecting on the morphology development

The morphologies of polymer/clay composites depend on the thermodynamics
and fluid mechanics of the systems. Cho and Kamal (Cho and Kamal 2004) developed
a hydrodynamic model to describe the exfoliation process of clays in polymer melt
flows based on some assumptions. This model showed that exfoliation was a function
of shear rate, viscosity of the matrix, the Hamaker constant, overlapped fraction,
gallery spacing, and aspect ratio. Higher shear stress could accelerate the delamination
of clay. Based on the theories developed by Scheutjens and Fleer (Fleer et al. 1993),
many thermodynamic models about polymer and clay composites were developed.
Vaia et al. (Vaia and Giannelis 1997) established a mean-field statistical lattice model
to describe polymer melt intercalation. They believed the interplay of entropic and
energetic factors determined the outcome of polymer intercalation. Balazs et al. used
self-consistent field theory (SCF) (Balazs et al. 1998; Zhulina et al. 1999; Singh and
Balazs 2000; Kim et al. 2004) to describe the morphology formation of PLNs. The
results (Zhulina et al. 1999) showed that the presence of the bridging polymers
(bearing the adsorbing groups on both ends) could prohibit the formation of exfoliated
structures and the full-scale mixing of the polymer and the clay particles. The free
energy of the system would be reduced by improving the interaction between clay and
compatibilizer, increasing the amount of compatibilizer, and decreasing the length of
compatibilizer. However, the longer compatibilizer chain could enhance the

equilibrium separation between clay sheets. In the case of the organically modified
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clay surfaces (Balazs et al. 1999), the lower free energy of the system would be
obtained by increasing the polymer-surfactant interaction parameter and the amounts
of compatibilizer. On the other hand, higher surfactant density would shift the free
energy to higher values and destabilize the mixture. Furthermore, within a finite range
of polymer-surfactant interactions, the miscibility and morphology of the composite
could be tailored by increasing the surfactant length. Singh et al. (Singh and Balazs
2000) also found that increasing the extent of branching at fixed molecular weight
yielded more miscible structures. Besides those theories mentioned above, scaling
theory (Kuznetsov and Balazs 2000; Kuznetsov and Balazs 2000), perturbation-type
density functional theory (DFT) (Ginzburg and Balazs 1999), Onsager model
(Lyatskaya and Balazs 1998) and the combination of DFT and SCF were also
employed to study the phase behaviors of polymer layered clay nanocomposites.
These theories provide guidelines for tailoring the miscibility and morphology of the
mixture and are consistent with experiments and molecular dynamics simulation
results. Molecular dynamics simulation (Sinsawat et al. 2003; Gardebien et al. 2004;
Toth et al. 2004; Minisini and Tsobnang 2005) techniques were used to study the
interaction between clay and organic materials.

Experimental methods could be used to investigate the validity of models. Many
experimental reports have studied the factors influencing the morphology of polymer
layered composites. Interaction between polymer and clay seemed to be the most
important factor (Ko et al. 2000; Reichert et al. 2000; Wang et al. 2001; Suh and Park
2002; Kurian et al. 2004; Lew et al. 2004; Wang et al. 2004; Mederic et al. 2005;

Osman and Rupp 2005). For example, clay could be exfoliated in Nylon-6 but might
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have an intercalated structure in EVOH (Artzi et al. 2005). Similarly, clay in PA-6
could be better dispersed than in PA-66 (Chavarria and Paul 2004). Increasing the
number of alkyl tails of surfactants on clay also led to better dispersion of clay in
LLDPE than in Nylon-6 (Hotta and Paul 2004). Higher surfactant density also led to
worse clay dispersion (Morgan and Harris 2003; Ranade et al. 2005). Different clays
could have different behaviors in the same matrix (Kim et al. 2002). Higher VA
content was necessary to achieve greater clay-polymer interaction for EVA and
30B/15A blends (Chaudhary et al. 2005). Lower Mw compatibilizer resulted in a more
pronounced intercalation in the clay/LDPE system (Zhong and Kee 2005).

The effect of processing conditions has also been studied. Shear rate and shear
stress played an important role in the morphology development of polymer layered
composites (Zhang et al. 2003; Wang et al. 2004; Wang et al. 2005). For example,
Kim (Kim et al. 2002) studied the influence of shear stress by changing the molecular
weight of PA6, mixing temperature, and rotor speed of a mini-molder. Many
researchers (Fornes et al. 2002; Hambir et al. 2002; Bureau et al. 2004; Wang et al.
2005) proposed that higher molecular weight of polymer matrix can improve the
dispersion of nanocomposites. Similarly, Chang et al. (Ko et al. 2002; Chang et al.
2005) reported that higher viscosity could enhance exfoliation probability. Finally, it
was found that blending sequence (Dasari et al. 2005), processing conditions (Dennis
et al. 2001) and interaction between layer silicates(Koo et al. 2002) could influence the

morphology of polymer/clay blends.
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Chapter 3
Preparation of PE/PEMA/Clay Composites,

their Structure and Properties

3.1 Introduction

Polymer/clay composites are presently a very challenging and promising research
subject. Due to the particular properties of clay such as large aspect ratio and layered
structure (Utracki 2002), it can bring many advantages to polymer composites. These
fillers can enhance the modulus (Kojima et al. 1993; Li et al. 2001; Zhong and Kee
2005), reduce gas permeability (Osman et al. 2005), retard flammability (Lu et al.
2005), boost thermal stability (Chang et al. 2003), improve chemical resistance (Liu
and Vipulanandan 2001), increase ion conductivity (Walls et al. 2003), and lower
thermal expansion coefficient (Agag et al. 2001). Moreover, the low cost of clay as
filler is an attractive aspect for polymer — layered silicate (PLS) nanocomposites since
they typically have lower filler content compared with conventional reinforcement
materials.

Many polymers have been used as the base polymers for PLS nanocomposites,
including polyamide, polyimide, polyurethane, EVA, polypropylene, polystyrene,
polyethylene terephthalate, polybutene terephthalate, epoxy resin, silicone rubber and
so on (Li et al. 2001; Utracki 2002; Zhong and Kee 2005).

Montmorillonite is an extensively used clay. Like some other common clays such as
kaolin, illite, chlorites and attapulgite (palygorskite), montmorillonite belongs to

phyllosilicates. The principal building blocks of this kind of clay are two-dimensional
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arrays of silicon-oxygen tetrahedral elements and two-dimensional arrays of
aluminum- or magnesium- oxygen-hydroxyl octahedral elements. Such tetrahedral
sheets and octahedral sheets are arranged in different ways in each kind of
phyllosilicate clay. For montmorillonite, its unit crystal structure consists of two
tetrahedral layers outside and one octahedral layer inside. Additionally,
montmorillonite is well known for its good water swelling property which
differentiates it from kaolin, illite, chlorites and attapulgite. Therefore, it is classified
in the smectite group, and this property enables it to be used in more polymer
applications.

Polyethylene is a versatile thermoplastic resin available in a wide range of melt
indices, densities and additive formulations. Polyethylenes are classified according to
its density as high density polyethylene (HDPE), medium density (MDPE), low
density (LDPE), and linear low density (LLDPE). The non-polar properties and
variety of structures of PE made it difficult to study clay dispersion in PE. In general,
to improve the compatibility between clay and PE, montmorillonite is organically
modified with alkyl quaternary ammonium. Although the ion exchange method can
facilitate the clay’s interaction with polyethylene, organically modified clay (OMMT)
still does not disperse well in non-polar polyethylene since such a non-polar polymer
is still too hydrophobic. Zhao et al. (Zhao et al. 2004) reported that chlorosilane-
modified clay can further improve the compatibility of clay with PE although only
intercalated nanocomposites were obtained.

Many research groups also attemped different blending methods. Jeon and

coworkers (Jeon et al. 1998) reported intercalated morphology of HDPE
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nanocomposites prepared by solution blending HDPE with OMMT. When in-situ
polymerization was employed, polyethylene/clay nanocomposite seemed to show
exfoliated morphology (Rong et al. 2001; Jin et al. 2002; Kovaleva et al. 2004; Wei et
al. 2004; Ray et al. 2005). Melt blending is the most convenient method used for PLS
nanocomposites preparation. Some researchers (Gopakumar et al. 2002; Kato et al.
2003; Wang et al. 2003; Zhai et al. 2004; Morawiec et al. 2005) used PEMA as
compatibilizer and/or swelling agent, and obtained exfoliation structure of OMMT in
PE matrix, but the exfoliation mechanism is still not well understood.

Vaia et. al. (Vaia and Giannelis 1997; Giannelis et al. 1999) proposed mean-field
theories to predict the dispersion of clay in the polymer matrix using thermodynamics
arguments. Cho and Kamal (Cho and Kamal 2004) used fluid mechanics method to
estimate the stress needed to separate the clay platelets attracted by Van der Waals
force. Molecular simulation techniques (Toth et al. 2004; Aleperstein et al. 2005;
Minisini and Tsobnang 2005) were also employed to study the exfoliation process of
clay in polymer matrix. Although some experiments were performed to validate the
theories proposed, they are still insufficient due to the large number of polymer/clay
systems and the different behavior in different systems. Moreover, further
experiments are still needed to find the influence of clay on the properties of pristine
polymer.

In this work, two kinds of melt mixers (a twin-screw extruder and a miniature batch
mixer) are employed to explore the exfoliation mechanism of LLDPE/LLDPE-

MA/OMMT. The two mixers are compared with each other. Furthermore,
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investigations of crystallization behavior and tensile strength of the nanocomposites

are also discussed.

3.2 Experimental

3.2.1 Materials

The clay powder, Closite 15A and Closite 20A (called 15A and 20A, respectively)
were purchased from Southern Clay Products, Inc. As provided by the supplier, they
are all natural montmorillonite modified with a quaternary ammonium modifier. The

chemical structure of organic intercalant in the 15A and 20A is as follows:

CH;
|

CH;— N*—HT
T
Hr
where HT is hydrogenated tallow (~65% C18; ~30% C16; ~5% C14), and the anion is

chloride. The characteristics of the clays are summarized in Table 3.1.

Table 3.1 The characteristics of quaternary modified montmorillonite*.

Name Modifier Average Specific | Weight
Concentration interlayer space | gravity | loss (%)
15A 125 meq/100g clay doo; =24.2A 1.66 43
20A 95 meq/100g clay door =31.5A 1.77 38

* Provided by supplier.

Orevac series, 18302, 18360, 18365 and 18380 were all generously donated by
Arkema Company. They are all LLDPE based PEMA (maleic anhydride modified
polyethylene). Each Orevac grade includes more than one LLDPE, comprises very
low maleic anhydride (< 0.5 % wt), and has very wide molecular weight distribution

(Mw/Mn>5). Some properties of these PEMA’s are shown in Table 3.2.
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PF0118F (PE1) is a butene copolymerized LLDPE obtained from Nova Chemicals.
The density is 0.918 g/cm®; My, is 10.56 x 10° g/mol, and its polydispersity My /M, is
3.28 (Zhang 1999). PF0218F (PE2), also from Nova Chemicals, is another butene
copolymerized LLDPE with density 0.918 glem®, My, = 9.70 x 10° g/mol, and M/M,
= 3.48 (Zhang 1999). LF0219A is an LDPE with density of 0.919 g/ cm®, and melt

index of 2.3 g/10min (from Nova Chemicals).

Table 3.2 The properties of PEMA’s.

Orevac grade Melt Index Tm**
¢ (g/10min)* (°C)
18302 ] )
18360 o) 120
18365 Y o0
18380 i e

* Provided by supplier by using method according to ASTM D1238.
**Obtained by communication with supplier.

3.2.2 Preparation of polymer clay blends
3.2.2.1 Blends by using miniature mixer

Each PEMA was blended with selected organosilicate under shear in a 2 ml
miniature mixer which was built in-house (Breuer et al. 2004) and called the Alberta
Polymer Asymmetric Minimixer (APAM). The designed mixing ratios of
PEMA/organosilicate were 19/1, 9/1, 7/1, 5/1 by weight. The blends with high clay
concentration were also used as masterbatches. Mixing time was varied from 2 min to
20 min, and the applied rotation speed of rotor was varied from 50 rpm to 150 rpm.

The shear rate distributions during mixing were calculated from computer simulation

(Polyflow, Fluent Inc.) using the formula y = ./2t#(D*) , where D is the rate-of-

deformation tensor.
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Some masterbatch products of 18302/20A mentioned above were used to blend with
PE1 at 100 rpm and 190 °C for 10 min in the APAM.
3.2.2.2 Blends by using extruder

Four ratios of 18302/20A composites (19/1, 9/1, 7/1 and 5/1) were prepared in a
twin screw extruder (type ZSK-25, Coperion Corp., screw diameter: d = 25 mm,
length: L = 925 mm) at 200 rpm rotation speed and the barrel temperature profile was
100 ~ 150°C. The total mass rate was kept constant at 4 kg/hr.

Part of the master-batch products of 18302/20A were used to blend with selected
PE at 200rpm using a temperature profile of 100 ~190 °C at the same total mass rate.
For comparison, corresponding non-master-batch composites were prepared at the

same mixing conditions in the extruder.

3.2.3 Characterization
3.2.3.1 FTIR study

FTIR spectra were collected on a FTS 6000 spectrometer using Bio-Rad Win-IR Pro
software from 4000 cm™ to 400 cm™ using 128 scans. The samples were prepared by
compression-molding a small amount of PEMA pellets (0.1~ 0.9 g) between Teflon

films to produce thin films of 60~110 um at 140-155 °C.

3.2.3.2 Rheology study

A RMS 800 (Rheometrics, Inc.) was used to determine the rheological behaviors of
PEMA’s and their clay composites made in the APAM. The measurement was
performed at 150 °C, and under nitrogen environment to minimize degradation. Steady

shear viscosity versus. shear rate exactly corresponds to complex viscosity versus

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



40

frequency according to “Cox-Merz rule” using dynamic frequency sweep method

(Macosko 1994).

3.2.3.3 XRD study

Each polymer was molded into a round disk (d = 20 mm, h = 2mm) using a Carver
laboratory press (Model C). Then XRD patterns for all the nanocomposites were
collected using a X-ray diffractometer equipped with CoKo, radiation (A = 1.78897 A).
The scanning range was 1-30 ° (20) with a scanning rate of 0.008 °/ 2 sec.

For the systems with the same composition, we normalized the clay diffraction
intensity by dividing by the corresponding diffraction area of polymer, and compared
their normalized (001) peak areas to obtain the relative extent of clay dispersion,
assuming that the blending conditions do not significantly influence the materials’
diffraction pattern. For some other systems, we only made a qualitative analysis by
comparing the position and diffraction intensity of the clay (001) peak. This
qualitative method is extensively used in the current literature for polymer/clay
system. In fact, when samples are uniform and testing condition in XRD is consistent,
the diffraction results can reflect the real status of clay crystallites in the polymer
matrix. For example, the collected diffraction intensity increases with clay content in
the polymer due to more diffracting crystals if the clay is uniformly distributed.
Similarly, exfoliated, intercalated and conventional dispersion status of clay platelets
can also be easily differentiated. However, it may cause confusion for comparable
systems when their XRD patterns are very similar. In this situation, normalization

became necessary to make an accurate comparison.
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3.2.3.4 DSC analysis

Samples made by extrusion were studied with a DSC 2910 differential scanning
calorimeter and TA Instruments thermal analyst 2200 system under continuous
nitrogen flow. The cyclic heating and cooling scans were performed between -10 °C
and 180 °C with a heating/cooling rate of 10 °C/min with retention time of 5 min at
250 °C to eliminate history effects. The melting and crystallization temperatures were

defined at the maxima of the DSC peaks.

3.2.3.5 TEM

TEM samples were prepared by cryo-microtoming. Ultrathin sections of about 70-
100 nm thickness were cut at -120 °C using an cryo-ultramicrotome with a diamond
knife. The ultrathin sections were collected on grids coated with carbon film.

Microscopic investigations were performed using a transmission electron microscope

(TEM) microscope (Philip H-7000 ) operating at 70 K'V.

3.2.3.6 Tensile test

Tensile properties of composites produced by extrusion were measured according to
ASTM D-638 on an Instron 4200 at 65 % humidity and 21 °C. The distance between
the grips is 25.4 mm, and the crosshead speed was 50 mm/min for each specimen.
Each polymer was first molded into a square plate (90 mm x 80 mm x 1.6 mm) using
a Carver laboratory press (Model C) at 150 °C, and then test specimens (see Fig. 3.1)
were cut by a type ASTM D638-5-IMP die. At least five measurements per composite

were taken to estimate the tensile properties.
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Figure 3.1  Schematic of the specimen for tensile tests.

3.3 Results and Discussion

3.3.1 PEMA selection
Clay cannot be well dispersed when blended directly with PE. In Fig. 3.2, PE1/20A
composites were made by the twin screw extruder at 200 rpm using a temperature

profile of 100 ~190 °C. Each polymer composite has the apparent characteristic (001)

peak of clay.
) \
l a) PE1/20A, 0 % wt |
b) 20A |
c) PE1/20A, 2% wt |
d) PE1/20A, 4% wt |
g |
2]
=
2 |
=
=

20(°)

Figure 3.2  XRD patterns for PE1/20A composites with different clay loads.
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To improve the clay dispersion in the PE matrix, the best compatibilizer should be
selected among all the PEMA’s. First, the miniature mixer was employed to study
mixing effects of blending systems, and then a lab twin screw extruder was used for

selected cases to verify the results from the miniature mixer.

3.3.1.1 MAH content in PEMA’s

a. 18302 ; b. 18360 720
c. 18380 ; d. 18365

<\\,_/\/\/—j
b

d

T T

1800 1650 1500 1350 1200 1050 900 750 600
Wavenumbel(cm'l)

Figure 3.3 FTIR spectra for a) 18302, b) 18360, c¢) 18380 and d) 18365.

Table 3.3 The summary of area ratios.

PEMA Avp* AvF* Avy /[ Avg
18302 4.51 19.75 0.23
18360 5.34 25.41 0.21
18380 3.47 17.03 0.20
18365 2.40 26.60 0.09

* Area of CH, rocking; ** Area of C=0O symmetric stretching.

The content of MAH was evaluated qualitatively from the area ratio of the IR band

due to symmetric stretching of carbonyl v (C=0) (1710-1712 cm™) to that due to the
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in-plane bending (i.e. rocking) v, of CH, (~720 cm™) (Yang et al. 2003) , as shown in
Fig. 3.3, and the values of area ratio are list in Table 3.3.
From the value of Avy, / Av, in Table 3.3, the order of MAH content for PEMA’s is

18302 > 18360 >18380 >18365.

3.3.1.2 Rheological behaviors of PEMA’s and corresponding clay composites

Each Orevac product of PEMA was blended with 20A at a fixed weight ratio of
19/1 in the miniature mixer at 50 rpm and 150 °C for 10 min. The complex viscosity
(m*) vs. frequency (®) and steady shear viscosity (n) vs. shear rate ( 7 ) for each PEMA

and corresponding clay composites is shown in Fig. 3.4.

1.0E+06 ¢
| ---m--- 18302
il 1 8302/20A
---A--- 18360
1.0E+05 + —a iggg(s)/zoA
i e
—— 18365/20A
2 -+ -m--- 18380
& ) 18380/20A
~ L Y T
= 10E+04 ¢--..6... @171
:.. f I
[=]
*®
=
1.0E+03 |
1.0E+02

1.0E-01 1.0E+00 1.0E+01 1.0E+02

o(rad/s) or :r(s'l)

Figure 3.4  Complex viscosity vs. frequency & steady shear viscosity vs. shear
rate for PEMA and PEMA/20A (5 %wt), measured at 150 °C.
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From Fig. 3.4, we can find the following phenomena: (1) pure PEMA containing
more MAH shows more strong non-Newtonian behavior and this is more pronounced
at low frequencies; (2) each PEMA/20A composite has increased viscosity compared
to neat polymer, and shows more shear thinning performance than the corresponding
neat polymer, especially at low frequency; (3) if we divide the viscosity of composite
(me) by its neat polymer (n,), we can find the sequence for viscosity ratio (1) is :

18302 pair > 18360 pair > 18380 pair > 18365 pair (see Fig. 3.5).

5.0
45 -
1]r=7|chlp
4.0
—u— 18302
3.5 4 —a— 18360
. —ae— 18380
=
3.0 + —— 18365
2.5 9
20 T
1.5 +
1.0 S . e —
0 [ 10 100
()

Figure 3.5  Viscosity ratio (1, ) vs. shear rate for each PEMA pair (at 150 °C).

The viscosity of polymer is dependent on many factors such as temperature, shear
rate, matrix composition, filler load, shape, dispersion & distribution, and interaction
between polymer and filler. All the PEMA’s belong to the Orevac series and contain
more than one LLDPE. The chemical composition for all the grades should be similar.

The obvious difference for them is melt index and MAH content. From Fig. 3.4, it
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seemed that MAH content is a key element which determined the shear thinning
behaviors of all the PEMA’s. The MAH group can increase the molecular interaction
due to polar action in the polymer matrix, and this stronger molecular attraction could
lead to a pseudo-solid behavior. When MAH content is increased, these pseudo-solid
spots also increase correspondingly. These solid-like spots in polymer act like fillers;
therefore, the curve shows a stronger non-Newtonian behavior (Homsby 1999; Ray
and Okamoto 2003) with increased MAH content from 18365 polymer to 18302
polymer. Based on the discussion above, it is not surprising that each PEMA/clay
composite displayed more shear thinning performance than corresponding neat
polymer because of the clay. For the curves shown in Fig. 3.5, they could be caused by
the filler dispersion. More MAH group could enhance the interaction between clay and
polymer; hence, it can accelerate the clay dispersion. The smaller size of dispersed
clay indicates that the higher particle number density per unit volume which affects
the polymer rheology to some extent. When particle volume density reaches a critical
point, percolation will occur. This percolated structure will significantly influence the
rheological behavior of the polymer, and induce a more solid-like behavior. The
dispersion of clay in each polymer matrix can be found from the XRD result shown in
Fig. 3.9. The order from better dispersion to worse for all the composites can be taken
as 18302/20A >18360/20A> 18380/20A =~ 18365/20A, which is consistent with the
result shown in Fig. 3.5.

In Fig. 3.6, only the 18302/20A curve is entirely located in I zone where G' > G'. It
also suggested that 18302/20A composite has an obviously different morphology from

other polymetr/clay blends (Zhao et al. 2005).
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Figure 3.6  Storage modulus, G’ vs. loss modulus, G (at 150 °C).

3.3.1.3 Average shear stress for PEMA composites made in the miniature mixer

Several researchers (Vaia et al. 1995; Vaia et al. 1996; Giannelis et al. 1999) found

47

that the dispersion process of aggregated clay in the polymer will experience the

following stages when applying shear: first, clay agglomerate (0.1~1 mm) is broken
into prime particles (1~10 um); then prime particles are sheared into crystallites
(0.05~0.5 um); polymer molecules start to diffuse into the crystallite galleries inward
from the perimeter on a large scale although some intercalation has already occurred at

the beginning. The swollen crystallites could be disaggregated further into smaller

pieces, even single layers upon application of suitable shear stress because of

decreased attraction between layers due to increased interspaces. Therefore, shear

stress could be a critical factor in the dispersion of clay in the layered nanocomposites.
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For a non-Newtonian fluid, shear stress
T=y-1, (3-1)
wherey = 2 (D7), s!; m, the viscosity of media, Pa-s .

Assume that the system is in the steady state, and the temperature is uniform in the
entire fluid field. Using computer simulation, the rate-of-deformation tensor D can be
attained from velocity profile in each node on the mesh after solving the continuity
equation and momentum equation if the boundary conditions and material properties
(viscosity & density) are known for a fixed geometry of the mixer; in this way, shear
rate distribution with probability (p) for each shear rate can be obtained. Shear stress
distribution can also be obtained if we known(y,T). Then, average shear stress (7),

can be integrated from shear stress distribution:

7= [e(p)- pdp = [7(p)- 1) pdp = 3. 7(p)-0(p)- p (3-2)

[=

Eq. (3-2) can be used to find stress and then evaluate its effects on the clay
dispersion in a specified blending system.

From the curves in Fig. 3.4, it is hard to model every curve with a simple formula.
Fortunately, we know shear rate is most significantly influenced by rotation speed, but
slightly changed with material properties. Therefore, we can use the following
procedures to get the initial and final average shear stress in each specified mixing.

(1) Obtain a single equation from fitting test data in Fig. 3.4 to roughly model
viscosity function for each neat polymer, and apply the computer simulation
method mentioned above to calculate the corresponding shear rate distribution

(see Fig. 3.7 & Table. 3.4).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



49

18360& 18380& 18365, 50 rpm

1.8

1.6 18302, 50 rpm
4
i:%:l? | 18360, 80 rpm
=
-:;2:2 \—— 18302, 100 rpm
a o4 O\ 18302, 150 pm

02

. _

0 100 200 300 400 500 600

Shear rate (s 'l)

Figure 3.7  Shear rate distribution for different polymer matrices at various
rotation speeds at 150°C in the miniature mixer.

Table 3.4 Viscosity function and average shear rate for each polymer at
different rotation speed mixing at 150°C in the miniature mixer.

Rotation . . . Average
Polymer speed: VISCOSI?I;?SI)ICUOH shear rate:
N(rpm) i ACH
50 54.5
18302 100 7 =179005 %4 119.7
150 175.2
50 52.1
18360 n = 8300577
80 81.5
18380 50 n = 480057°% 52
18365 50 n=-1145In(y)+ 7415 50
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(2) With the shear rate distribution data for neat polymer, the equation sets that can
fit the data better were used to determine the initial and final average shear
stress for each polymer/clay composite at corresponding rotation speed (see
Table 3.5 & Fig. 3.8). The average shear stress for neat polymer is equivalent
to the initial average stress for its polymer/clay composites. For example, to
calculate the shear stress of 18302/20A blending at 50 rpm, the shear rate
distribution curve used was that for 18302 at 50 rpm in Fig. 3.7, and the initial
stress was solved using neat 18302 viscosity function and the final stress was

solved using 18302/20A composite viscosity function in Table 3.5.

Table 3.5 Initial and final average shear stress for each polymer/clay composite
at different rotation speed mixing at 150°C in the miniature mixer.

Rotation Average
Polymer blends speed: Viscosity function n (Pa's) shear stress
N(rpm) 7(x10*Pa)
50 . 0437 . 13.31
=180647 0<y<10
Initial* 100 n_ 228787'/—04536 f0r10< ?/< 600 19.03
18302/20A 150 = yjor 0y < 22.77
(19:1) 50 27.83
Final 100 7 =5892677"°% for 0<y <600 38.12
150 44.69
Initial® 50 17=86557"""" for 0<7<10 11.82
nitia
18360/20A 80 n=130727"** for 10< 7 <300 15.32
(19:1) Final 50 n=211507""for 0<7<10 21.72
ma
80 17=270435 % for 10< 7 <300 27.86
_ 17 =49747°% for 0<y<10
191%*
18380/204 | el >0 1 =T8535 for 10< 7 <600 71
(19:1) =8775 7" for 0<7 <10
Final 50 =81y for 0571 9.37
7 =12507 77 for 10 < 7 < 600
18365204 Initial* 50 n=-114471n(y) + 7415.5 13.11
1167277 for 0<y <10
(19:1) | Final so0 | 7o Jr 0=y 16.23
7 =183087 % for 10 <y <200

* The viscosity equation is the corresponding neat polymer
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Figure 3.8  Initial and final average shear stress for PEMA/20A (19:1), at 50

rpm and 150 °C in the miniature mixer.
The viscosity equations were fitted from experimental data within shear rate range
from 0 to 100 s™', but during the mixing processes, some local shear rates could be as
high as 600 s, Therefore, extrapolation was employed to calculate the shear stress

for y > 100 s, Fortunately, it can be found from Fig 3.7 that the most shear rate

was located within 100 s for each case. The probability of very high shear rate
should be rather low and thus the extrapolation should not result in large errors. In
addition, from Fig. 3.7 and Table 3.4, we can find that shear rate is significantly
affected by rotation speed, but slightly changed by viscosity. This verified our initial

premise.

3.3.1.4 Clay dispersion in each PEMA grade in the miniature mixture
Each Orevac product was blended with 20A at a fixed weight ratio of 19/1 in the
miniature mixer at 50 rpm and 150 °C for 10 min. The XRD patterns for 20A and all

the composites are shown in Fig. 3.9. It is clear to see that the basal reflection peaks
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for all the hybrids were shifted to low angles. This means that polymer molecules were
able to intercalate into the clay galleries for all the PEMA’s. Furthermore, the level of
reduction of the observed basal reflections intensity for different PEMA’s followed the
order — 18365 = 18380 < 18360 < 18302. In addition, the relative viscosity change of
18302 pair is most significant in Fig. 3.5. Based on the results of XRD and rheological
behavi(?r of composites, the aggregated platelets of 20A seemed to be best dispersed in

the 18302 matrix.

a.20A
b. 18365: 20A (19:1)
c. 18380: 20A (19:1)
d. 18360: 20A (19:1)
e. 18302: 20A (19:1)
(>

Intensity

1 2 3 4 5 6 7 8 9 10
26(°)

Figure 3.9  XRD patterns for different PEMA/20A composites mixed at 50 rpm
and 150°C for 10 min in the miniature mixer. Curve for 20A is
shown for comparison.

All the PEMA’s are based on the LLDPE, a mixture of various LLDPE’s; therefore,
they have similar chemical structures. However, the viscosity and MAH content is
different for each PEMA. The viscosity of 18302 is the largest among all the PEMA’s
and the maleic anhydride (MAH) content of 18302 is the highest as well. Higher
molecular weight represents higher viscosity and probably can generate higher shear
stress and thus break up clay aggregates and delaminate clay platelets as shear is

applied. Higher MAH content means better interaction between clay platelets and
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polymer molecules (i.e. thermodynamic compatibility), and it can facilitate the clay
disaggregating. Therefore, compatibility and shear stress seems to be the most
important factors to induce the exfoliate structure of 18302/20A composite. The
influence of shear stress and compatibility can be also observed for the other
PEMA/20A composites. MAH concentration in 18360 is almost the same as that in
18380, but the viscosity of 18360 is higher than 18380; therefore the clay dispersion in
the composite of 18360/20A is better than that in 18380/20A from the XRD pattern.
18365 has the lowest MAH content, and the second highest molecular weight, but the
clay platelets seemed to have the worst dispersion. It is most probably because the
MAH content is too low to get enough energy interaction.

Similar phenomena can be found in Fig. 3.10. The magnitude of the observed basal
reflections for all the composites reduced the original 15A peak from 18365 to 18302

in order of enhanced MAH content.

a. 15A

b. 18365: 15A (19:1)
c. 18360: 15A (19:1)
d. 18302: 15A (19:1)

Intensity

28(°)

Figure 3.10  XRD patterns for different PEMA/15A composites mixed at 50 rpm
and 150°C for 10 min in the miniature mixer. Curve for 15A shown
for comparison.
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To further investigate the effect of shear stress and MAH content, 18360 was mixed
with 20A at 80 rpm to obtain a shear stress comparable to 18302 at 50 rpm. The initial
and final average shear stress for these two polymer blends are listed in Table 3.5 and
Fig.3.8. XRD patterns are given in Fig. 3.11. It is found that the similar shear stress
cannot improve clay dispersion for 18360. The basal reflection peak did not diminish
as it did for 18302 at 50 rpm. Thus, shear stress is not as vital a factor as compatibility

for clay delaminating.

a. 18302: 20A (19:1), 50rpm
b. 18360: 20A (19:1), 80rpm

Intensity

26(%)

Figure 3.11 XRD patterns for a) 18302/20A (19:1), 50 rpm, and b) 18360:20A
(19:1), 80 rpm (at 150 °C).

3.3.2 Clay comparison

15A and 20A are organic modified natural montmorillonite clays. They have the
same organic quaternary modifier. The only difference is that 15A has much more
intercalant molecules than 20A. Vaia et al. (Vaia et al. 1994) found that higher
concentration of organic surfactants can impart more orientation order to the chains,
similar to that in a liquid crystalline state. This is the reason that 15A has larger
interlayer spaces than 20A. It is expected that more surfactants can improve the

interaction between polymer and clay layers, and larger interlayer galleries can
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accelerate the intercalation of the polymer chains. Therefore, 15A should be better
dispersed than 20A. However, 15A dispersion was a little worse than 20A from the
XRD results in Fig. 3.12. In the normalized XRD picture, the magnitude of (001) peak
area of composites containing 15A is greater than that in the corresponding 20A
blends; therefore, the average stack size of layers is thicker for 15A in the polymer.
Balazs et al. (Balazs et al. 1998) found the same phenomenon using self-consistent
field theory. They proposed the free energy of the system increases with increasing
density of surfactants and it becomes harder for the free (polymer) chains to penetrate
and intermix with the tethered species. Based on the XRD analysis, 20A seemed to be

a better organic clay to be used in the polymer blending.

Composite Area* (x107)
18365/15A 317091
18365/20A 177416
z 18360/15A 137561
4 18360/20A 77258
§ 18302/15A 26166
= 18302/20A 110
g 18302/15A
2 18302204
E 18360/15A
Z° 18360/20A
(001) 18365/15A
18365/20A
R e B E R LS A
1 2 3 4 5 6 7 8 9 10

200

Figure 3.12  XRD patterns for PEMA/15A & PEMA/20A made at 50 rpm and 150
°C in the miniature mixer for 10 min. (Area* is the (001) peak area
after nomalization.)

3.3.3 Factors on the clay dispersion in the miniature mixture
After selecting 18302 as the compatibilizer and 20A as the filler for PE/clay

composites, some factors which may influence the mixing effects were investigated in
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the miniature mixture by blending 18302 and 20A at different conditions. XRD was
used as the principal means to analyze the morphological structure of polymer
composites.
3.3.3.1 Influence of shear stress

Three rotation speeds — 50 rpm, 100 rpm and 150 rpm— were applied for
18302/20A (19:1) composites in the miniature mixer at 150 °C for 10 min. The degree
of clay dispersion was measured and analyzed by X-ray diffraction (see Fig. 3.14A). It
is interesting to note that 100 rpm seems to be the optimum rotation speed. Changing
rotation speed changes the shear rate distribution in the mixer, and this will influence
the magnitude of shear stress on the clay. From Table 3.5, we find that the order of
shear stress for different rotation speeds is: 50 rpm < 100 rpm < 150 rpm. It is
reasonable that the position of (001) peak shifts to lower angles because of higher
shear stress in the 150 rpm case compared with 50 rpm, but it is interesting to find that
the dispersion is worse in the 150 rpm case than in 100 rpm. Some other researchers
also saw the same phenomenon. Dennis et al. (Dennis et al. 2001) studied the effect of
melt processing conditions on the extent of exfoliation in several polymer/clay
systems having different compatibilities using various mixers. They found that
excessive shear intensity apparently could cause poorer delamination and dispersion in
extruders, and proposed that the short residence time (i.e. short diffusion time of
polymer molecules entering clay galleries) could be a reason. In our systems, the
mixing time is the same for each blending; therefore polymer chains have enough time
to intercalate the clay galleries for the case of higher shear rate. Hence the explanation

they proposed cannot be applied here. One year later, one coauthor (Kim et al. 2002)
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proposed another mechanism with other researchers. They thought the worse
dispersion at higher rotation speed could be caused by lower shear stress due to shear
thinning. However, even if the fluid is shear thinning, the shear stress will be higher at
higher shear rates. Therefore, the reason given in this paper is not the correct one.
Colloid coagulation theory may explain this difference between 100 rpm and 150
rpm. Clay particles dispersed in the polymer matrix in the miniature mixer upon
shearing is in fact a colloid system. The morphology development of clay would
experience the two main stages from the beginning to the end. In the first stage, the
delaminating is dominant, which has been discussed by Vaia (Vaia et al. 1995). After
clay agglomerates were dispersed into many tiny crystallites or even single platelets,
clay coagulation could happen and increase the clay aggregate size. The rate of
coagulation increases with the shear rate (von Smoluchowski 1917; Vanni and Baldi
2002); therefore higher shear rate can induce a larger mean particle size. It should be
noted that some polymer molecules could also be trapped in the interspaces of
aggregated fillers and thereby increase the average space of clay galleries (see Fig.
3.13) after clay coagulation. Correspondingly, the intensity of basal reflection peak is
increased, and the peak position is shifted to lower angle (see 150 rpm in Fig. 3.14A).
From the colloid phenomena (Spicer et al. 1996), we know that the average particle
size in the system will be increased with the process of coagulation, and fragmentation
will also occur concurrently. The ultimate particle size is determined by the
competition of coagulation rate and fragmentation rate. In other words, the mean
particle size of colloid system will increase during the growth-dominated regime

(coagulation rate is greater than fragmentation rate), and then levels off once steady
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state (coagulation rate is equal to fragmentation rate) is attained. The time to reach
steady state will be shortened for higher shear rate.

The mixing time was only 10 min for our blending systems, and it also included the
dispersion time. In Fig. 3.15A, we know that clay will need at least 5 min to obtain
fully exfoliated structure. Therefore, clay system may be only located in the growth-

dominated regime after clay delamination.

AR /AR
AR

Figure 3.13 Possible morphology development for higher shear rate case: at the
first stage, delaminating is dominant, therefore big clay agglomerate
is dispersed into many small crystallites; however when coagulation
process is dominant, the dispersed crystallites can coalesce to a
thicker particle, and polymer molecules were trapped into interspaces
of crystallites. Higher shear rate can increase the coagulation and the
order of crystallites along shear direction.

100 rpm is also the optimum shear rate for the composite of 18302/20A with the
ratio of 9:1 and 7:1 (see Fig. 3.14B&C). In both cases, the magnitudes of basal
reflection for 100 rpm were smallest, but unexpectedly increased for 150 rpm. It
means that a different mechanism exists in the 150 rpm case. For the higher clay
concentration, the collision rate for clay particles would increase because of enhanced
volume fraction of suspended clay (Spicer et al. 1996). Hence, the clay dispersion may

become worse.
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a. 18302:20A(19:1), 50 rpm
b. 18302:20A(19:1), 100 rpm
c. 18302:20A(19:1), 150 rpm

Normalized Intensity
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a. 18302:20A (9:1), 50 rpm
b. 18302:20A (9:1), 100 rpm
¢. 18302:20A (9:1), 150 rpm

Normalized Intensity

200

a. 18302:20A (7:1), 50 rpm
b. 18302:20A (7:1), 100 rpm
c. 18302:20A (7:1), 150 rpm

Normalized Intensity

20(°)

Figure 3.14 XRD patterns for 18302/20A composites mixed at 150 °C in the
miniature mixer for 10 min for different shear rates.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



60

In short, shear stress has two different effects in the different stages during
polymer blending. At the beginning stage, high shear stress is necessary to break up
clay agglomerate and delaminate the clay platelets. Shear rate of 50 rpm was not able
to induce a high enough shear force to delaminate the clay platelets compared with
100 rpm and 150 rpm; therefore, the average particle size using 50 rpm is bigger than
that for 100 rpm and 150 rpm. At the later stage, shear stress can facilitate the
coagulation process of tiny clay platelets before fragmentation halts its progress;
therefore, the average particle size at 150 rpm is larger than that at 100 rpm. Detailed
and systematic experiments should be designed to investigate this mechanism more

fully.

3.3.3.2 Influence of mixing time

The kinetics of clay dispersion in the miniature mixer was investigated by
inspecting the XRD patterns for the same blending systems mixed for different time.
For the composite of 18302/20A with the ratio of 19:1, X-ray spectra were recorded in
Fig. 3.15A. It seems that entire delamination of clay agglomerates can only be attained
after 5 min. If the mixing time was increased to 15 min, the clay platelets seemed to
form into another aggregation structure. This phenomenon appears to follow the same
mechanism shown in Fig. 3.13 for high shear stress case because Smoluchowski
solution (von Smoluchowski 1917; Masliyah 1994) also involves time influence. The
morphology at different blending time must be determined to investigate if this
proposed mechanism is correct.

For the 19:1 composites of 18365/20A, X-ray diffraction curves are shown in Fig.

3.15B. It is not surprising that time has no effect on clay dispersion because the
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compatibility between clay and 18365 is worst; thereby clay platelets cannot be
delaminated. Based on the different behaviors of these two systems and from the work
of R. A. Vaia (Vaia et al. 1995; Vaia et al. 1996) and our proposed coagulation theory,

suitable mixing time depends on the detailed system and the flow field.

2.18302:20A, 15 min
b. 18302:20A,10 min
. 18302:20A, 5 min
g, d. 18302:20A, 2 min

Intensity

260

Figure 3.15A  XRD patterns for 18302/20A (19:1) composites made upon 100rpm
at 150 °C in miniature mixer at different mixing time.

a. 20A
b. 18365:20A, 10 min
c. 18365:20A, 15 min
d. 18365:20A, 20 min

Intensity

5 6
26(°)

Figure 3.15B XRD patterns for 18365/20A (19:1) composites made upon 50rpm
at 150 °C in miniature mixer at different mixing time.
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3.3.3.3 Influence of the clay content

To check the minimum amount of PEMA for exfoliation, different contents of 20A
were mixed with 18302 in the miniature mixer at 50 rpm and 100 rpm respectively at a

temperature of 150 °C for 10 min (see Fig. 3.16A&B).

a. 20A

b. 18302:20A(7:1)
c. 18302:20A(9:1)
d.18302:20A(19:1)

s

Intensity

26(°)

Figure 3.16A XRD patterns for 18302/20A composites with different content of
clay mixed at 100 rpm and 150 °C in miniature mixer for 10 min.

a. 20A

b. 18302: 20A (5:1)
c. 18302: 20A (7:1)
d. 18302: 20A (9:1)
e. 18302: 20A (19:1)

Intensity

12 3 4 5 6 717 8 9 10
260(°)

Figure 3.16B XRD patterns for 18302/20A composites with different content of
clay mixed at 50 rpm and 150 °C in miniature mixer for 10 min.
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It is not surprising that the magnitude of the basal reflection was enlarged with
increased 20A content. Higher ratio of fillers to organic materials indicates that less
PEMA molecules are present near each clay platelet, thus PEMA will not be able to
functionalize the clay surface to the same extent, and mass transfer rate by diffusion
will decrease. In addition, diluted filler concentration will reduce the chance of filler
aggregation as well. However, on the other hand, diminished concentration of fillers
can lessen the viscosity of the hybrid system, and thus there will be decreased shear
force. Nevertheless, the advantages outweigh the disadvantages and elevated
concentration of polymer leads to better dispersion.

In Fig. 3.16A, close to exfoliated structure is found in blends of 18302/20A (9:1),
but the (001) peak was present for all the composites of 18302/20A including the most
dilute (19:1) in the Fig. 3.16B. As the result, the minimum ratio of 18302/20A to

obtain exfoliation is hard to determine and depends on the blending conditions.

3.3.4 PE1/18302/20A preparation in the miniature mixer

Master-batch  dilution method was employed to prepare PE1/18302/20A
composites. First, some high clay content masterbatch products of PEMA/20A
mentioned in section 3.3.3.3 were used. PE1 was then blended with these masterbatch
products at 100 rpm and 190 °C for 10 min in the APAM mixer. XRD patterns for the
blends are shown in the Fig. 3.17A~B and Fig. 3.18A~B.

It can be scen that the level of dispersion of clay in these composites strongly
depends on the masterbatch used. We know that PE1 can dilute the clay concentration
during mixing in the miniature mixer. Therefore, the magnitudes of basal refection

were always less than corresponding masterbatch products. In addition, in the Fig.
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3.17 and Fig. 3.18, the ternary mixtures have almost the same (001) peak position as
the binary systems. This suggests that PE1 molecules did not intercalate into the clay
galleries upon mixing. According to Vaia (Vaia et al. 1995), the breakup of clay is
inadequate, thus it hinders the intercalating process. The poor shear stress in the
masterbatch mixing and the poor interaction between polyethylene and polyethylene-

maleic anhydride may be the reason for the poor dispersion.

a. 20A
b. 18302: 20A (7:1), 50 rpm
¢c. PE1:18302:20A(68:28:4), 100 rpm

Intensity

1 2 3 4 5 6 7 8 9 10
260(°)
Figure 3.17A XRD patterns for 18302/20A (7:1) and PE1/18302/20A (68:28:4)
mixed in miniature mixer for 10 min.

a. 20A
b. 18302: 20A (9:1), 50 rpm
¢. PE1:18302:20A(60:36:4), 100 rpm

Intensity

1 2 3 4 5 6 7 8 9 10
200°)
Figure 3.17B  XRD patterns for 18302/20A (9:1) and PE1/18302/20A (60:36:4)
mixed in miniature mixer for 10 min.
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a. 20A
b. 18302:20A (7:1), 100 rpm
c. PE1:18302:20A (68:28:4), 100 rpm

Intensity

26(°)

Figure 3.18A XRD patterns for 18302/20A (7:1) and PE1/18302/20A (68:28:4)
mixed in miniature mixer for 10 min.

a. 20A
b. 18302:20A (9:1), 100 rpm
c. PE1:18302:20A (60:36:4), 100 rpm

Intensity

26(°)
Figure 3.18B XRD patterns for 18302/20A (9:1) and PE1/18302/20A(60:36:4)
mixed in miniature mixer for 10 min.

The morphology development in the ternary system might have the following
characteristics: First, large minor phase containing many small clay crystallites
(0.05~0.5 pm, see section 3.3.1.3) were dispersed into small pieces (<10 um) upon
shearing force. Therein, the sizes of clay crystallites were strongly dependent on the

master batching conditions, and the size of minor phase relied on the interaction
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between major phase and minor phase. If the compatibility between PE and PEMA is
not great, or disaggregating force is not strong enough, most clay crystallites will be
enclosed in the PEMA environment and form into many isolate entities. These islands
keep their own self-rotation while moving in the fluid field. Therefore, the shear force
is hard to transmit into the inside of islands. This shear force can deform the isolated
drop or break it up, but hardly to delaminate the tiny crystallites. Consequently, most
of clay crystallite will keep their former structure in the master batch. The sketch of
morphology development is shown in the Fig. 3.19. Lin et al (Lin et al. 2003a; Lin et
al. 2003b; Lin et al. 2005) elaborately studied the deformation and breakup
mechanism of a micro polymer drop (d = 0.2~1 mm) sheared in a matrix of another
polymer between parallel plates and inside a Couette cell. It is helpful to understand
the mechanism mentioned in this work if readers refer to their publications and get

more detailed information about drop deformation.

shear direction shear direction
JE—— e e

islands
@@% o ®

QL gl rrereee—
chear direction shear direction

Figure 3.19  Possible morphology development of ternary composites in APAM:
minor phase containing clay crystallites (a) was sheared into many
small pieces (b). The tiny crystallites exist in the self-rotated islands
moving along the shear field (b).
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According to the mechanisms above, the morphology of masterbatch product has
great influence on the ultimate morphology of the ternary system. In Fig. 3.17A and
3.17B, a low rotation speed of 50 rpm is used for the masterbatch. This rotation speed
gives a low shear rate and low shear stress. Consequently, thicker clay agglomerates
exist in the product, and they are hard to delaminate when blended with PE1 because
of the existence of islands. Hence, the XRD pattern of ternary blends follows that of
the masterbatch. In Fig. 3.18A and 3.18B, a rotation speed 100 rpm can give much
better clay dispersion for the masterbatch product, and thereby the intensity of (001)
peak is already very small in the master batch product. When PE1 is added, the
concentration of clay is decreased further so that the intensity of basic reflection is too
small to be observed, but we still can see the similar trends between ternary composite

and its master-batch product in Fig. 3.18A.

3.3.5 PE/18302/20A preparation in the extruder
3.3.5.1 Master batching methods

From batch mixing in the miniature, higher shear rate and higher ratio of master-
batch products were two critical factors to obtain the exfoliated polymer
nanocomposites. To get well dispersed polymer nanocomposites in the extruder,
mater-batch products of 18302/20A (9/1 and 7/1) were prepared in the twin screw
extruder first at 200 rpm and a barrel temperature profile of 100 ~ 150°C was used.
Then these products were blended with PE1 at 200rpm with temperature profile of 100
~190°C in the twin-screw extruder. The corresponding XRD diffractograms are given

in Fig. 3.20.
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a A&

b 18302 204D

¢ PE112302: 208068224
4 PELIS302: 20484142

Intensity

Figure 3.20A XRD patterns for 18302/20A (7:1) and PE1/18302/20A (68:28:4 &
84:14:2) made in extruder.

a. 20A
(001) b. 18302: 20A (9:1)
c. PE1:18302:20A(60:36:4)
d. PE1:18302:20A(80:18:2)

Intensity

26(°)

Figure 3.20B  XRD patterns for 18302/20A (9:1) and PE1/18302/20A(60:36:4 &
80:18:2) made in extruder.

In Fig. 3.20A~B, it is shown that using a master batch of clay with 18302 helps
exfoliation of clay in the extruder as well. Exfoliation structures can be determined
from the figures, especially for higher ratio of 18302/20A (also see TEM photos in
Fig.3.25 & 3.26). The better dispersion for higher ratio is easily understood because

systems with higher MA amounts have better compatibility.
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3.3.5.2 The influence of blending sequence

To investigate the influence of using a masterbatch on the morphology of
composites, 18302 and 20A were first blended in the extruder at a ratio of 9:1 at 200
rpm with a temperature profile of 100~150°C, and then, this masterbatch was diluted
with PE1 at the ratio of 60:40 (polymer: masterbatch) at 200 rpm with a temperature
profile of 140~190 °C. This was compared with a composite directly prepared by
feeding PE1, 18302 and 20A at a ratio of 60:36:4 at 200 rpm with a temperature
profile of 140~190°C. Each product was measured by X-ray diffraction, and the
results are shown in Fig. 3.21.

It was expected that using a masterbatch would result in a better clay dispersion
because the clay experiences a longer residence time (time during masterbatch
preparation and then time for the composite extrusion); however, the advantage of
using masterbatch is not obvious in Fig 3.21 when we compare the diffraction patterns
of the products obtained from the masterbatch dilution and the direct mixing (also
DSC behavior is similar as shown in the next section). If the diffusion time of polymer
into clay platelets plus the delamination time of clay is less than the residence time of
composites in the extruder, this explains the similar behavior for these two processing
methods. However, in some other mixers with different diffusion times and residence

times, there may be a big difference for these two processing methods.
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a. Non-master batch product
b. Master batch product
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Figure 3.21 XRD patterns for PE1:18302:20A (60:36:4).

3.3.5.3 The influence of PE matrix

Another two PE’s — PF0218F (PE2) and LF-0219A (LDPE1) were also mixed
with the same masterbatch product 18302/20A (9:1) mentioned above at the ratio of
60:40 (polymer: masterbatch) in the twin-screw extruder using the same process
condition as for PE1. The diffractograms for these blends are shown in Fig. 3.22. It
seems that the best clay dispersion occurs in the matrix of lower molecular weight
LLDPE—PE2 from the XRD pattern. For LDPE1/18302/20A composite, there is a
broad peak. Probably, compatibility between LDPE and LLDPE is poor so that the
attraction force between clay platelets cannot be overcome and thus exfoliation is not

attained.
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a. 20A
(001) b. LDPE1:18302:20A
c. PE1:18302:20A
d. PE2:18302:20A

Intensity

20(%)

Figure 3.22 XRD patterns for different PE and 20A composites with ratio of
(60:36:4) made in extruder.

3.3.6 Comparison between extruder and the miniature mixer

The morphology development of polymer/clay composites in a particular melt
mixer is dependent on the properties of materials, the flow field and the residence
time; therefore it is a function of polymer properties, clay structure, flow geometry,
rotor speed, processing temperature and mixing time. With so many factors, it is very
hard to compare two different types of mixers, especially a large continuous extrusion
process and a small batch APAM process. In general, the fluid field in the extruder is
very complicated, and hard to study even using computer simulation. Nonetheless,
there are still some comparisons that can be made between the extruder and the small
mixer. To evaluate materials available in scant quantities and to better understand
mixing, small mixers are needed. Information on material formulation obtained from
the miniature mixer can be applied to the extruder. On the other hand, evaluating
results from the extruder can offer some suggestions for improving and developing the

design of the small mixer.
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3.3.6.1 Different morphologies in the master-batching for two mixers
To compare with the results obtained with the miniature mixer, the same ratios of
18302/20A composites (19/1, 9/1, 7/1 and 5/1) were prepared in the twin screw
extruder at 200 rpm and a barrel temperature profile of 100 ~ 150 °C was used. The X-

ray diffractograms for these blends are shown in Fig. 3.23.

a. 20A
b. 18302:20A(5:1)
c. 18302:20A (7:1)
d. 18302:20A (9:1)
e. 18302:20A (19:1)

Intensity

5 6
26(°)
Figure 3.23  XRD patterns for 18302/20A composites with different clay content.

Rotation rate was 200rpm with temperature profile of 100~150 °C in
extruder.

In Fig. 3.23, the breadth of (001) peak became broader for each 18302/20A
composite compared with that in Fig. 3.16A&B, and the position of basal reflection
was gradually shifted to lower angles with increasing ratio of 18302/20A. This
indicates that more polymers accelerate clay intercalation in the extruder; however,
adding more polymer was not helpful in the small mixer. Our group found that only
shear flow is dominant in the APAM (Bai et al. 2005). Hence, the better dispersion
could be due to the higher level of extensional flow existing in the extruder and/or

higher shear rate. Extensional flow can accelerate the disaggregating process (Utracki
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and Shi 1992; Utracki and Shi 1992; Luciani and Utracki 1996; Bourry et al. 1999);
consequently, it can facilitate the intercalation of polymer molecules into the clay
galleries, and shift the position of dgp; peak. Simulation techniques and more
experimental work are needed to clarify these results.

3.3.6.2 Strong dependence on the masterbatch method in the miniature mixer

To further investigate the mixing effect in the APAM, extruded masterbatch
products 18302/20A with ratios of 7/1 and 9/1 were blended with PE1 at 100 rpm and
190 °C in the APAM mixer. The XRD patterns (see Fig. 3.24A&B) are compared with
corresponding ternary composites made in the extruder (see Fig. 3.20A&B). In Figure
3.24, the XRD curves of the composites prepared by the APAM are almost identical to
the curves of the original masterbatch products. However, for extruder products, not
only the magnitudes of basal reflection are smaller, but also the XRD patterns are
considerably different compared with the masterbatch materials. The extruder seems
to be a better mixer for these nanocomposites.

These different behaviors for PE1 in the extruder compared to that in the APAM
mixer could be ascribed to the better dispersion of minor phase and better
delamination of clay layers due to an increased amount of extensional flow. The clay
can be better dispersed in a flow combining both shear flow and extensional flows
than that obtained from shear flow alone.

Based on the mixing conditions and XRD patterns mentioned in section
3.3.1~3.3.4, the APAM can help us evaluate the order of compatibility among several
similar blending systems. This prediction from the mixing work on the small mixer

applies to the extruder system. In addition, the small mixer results can indicate the
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influence of some important factors such as shear rate, temperature and mixing time
on the morphology of a specific system. However, it cannot set up detailed mixing
conditions for the extruder, and there are some difficulties for predicting the structure
in the ternary systems, especially for those with masterbatch products. Scaling
between two very different processes is difficult unless we can build up some
correlations between them using computer simulation. It may also make sense to
design a new miniature mixer that has more extensional flow. Nevertheless, the
APAM is still a very good small scale mixer for nanocomposites blending. However,
we should be cautious before making sweeping predictions for a specific system; that
is, the optimum mixing conditions should be established first on the extruder if we

want to get the optimal morphology.

a. 18302:20A (7:1), in extruder

b. PE1:18302:20A (68:28:4), in
extruder, using product a

c. PE1:18302:20A (68:28:4), in

APAM, using product a

Intensity

26(°)

Figure 3.24A Comparison of ternary blending in extruder and APAM using
masterbatch product of 18302/20A (7:1) made in extruder.
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a. 18302:20A (9:1), in extruder
b. PE1:18302:20A (60:36:4), in
extruder, using product a
c. PE1:18302:20A (60:36:4), in
APAM, using product a

Intensity

26(%)

Figure 3.24B Comparison of ternary blending in extruder and APAM using
masterbatch product of 18302/20A (9:1) made in extruder.

3.3.7 TEM photos

Some TEM pictures were taken to verify the real morphology of polymer blends
made by extruder early investigated by XRD. Here, it is worthy to mention that the
definition of exfoliation is relative. First, it strongly depends on the experimental
equipment. For WAXS, the small angle beyond the limit can not be reached. By
Bragg’s law, we can calculate the critical distance between clay layers according to
the limit value of the measured angle. In our experiments, the limit angle 0 is 1°, and
wavelength A for CoKa radiation is 1.78897 A. Hence, the critical distance d.= M(2
sinf)= 5.13 nm. This indicates, when the average distance (d) between any two clay
sheets is greater than 5.13 nm, the basal refection will not be seen from the X-ray
diffraction graph. Although SAXS can be employed here to detect the basal refection
below critical angle in WAXS, it is not necessary to execute this not meaningful work.

On the other hand, even when no basic reflection peak is in the XRD pattern, some
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tightly aggregated clays (d < d,) still exists in the sample, but their density is too small

to be detect by XRD.

3.3.7.1 Master batch

Figure 3.25 TEM photos for 18302/20A with different composition: a) 19:1 & b)
7:1 made in extruder.
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Two master batch extruded products of 18302/20A (19:1&7:1) were selected, and
their TEM images were shown in Fig. 3.25. Clay 20A appeared to have good
interaction with 18302 matrix. The clay sheets were dispersed and randomly
distributed in the matrix of 18302. However, for 18302/20A (7:1), the concentration of
clay was high so that most of clay platelets crowded in a limited room, and some clay
sheets still existed in the form of thicker agglomerates.

The characterizations of TEM pictures are consistent with the results of XRD in
Fig. 3.23. It can be seen from the TEM pictures that the stack size of clay layers is
distributed widely. This is the reason that breadth of basal reflection peak is larger
than corresponding 20A. On the other hand, the density of clay in composite (19:1) is
much smaller than that in composite (7:1), and the average stack size of clay in a) is
lesser than that in b) because it has a smaller amount of thicker clay aggregates;

therefore, the magnitude of the dgo; peak in a) is much smaller than that in b).

3.3.7.2 PE1/18302/20A composites

The TEM pictures for the PE1/18302/20A (60:36:4 & 78:28:4) composites made
by extruder using the masterbatch dilution method were shown in the Fig. 3.26
(different magnifications for Fig. 3.26A & B). From their XRD results in Fig. 3.20A
& B, we can obtain the information that the morphology for the composition (60: 36:
4) is almost exfoliated, and for the composition (68: 28: 4) is intercalated instead. If
the clay stack size was very thin and only very small amounts of clay aggregates did
not get fully delaminated, the magnitude of reflection peak would be very small. The
speculative morphology of PE1/18302/20A (60: 36: 4) are proved well in Fig. 3.26a,

where most of the clay stacks are very thin in the structure. Compared with Fig. 3.26a,
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there obviously has much bigger clay agglomerate in Fig. 3.26 b; therefore it

supported the corresponding XRD result.

Figure 3.26A TEM photos for PE1/18302/20A with different composition: a)
60:36:4 & b) 68:28:4 at higher magnification.
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Figure 3.26B TEM photos for PE1/18302/20A with different composition: a)
60:36:4 & b) 68:28:4 at lower magnification.
3.3.8 Crystallization behavior of PE/PEMA/clay composites
To investigate the influence of surfactants and clay on crystallization behaviors of
polyethylene composites, pristine polymer PE1 and its binary blends and ternary
blends prepared by extruder were analyzed using DSC. The exothermic and

endothermic curves are shown in Fig. 3.27A and 3.27B, and crystallization
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temperature T,, melting temperature Ty, and degree of crystallinity . are summarized
in Table 3.6.

From Table 3.6, the values of Ty, and T, are almost the same for all the polymer
composites. Adding PEMA (18302) to PEl matrix decreases the degree of
crystallinity of binary system compared with pristine polymer. Similarly, clay seems
to be able to reduce 7y of PE1 as well. For masterbatch ternary composites, the degree
of crystallinity is diminished with increased contents of PEMA at the same clay
content. Non-masterbatch ternary compounds seem to have the same yx. as the
corresponding masterbatch composite. These results are consistent with the XRD

patterns for the masterbatch and the non-masterbatch composites shown in Fig. 3.21.

c,e,f,h: master batch product
g*: Non master batch product

N
;

b. PE1:18302 (60;
¢. PE1:18302:20A
d. PE1:20A (96:4
e. PE1:18302:20A (76:20:4) oo™
. PET:18302720A (78:28:4)

Heat flow(mw

g*. PE1:18302:20A
h. PE1:18302:20A (60:36:4

10 30 50 70 90 110 130 150
Temperature(°C)

Figure 3.27A  DSC thermograms recorded during cooling (10°C/min).
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h. PE1:18302:20A (60:36:4)
g*. PE1:18302:20A (60:

f. PE1:18302:20A (7828°4)
e PEI:18302:20A (7620
A PEI:20A (96:4) e
¢. PEI:PEMA1:20A (8018

5
J

b. PE1:18302 (60:36)
a. PE1

Heat flow(mw

Endo

10 30 50 70 90 110 130 150
Temperature(°C)

Figure 3.27B  DSC thermograms recorded during heating (10°C/min).

Table 3.6 DSC results for PE1 systems.

Name Te °C) | Tu(°C) | AHeo(J/g) | %e (%)

PE1 106.71 | 124.03 113.30 38.30
PE1:18302 (60:36) 106.62 | 123.92 97.00 32.79
PEI:20A (96:4) 107.23 | 125.14 95.16 32.17
PE1:18302:20A (76:20:4) | 107.19 | 124.92 91.98 31.10
PE1:18302:20A (68:28:4) | 107.07 | 124.49 89.09 30.12
PE1:18302:20A (60:36:4) | 106.63 | 124.80 79.82 26.98
*PE1:18302:20A

(60:36:4) 106.75 | 124.52 80.13 27.09

* Non master batch product; ** . = AH™ / AH’ , where AH® =295.82 J/g;
It is well known that clay platelets can impede chain movement in some areas
enclosed by clay layers. Therefore, crystallites cannot grow as freely as those in the
pristine polymer. In addition, many PEMA molecules existing in the interface between

major phase and minor phase can also impair the crystallization ability of the pristine
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polymer. This is the reason that the degrees of crystallinity of polymer compounds are

smaller than those in pure polymer.

To investigate the effects of clay and PEMA on the crystallization behaviors of
LLDPE, we measured the DSC of PE2 and its related composites. The exothermic and
endothermic curves are shown in Fig. 3.28A and 3.28B, and crystallization

temperature T, melting temperature Ty, and degree of crystallinity %, are summarized

in Table 3.7.

Heat flow(mw

b. PE2:18302 (60:36)

c. PE2:18302:20A (60:36:4

T

10 30 50 70 90 110 130 150
Temperature(°C)

Figure 3.28A DSC thermograms recorded during cooling (10°C/min).

c. PE2:18302:20A (60:36:4)

b. PE2:18302 (60:36)

2

\gf a. PE2
S

=

= o
2|2

= m

T

10 30 50 70 90 110 130 150
Temperature(°C)
Figure 3.28B DSC thermograms recorded during heating (10°C/min).
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Table 3.7 DSC results for PE2 systems.

Tc Tm AHexo
Name JC) (OC) (J/g) X,c* (%)
PE2 105.04 | 125.35 97.30 32.89
PE2:18302 (60:36) 107.23 | 124.58 94.58 31.97
PE2:18302:20A (60:36:4) | 106.97 | 125.38 85.83 29.02

* .= AH™ / AH’ , where AH® =295.82 J/g;

Similar trends as shown in Table 3.6 can be found in Table 3.7. T, and T, are
almost the same for all the polymer composites. 18302 decreases the degree of

crystallinity of PE2, and moreover, clay reduces the value of y. of PE2.

3.3.9 Mechanical properties for PE/PEMA/clay composites

Tensile test results for PE1 composites are summarized in Table 3.8. From the data
of binary systems, we can see that PEMA (18302) obviously reduced the modulus of
pure polymer, but had very little influence on the tensile strength and elongation
properties of polymer. It seems that the decreased tensile properties could be attributed
to reduced crystallinity of the polymer matrix and the toughness of the 18302 polymer
itself. Clay could increase the modulus after compensating for the loss caused by the
reduced crystallinity, but it could greatly decrease the tensile strength and elongation
of polymer. Randomly dispersed and distributed clay platelets in the polymer probably
hinder and restrain slippage of the polymer chains along the stretching direction,
therefore, decreasing plastic deformation.

In ternary systems, the situation was quite complicated. The mechanical properties
of ternary composites are dependent on the clay morphology, the adhesion between
polymer and clay, the degree of crystallinity, and the relative amount of PEMA in PE

matrix.
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For the ternary blends having the same ratio of PEMA/clay, the mechanical

properties were decreased with increased clay content since XRD results of polymer

composites with ratio of 7:1 and 9:1 show that blends with similar PEMA/clay ratio

have similar morphology. The discrepancy in tensile properties is mainly attributed to

the decreased amount of PE1 and lower degree of crystallinity in the ternary

composites containing higher clay content.

Table 3.8 Tensile test results for PE1 systems.

Young's | Yield Maximum Maximum | Maximum

Name Modulus | Stress | Tensile stress | Displacement | Strain
(MPa) | (MPa) (MPa) (mm) (%)

PE1 77.7£7.1 | 3.44+0.2 28.0=1.1 200.9+10.2 | 2639+134
PE1: 20A
(96:4) 80.9+4.3 | 3.6+1.1 21.4+1.8 154.9+13.8 | 2032+181
PE1:18302
(60:36) 63.9+4.0 | 3.5+0.7 25.8+1.2 193.9+£10.4 | 2544+136
PE1:18302:20A
(88:10:2) 82.0+4.9 | 4.4+0.6 26.3+1.3 185.349.9 2432+130
PE1:18302:20A
(84:14:2) 79.9+2.1| 3.740.9 24.9+1.9 180.8+£16.6 | 2372+217
PE1:18302:20A
(80:18:2) 80.7£3.7 | 3.4+0.3 27.0£1.1 193.2+9.4 2535+123
PE1:18302:20A
(76:20:4) 81.9+5.6 | 3.4+0.3 25.1£1.7 177.3+13.2 | 2327+174
PE1:18302:20A
(68:28:4) 78.0+4.8 | 3.4+0.7 22.3£1.9 159.7£15.4 | 20954203
PE1:18302:20A
(60:36:4) 72.744.4 | 3.3+0.6 26.4£1.9 189.84£15.6 | 24914205
*PE1:18302:20A
(68:28:4) 73.3£2.5 | 3.240.1 20.6£2.4 147.1£19.4 | 19304255
*PE1:18302:20A
(60:36:4) 76.8+3.6 | 3.6+0.6 22.3+1.0 159.1+7.7 2088+101

* Non-masterbatch product

For the ternary blends having the same composition made by masterbatch dilution

versus direct blending, the masterbatch products had a higher tensile stress and

elongation compared with the non-masterbatch products. Clay morphology and degree
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of crystallinity for blends made by the two methods were almost the same from XRD
and DSC results, but PEMA distributions were probably different due to dissimilar
blending sequences. Therefore, the difference was probably ascribed to the better
interaction between polymer and clay due to more PEMA enclosing the clay in the
masterbatch products.

For the ternary blends bearing same clay content, more variables were involved
such as the amount of polymer matrix, the degree of crystallinity, the clay dispersion
and the amount of PEMA around clay. The synergetic action determined the final
mechanical properties of polymer composites. For instance, the clay dispersion was
worst in the composites with the lowest ratio of PEMA/clay (5/1), but these
composites had the relatively good mechanical properties compared with other ratios,
probably because they had the largest amount of polyethylene and the greatest degree
of crystallinity; the amount of polymer matrix and degree of crystallinity were lowest
in the composites with the highest ratio of PEMA/clay (9:1), but better tensile stress
and strain were found in these blends since they had the smallest clay size and the
strongest adhesion between clay and matrix; the composites with the ratio of
PEMA/clay(7:1) had no obviously advantages in both clay dispersion and polymer

matrix, thereby had worst mechanical properties.

3.4 Summary

Polymer blends of PE/PEMA/Clay were prepared using two mixers. One is a
custom-built miniature mixer and the other is a lab scale extruder. The factors that can

influence the morphology of polymer/clay composites in the small mixer are:
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1. Thermodynamic compatibility is the most important factor. The effects of MA
content, the molecular weight of PEMA, the ratio of PEMA to clay, and the
density of surfactants are all important to achieve good compatibility between
the components.

2. Shear stress can also influence the clay dispersion. In the APAM, there is an
optimum shear stress. Above this point, increasing shear rate results in worse
dispersion, probably due to coagulation.

3. Compatibility of system and flow field determine a suitable mixing time in the
APAM for a specific system.

4. The dispersion of clay in the ternary composites strongly depends on the
masterbatch processing. It may be due to poor dispersion in the small mixer for
the ternary composites.

Using mixing results from the APAM, 18302 and 20A were selected for evaluation
in the extruder. Compared with the small mixer, we found the extruder can get better
dispersion than the miniature mixer, especially for ternary blends probably due to the
additional extensional flow. The APAM is a good small mixer for nanocomposite
blending, but optimum mixing conditions should be first determined if optimal
morphology needs to be attained for a specific system.

Crystallization behavior of PE/18302/20A prepared by the extruder was
investigated using DSC. It is found that both 18302 and 20A can reduce the degree of
crystallinity of the ternary system. Tensile tests showed that 18302 acted as an impact
modifier in the composites of PE1/18302/20A. Generally, 20A can increase the

modulus and decrease the elongation of ternary blends, but it may be changed when
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clay platelets were fully exfoliated in the polymer. Obviously, the ultimate mechanical
properties of the composites were determined by the clay morphology, the adhesion
between the polymer and the clay, the crystallinity of the polymer and the amount of
the polymer matrix and the PEMA. In this paper, it should be noted that though
exfoliation structure was found in PE1/18302/20A system with ratio of 80:18:2 &
60:36:4, the tensile properties of these composites were not improved compare with
pure polymer. Maybe barrier property is a best application for these polymer

nanocomposites.
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Chapter 4:
Influence of Clay Surface Modification on Clay Dispersion,
Crystallization, and mechanical properties

of PBT/Montmorillonite Composites

4.1 Introduction

Due to strong interactions between clay platelets and the hydrophilic properties of
clay, researchers have found it difficult to produce the exfoliated structure in
polymer/clay composites. To obtain the exfoliated structure, most researchers have
focused on cationic exchange of clay to increase the spacing between the clay
platelets, but have spent less effort trying to improve the interaction between polymer
and clay: that is, linking surface modification of the clay with polymer
functionalization.

Poly(butylene terephthalate) (PBT) is an important semi-crystalline engineering
thermoplastic. It is extensively used in many fields, such as automotives and
electronics. However, it has a low thermal deflection temperature which has limited its
application. To improve its thermal deflection temperature (also called heat deflection
temperature), and to enhance its gas permeation resistance, many rescarchers have
blended layered clays with PBT (Li, Kang et al. 2001; Xiao, Hu et al. 2005).

In this chapter, two kinds of silane were used to modify pristine montmorillonite
clay, which were then mixed into a PBT matrix. The influence of different
modifications on clay dispersion in polymer and on crystallization behavior of the

polymer was investigated.
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4.2 Experimental

4.2.1 Materials

The clay powder, Closite Na+ (MMT) and Closite30B were bought from Southern
Clay Products, Inc. Cloisite Na* is a natural montmorillonite. The Cation Exchange
Capacity (CEC) is 92.6meq/100g clay. Cloisite 30B is a natural montmorillonite
modified with a quaternary ammonium modifier. The modifier concentration is 90
meq/100 g clay and the weight loss on ignition is 30%. The chemical structure of

organic materials intercalated in the Closite 30B is as follows:

CHyCHOH
CHy;— r:v'*— T
CHyCHy0H
Where T is Tallow (~65% C18; ~30% C16; ~5% C14), and the anion is chloride.

The PBT (Valox®315) resin has carboxylic acid ends (Fiorini, Bracci et al. 2001)
and was supplied by GE Plastics in the form of pellets. The weight-average molecular
weight M,, of Valox®315 is 105,000~120,000 (Hsiao, Wang et al. 1999; Fiorini,
Bracci et al. 2001; Berti, Colonna et al. 2002), and its density is 1.31g/cc and
viscosity is 750 Pa-s.

Liquid  3-isocyanatopropyltrimethoxysilane  (ICPM) and  3-aminopropyl-
trimethoxysilane (APTM) were purchased from Gelest, Inc. ICPM has the chemical

formula: OCNCH,CH,Si(OCH3);3, and APTM has formula: H,NCH,CH,Si(OCH3) 3 .

The characteristics of the silanes are summarized in Table 4.1.
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Table 4.1 The characteristics of silanes*.

Name Boiling | M.W. | Specific | Flash Point
Point (C) | (g/mol) | gravity (°C)

APTM 194 179.29 | 1.03 83

ICPM 210 205.29 | 1.07 99

*Data from product specifications.

4.2.2 Clay surface modification

3 g MMT and 0.6 g APTM were mixed under N, atmosphere with 150 ml pure
toluene in a Schenk flask at 80°C with constant magnetic stirring using a Teflon-
coated stir bar for 60 h. To synthesize the other modified clay, 3 g MMT, and 0.69 g
ICPM were mixed under the same conditions. The products were then filtered and
washed with low water methanol several times under vacuum. Then, each silane
modified clay (S-MMT) was divided into two halves. One half was heated in an oven
at 110°C for 2 h (hereafter, we refer to these products as APTM-MMT-A and ICPM-
MMT-A, respectively), and the other was heated in an oven at 65°C for 2 h (referred to

as APTM-MMT-B and ICPM-MMT-B, respectively).

4.2.3 Characterization of clay particles
4.2.3.1 TGA study

A TGA (NETZSCH, STA 409 PC/PG) was used to determine weight loss in five
samples—four S-MMT’s and one natural montmorillonite (MMT) between 40°C and
500°C at 10 °C /min under N, atmosphere. MMT and the A series of S-MMT’s were

tested under air between 40 °C and 1000 °C at 15 °C /min.
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4.2.3.2 FTIR study

FTIR spectra of the five samples were obtained using a FTS 6000 spectrometer. 1-5
wt% of powder samples were mixed with KBr powder and measured under anhydrous
condition.
4.2.3.3 XRD study

XRD patterns were obtained using an X-ray diffractometer equipped with CoKa
radiation (A = 0.78897 A). The scanning range was 1-30° (20) with a scanning rate of

0.004°/sec.

4.2.4 Preparation and characterization of polymer blends

PBT was blended with clay at 240 °C and 50 rpm for 10 min in a 2 ml miniature
mixer that was built in-house (Breuer, Sundararaj et al. 2004). Samples were prepared
with 4 %wt of MMT, Closite30B or S-MMT’s. Samples with 1 wt%, 2 wt%, and 3
wt% of ICPM-MMT-A were also made. The blends containing 4 %wt of MMT and S-
MMT’s were tested by X-Ray diffraction.

For TEM sample preparation, the small pieces of PBT/ICPM-MMT-A and
PBT/MMT were embedded in epoxy and cured at 70 °C for 2hr. Ultrathin sections of
about 70-100 nm thickness were cut at room temperature using an ultramicromtome
(Reichert Ultracut E, Reichert-Jung, Austria) with a glass knife. The ultrathin sections
were floated onto water and TEM grids (hexagonal 400 meshes) were used to collect
each sample. Microscopic investigations were performed using a TEM (Hitachi TEM
H-7000) operating at 120K'V.

The non-isothermal crystallization behaviors of different polymers were measured

with a DSC 2910 differential scanning calorimeter and TA Instruments thermal
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analysis 2200 system under continuous nitrogen flow. The cyclic heating and cooling
scans were performed between -30 °C and 250 °C with a heating/cooling rate of 10 °C
/min with retention time of 5 min at 250 °C to eliminate history effects. The melting
and crystallization temperatures were defined at the maxima of the DSC peaks.

Tensile properties of composites were measured according to ASTM D-638 on an
Instron 4200 at 65 % humidity at 21 °C. Crosshead speed was 50 mm/min for each
specimen. Each polymer was first molded into a square plate (90 mm x 80 mm x 1.5
mm) using a Carver 1aboratory press (Model C) at 150 °C, and then test specimens
were cut by a type ASTM D638-5-IMP die. At least five measurements per composite

were taken to estimate the tensile properties.

4.3 Results and Discussion

4.3.1 Clay surface modification
4.3.1.1 TGA study

Upon heating (see Fig. 4.1 and 4.2), pristine clay lost some physically adsorbed
water in the range of 20 -150 °C. Above 300 °C, some hydrate bonded water in the
clay layers was removed. For silanized clay, the weight loss of A series of samples
was milder than B series, and there was a plateau for the curve for A series samples
(see Fig. 4.1 and 4.2). Sample A is more stable than B in the temperature range
corresponding to the plateau. Therefore, more chemical bond formation occurs at
higher temperature in A series samples during post-deposition treatment. A similar
phenomenon is mentioned by Plueddemann (Plueddemann 1982) and Liu et al. (Liu,

Ding et al. 2001) .
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Figure 4.2 TGA curve of MMT and ICPM-MMT in N,

However, the weight loss for S-MMT’s in Fig. 4.1 and Fig. 4.2 could not stand for
the real total loss of adsorbed silane and water because there was some carbonated
silane that remained on the clay surface. These carbonated silane products can be seen
from the optical picture (Fig. 4.3) after samples were tested by TGA in nitrogen

atmosphere.
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Figure 4.3 Optical micrograph of two different clays after TGA test:
MMT on the left and S-MMT’s on the right.

To determine the amount of silane adsorbed on the clay, pristine clay and A series
of S-MMT’s were tested in air from 40 °C and 1000 °C at 15 °C /min (see Fig. 4.4).
Assuming the initial water contents of these clays were the same, the amount of silane
can be estimated. The silane content is about 3 %wt for ICPM-A and 4.4 %wt for
APTM-A; therefore, only a small amount of silane was deposited onto the clay

compared to the original silane concentrations in the solvent.

wt%

94
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9y | b.ICPM-MMT-A
c. APTM-MMT-A
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40 190 340 490 640 790 940
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Figure 4.4 TGA Curve of MMT, APTM-MMT-A and ICPM-MMT-A in air.
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4.3.1.2 FTIR study

N

T T
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Figure 4.5 FTIR spectra of a) MMT, b) APTM-MMT-A, ¢) APTM-
MMT-B, d) ICPM-MMT-A, and e) ICPM-MMT-B.

As the amount of silane is very small compared with the amount of clay, only weak
peaks are seen in FTIR for chemical groups in the silane (see Fig. 4.5). For curves b
and c in Fig. 4.5, there were some weak peaks shown for C-H stretching motion in the
range 2850-2960cm™ (McMurry 2000), for N-H stretching vibration in the range
3300-3500 cm'l, and for free N-H deformation vibration around 1600 cm’
(Plueddemann 1982). This indicates that APTM molecules were adsorbed on clay.
Similarly, the stretching vibrations of functional groups of “C=0" and “C=N” in
ICPM molecules were found in the range of 1600-1800 cm™ (McMurry 2000) for

curves d and e in Fig. 4.5. Therefore, ICPM molecules were adsorbed on the clay.
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Figure 4.6 FTIR spectra of a) MMT, b),c) APTM-MMT-A, B, and
d),e) ICPM-MMT-A,B (continued).

The characteristic vibration of Si-O-Si located in the range 1100-1120cm™ (Noll
1968) found in the FTIR spectrum (in Fig. 4.6) supports that reaction occurred among
silane molecules, or between the Si-OR groups in silane molecules and Si-OH groups
onl‘ the clay surface. Therefore, a coupling reaction occurred, although the specific
reaction type cannot be differentiated.

The possible chemical reaction mechanisms are listed as below:

OCHs 0 OH
RCHyCHyS-0CH; == R-CH- CHy 8- OH )
CH, OH

OH 0)- OH 0-
R-CH- CHZ$1-0H +Ho[s‘f-o- —= RCH CHzléi-O {é;-o- +HO (&)

OH o oH o
WIT SMMT
oH o o
1
nR-CH- CHQ-%-OH —~ RCH- CI—b-ii-O—Eii—CI—b—CI—b—R+ mHp0 (2b)
H A

where R = OCN, NH2
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These hydrolysis mechanisms were proposed by Pluedemann (Plueddemann 1982).
First (see equation (1)), functional groups on the silane (-OCHj3) are hydrolyzed to
silanol groups by reaction with moisture in the solvent and/or on the clay surface.
Then the silanol groups are either condensed with hydroxyl groups on the clay surface
(see eqn. (2a)) or a reaction occurs between silane molecules themselves (see
eqn.(2b)). Other researchers (Tsubokawa and Kogure 1991; Tsubokawa, Shirai et al.
1994; Lin, Siddiqui et al. 2001) report another mechanism. They believe that alkoxy
groups in silane can directly condense with the surface hydroxyl groups on the filler
without hydrolyzation.

The silanol group (Si-OH) cannot be seen in the FTIR spectrum. It has a deformation
vibration at 900 cm™, stretching vibration at 3700 cm™ and a combination vibration at
4500 cm™. Because groups such as H-O-H and Al-O have peaks in the range of 3700
cm™ and the C-C group in the range of 900 cm™, it is difficult to see the Si-OH
deformation and stretching vibrations. The combination vibration at 4500 cm™ seems
the best choice to determine whether hydrolysis occurred or not; however, it is located
in the near IR region (Noll 1968), and it is beyond the capacity of the instrument we
used. Consequently, we can not observe the 400 — 4000cm™ range.
4.3.1.3 XRD study

XRD patterns of MMT, APTM-MMT and ICPM-MMT were almost identical (see
Fig. 4.7). Although it was seen that silane molecules were deposited onto clay from
TGA and FTIR results, few or no molecules entered into the clay galleries, i.c. most of
silane molecules were adsorbed onto the external surface of clay aggregate; therefore,

the basal reflection peak (001) of S-MMT’s did not shift to a lower angle. It can be
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concluded that toluene is not a good solvent for the liquid deposition method to
surface modify clay. To get maximum adsorption of organic molecules onto clay, a

solvent that promotes exfoliation of clay is needed.

ICPM-MMT-B

.‘%%

-g} : £ T i
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2
= APM-MMT-B
APM-MMT-A -,
MMT
1 5 9 20(% 13 17 21

Figure 4.7 XRD patterns of MMT, APTM-MMT-A/B and ICPM-MMT-A/B.

4.3.2 Polymer blends
4.3.2.1 XRD study

Since the basal reflection (001 peak) did not shift to lower angles (see Fig. 4.8), it is
surmised that PBT chains did not intercalate into the clay galleries. Although silane on
the clay surface can improve the interaction between polymer and clay, since only a
few silane molecules found their way onto the clay surface, polymer chains did not
intercalate the interspaces. Among all the composites, the magnitude of basal
reflection peak for PBT/ICPM-MMT-A sample seemed to be smallest, which indicates
that it has a smaller layer stack size in PBT/ICPM-MMT-A blend (Vaia, Jandt et al.
1996; Vaia and Liu 2002). The change in the basal reflection behavior for PBT/ICPM-
MMT-A is probably caused by increased shearing force arising from better interaction

between polymer molecules and ICPM modified clay. For PBT/ICPM-MMT-B, the
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peak does not change much because this clay had mostly physical adsorption of silane

molecules on the clay surface.
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Figure 4.8 XRD patterns of polymer blends.

The dispersion of clay in the polymer can be found in the Fig. 4.9 for PBT/ICPM-
MMT-A and PBT/MMT. In Fig. 4.9(a), ICPM modified clay agglomerates were
delaminated into 20-60nm crystallites (small clay layer stack (Vaia, Jandt et al. 1995)),
and crystallites were randomly dispersed in the polymer matrix. The black parts in (a)
are the thickest parts in the microtome section. However, pristine clay agglomerates in
(b) were sheared into thicker stack sizes (about 200nm-500nm). The TEM

micrographs were consistent with the results in Fig. 4.8.
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.

Figure 4.9 TEM micrographs of (a) PBT/ICPM-MMT-A and b) PBT/MMT.

4.3.2.2 DSC study

Crystallization behavior is very important for a semi-crystalline polymer in practical
applications. PBT is widely used as an injection-molding engineering polyester
because it can meet the requirement of short molding time caused by high
crystallization rate compared with PET and other polyesters (Park, Lee et al. 2000;
Zhang, Wu et al. 2005).

Fig. 4.10 and 4.11 illustrate the DSC traces of PBT 315 and blends of PBT with
different types of clay, all blends containing 4 wt% of clay. The values of melting

temperature (Ty,), crystallization temperature (T;), half-value width of crystallization
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peak (AT,), exothermic heat (AH™), the relative crystallinity () and the half-time of

crystallization (t;) of these composites are summarized in Table 4.2.

Heat flow(mw)
o

200 205 210 215 220 225 230 235 240
Temperature(°C)
Figure 4.10 DSC thermograms recorded during heating 10°C/min): (a)

pristine PBT, and PBT with 4%wt of b) MMT, ¢)
Closite30B, d) APTM-MMT-A and e) ICPM-MMT-A.

Heat flow(mw)
&r&

175 180 185 190 195 200 205
Temperature(°C)

Figure 4.11 DSC thermograms recorded during cooling (10°C/min).
Crystallization peaks of a) PBT, and PBT with 4 wt% of b)
MMT, ¢) Closite30B, d) APTM-MMT and e) ICPM-MMT,
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Table 4.2 DSC results for the polymer/clay composites.

Tm Tc WAH™ | Dy | ATc | Pt

Composite ) Z n
O | O (Vg) | (%) | (°C) | (min)
PBT 2258 | 198.1 489 |33.6| 7.1 | 0.71 | 2.62|3.94
PBT/Closite30B 2255 | 1977 46.0 |31.6| 9.6 | 0.96 | 1.90 | 3.24
PBT/MMT 2259 | 1979 464 319|102 1.02 | 1.89 | 3.61

PBT/APTM-MMT-A | 225.1 195.5 441 303112 1.12 1 0.74 | 2.80

PBT/ICPM-MMT-A | 2255| 1944 47.4 1326 1231 1.23 | 0.71 | 3.11

' AH®® after correction for clay content
@y = AH™® / AH® , where AH® =145.45 J/g (Zhang, Wu et al. 2005)
3 typ = AT/ @, where @ = 10 °C/min

The double melting peaks existing in PBT polymer were widely reported by many
researchers and various explanations have been proposed (Yasuniwa, Tsubakihara et
al. 2001). As explained by Yasuniwa et al., it could be caused by re-crystallization
during the heating process. All the PBT/Clay hybrids have approximately the same
melting temperature as neat PBT. However, the degree of crystallinity, y. of
polymer/clay mixtures seem to be a little lower than the neat polymer, and T.’s of
hybrids are lower than the matrix material, especially for the blends of PBT/S-MMT’s.
In addition, the breadth of AT, ’s of composites are obviously wider than PBT 315,
particularly for PBT/S-MMT’s. It means that the order of overall crystallization rate is
PBT > PBT/30B > PBT/MMT >PBT/APTM-MMT > PBT/ICPM-MMT. This trend
also can be found from the value of ty5.

To compare the instant crystallization rate of different blends, the curves of y(t) vs t

for each blend in Fig. 4.11 is plotted in Fig. 4.12A. Then, we can get the plot of
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dy(t)/dt vs t (see Fig. 4.12B). It can give a contour of local crystallization rate for each

polymer. In each diagram, t = 0 is the onset crystallization time for each composite.
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Figure 4.12A Plots of relative crystallinity  for each composite with time.
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Figure 4.12B Instant crystallization rate for each composite with time.

From Fig. 4.12A & B, we can found that: at the first tens of seconds, the
crystallization rate of PBT/30B and PBT/MMT is faster than that of neat PBT at the
beginning stage, especially for PBT/30B, but soon become lower when PBT is

approaching its crystallization top point; for PBT/S-MMT’s, it is greatly lower than
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PBT at the initial stage. With the development of crystallization, it is not surprising
that the crystallization rate of PBT/clay becomes higher than that of PBT because pure
PBT is close to the end of entire crystallization. Although the crystallization rate of
PBT/Clay is greater than that of PBT in some period, the overall crystallization rate is
still smaller. This is the reason that AT, of blends is higher than that of neat polymer.

The result of slower overall crystallization rate does not agree with some
researchers (Park, Lee et al. 2000; Gopakumar, Lee et al. 2002; Xu, Ge et al. 2002; Di
Maio, lannace et al. 2004; Chang, Kim et al. 2005). These authors believed that clay in
polymer can act as a hetero-nucleus during the crystallization process; therefore clay
can accelerate the crystallization rate. However, the results of Krikorian and Pochan
(Krikorian and Pochan 2004) agree with those found in this work. They reported that
spherulite nucleation is low and the bulk crystallization rate is slower when the clay
organic modifier is highly miscible with poly(l-lactic acid).

The Avrami equation is a kinetic model originally developed for isothermal
crystallization. It has the expression: 1-y = exp(-Z-"), where the exponent n is a
mechanism constant depending on the type of nucleation and growth-process
parameters, and 7 is a composite-rate constant involving nucleation and growth-rate
factors (Xu, Ge et al. 2002).

Some researchers (Supaphol 2000; Xu, Ge et al. 2001; Gopakumar, Lee et al. 2002;
Xu, Ge et al. 2002) found that this model can also be used to describe non-isothermal
processes, but it is still not entirely clear what the meanings of its two constants Z and
n. Gopakumar (Supaphol 2000; Gopakumar, Lee et al. 2002) reported these two

parameters are still related to their original meanings, but Xu (Xu, Ge et al. 2001)
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proposed in 2001 that Z and n are only two adjustable parameters to be fit to the data,
because the constant temperature change in the non-isothermal crystallization will
greatly affect the nuclei formation and growth.

Using the double-logarithmic form of Avrami equation: In[-In(1-y)] = InZ+nlnt, and
plotting In[-In(1-y)] against In(t) for the cooling rate 10 °C/min (see Fig. 4.13), a
straight line can be obtained by linear regression at the early stage of crystallization;

therefore the value Z and n can be attained (see Table 4.2).

In(-In(1-x))

6 @ PBT315
e PBT/MMT
-8 » PBT/30B
® PBT/ATPM-MMT
10 X PBT/ICPM-MMT
12

-5 -4 3 -2 -1 0 1 2 3 4
Int
Figure 4.13 Avrami plot for PBT composites crystallizing from the melt at

rate 10°C/min. The data points have been left off for clarity.

From Fig. 4.13, it can be seen that the selected model can approximately comply with
experimental data. It means that Avrami equation can be used to describe the non-
isothermal crystallization behaviors of the present materials, especially for middle part
of crystallization. In addition, from Table 4.2, the constant Z, like half-time t;5, is a

good parameter to characterize the overall crystallization rate. The value of Z is
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decreased with the increased crystallization time. For non-isothermal crystallization,
the constant n is quite complicated. It not only depends on the nuclei type, but also
relies on the nuclei development. It is well known that the heterogeneous nucleation
has the different mechanism compared with homogenous nucleation. Many factors
influence the nuclei formation and development such as nucleation agent, the
geometry of crystal growth, temperature, heat transfer efficiency and so on. Hence, it
is not surprising that they have different values for different PBT blends.

To investigate the difference of non-isothermal crystallization kinetics of pristine
PBT and PBT/ICPM-MMT-A, the samples described above were made into thin films
in an optical hot plate (METTLER FP82HT), and visualized using an optical video
microscope. Each sample was heated to 250°C and kept for 5 min and then cooled
down to 150 °C at a rate of 20°C/min. The whole process was recorded. There are two
apparent discrepancies between the crystallization behavior of pristine polymer and
the blend. First, ultimate crystallite size in PBT is larger than the hybrid (see Fig.
4.14); secondly, the total crystallization rate of PBT is obviously faster than the hybrid
and these optical results are consistent with the DSC results. During the crystallization
of PBT/ICPM-MMT, tiny nuclei showed up in the local region first, then those nuclei
began to grow, and then, new nuclei formed and grew until the entire sample was full

of crystals (see Fig. 4.15).

Figure 4.14 Optical micrograph of crystal size for PBT (on the left) and
PBT/ ICPM-MMT-A (on the right) observed from hot stage.
Grain boundaries are drawn in.
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Figure 4.15 Optical photo of nucleus development for PBT/ ICPM-
MMT-A observed from hot stage.

It is well known that clay platelets can impede the chain movement from some other
areas enclosed by clay platelets. Therefore, crystals cannot grow as freely as in pristine
polymer, and therefore, more nuclei occur and produce smaller size crystals. As for
the slow crystallization behavior of PLNs, it is probably caused by the uneven
thermodynamics inside the samples due to the interaction between clay layers and
polymer molecules and the different distribution and dispersion of clay. Some areas
form nuclei easily and begin to grow at the initial stage; however, some other areas
need further initiation such as lower temperature and surrounding nucleation and
crystal growth. For silane modified clay, the complexity of the analysis of
crystallization in the composite system increased because not all the clay platelets
were deposited by the silane molecules, and some silane molecules were not firmly
stuck on the surface. Since the -OCN group in ICPM and -NH; group in APTM
molecules may interact with -COOH group in PBT molecules, tethered PBT
molecules on the clay surface will not be able to crystallize as easily as free PBT

molecules .
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We also studied the influence of the clay content on the crystallization behaviors of
PBT/S-MMT composites. Fig. 4.16 & 4.17 illustrate the DSC traces of PBT 315 and
PBT/ICPM-MMT-A with different content of S-MMT. The Avrami plots for each

polymer were shown in Fig. 4.18.

Al
J

Heat flow(mw
4}% ®

200 205 210 215 220 225 230 235 240
Temperature(°C)

Figure 4.16 DSC thermograms of PBT/ ICPM-Clay blends with different
contents recorded during heating (10°C/min): 0%wt, b) 1%wt,
c) 2%wt, d) 3%wt, e) 4%wt.

Heat flow(mw)

175 180 185 190 195 200 205
Temperature(°C)

Figure 4.17 DSC thermograms of PBT/ ICPM-Clay blends with different
contents recorded during cooling (10°C/min): 0%wt, b) 1%wt,
¢) 2%wt, d) 3%wt, e) 4%wt.
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Figure 4.18 Avrami plot for PBT composites with different clay content
crystallizing from the melt at rate 10°C/min. The data points

have been left off for clarity.
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The values of varied crystallization parameter for these composites are summarized in

Table 4.3.
Table 4.3 DSC results for PBT/ICPM-MMT-A with
different contents of [CPM-MMT-A.
PBT/ICPM- Tm Tc AH®® ATc
Ae tin 7
n
MMT-A °C) O | g | (%) | (°O) | (min)
0% 225.8 198.1 | 489 | 33.6 7.1 0.71 | 2.62 | 3.94
1% 225.5 1974 | 452 | 32.1 8.8 0.88 | 2.34 | 3.28
2% 225.1 196.5 | 46.8 | 31.9 10.2 1.02 | 2.03 | 3.27
3% 226.1 196.9 | 45.1 31.0 11.7 1.17 | 1.55 | 3.49
4% 225.5 1944 | 474 | 32.6 12.3 1.23 1 0.71 | 3.11
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The results shown in Table 4.3 are consistent with those in Table 4.2. As discussed
above, the contents of ICPM-MMT in PBT/Clay hybrids did not influence the value of
Tm’s, but influenced the values of T.’s and AT.’s. With increased content of ICPM-
MMT in the blends, T. decreased while AT, increased. The Avrami constant Z
decreased with the increased clay contents, because of the enlarged crystallization
time. There existed different crystallization mechanism between PBT and PBT/clay
composites due to the dissimilar values of n for polymer blends compared with that for

neat polymer.

4.4 Mechanical Properties

Tensile test results for polymer composites were summarized in Table 4.4. We can
find that: (1) the modulus of PBT/clay composites is higher than that of pristine
polymer, especially for PBT/MMT, and ranked by PBT/MMT, PBT/ICPM-MMT,
PBT/APTM-MMT, PBT; (2) ICPM modified clay seemed to be able to compensate
some loss of yield stress and tensile stress that inorganic clay brought to polymer, but
APTM deteriorated them; (3) clay greatly decreased the elongation of pure polymer,

and ICPM help to increase the plasticity of composite.

Table 4.4 Tensile test results for PBT systems.

Young's Yield Maximum Maximum | Maximum
Name Modulus | Stress | Tensile stress | Displacement | Strain
(MPa) (MPa) (MPa) (mm) (%)
PBT 668136 5582 5943 44.612.0 586+26
PBT/MMT | 854+18 5182 5243 0.7620.05 9.9+0.7
PBT/APTM
-MMT 702+13 3743 39+5 0.62+0.02 8.1+0.2
PBT/ICPM-
MMT 812+14 5243 5615 1.53£0.70 2019
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It is not surprising that clay can increase the modulus of polymer because of the
inorganic filler itself. The different influence of APTM and ICPM to polymer
composition is interesting, probably because ICPM improved the interaction between

polymer and clay, and thereby enhanced the mechanical properties of PBT/MMT.

4.5 Summary

Silane molecules can be adsorbed onto the montmorillonite clay surface by liquid
phase deposition methods, and higher post-deposition heat treatment improves the
formation of chemical bonds between silane and the clay surface. However,
intercalation of silane molecules into clay galleries depends on the solvent used.
Toluene, used in this study, did not allow silane to intercalate significantly into the
clay galleries.

The functionalized silane did not help PBT molecules intercalate into the pristine
clay interspaces, but it did change the dispersion of clay in polymer matrix, and this in
turn, changed the crystallization behavior of PBT.

The functionalized silane did change the mechanical properties of PBT/MMT, but
the influence is slight because their amounts are small. By comparing two silanes,

ICPM can improve the mechanical properties, but APTM deteriorate the properties.
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Chapter 5

Conclusions and Future Work

5.1 General Conclusions and discussion

Polymers are non-polar organic materials and therefore, it is difficult to disperse
polar clay platelets into a polymer matrix directly. Interfacial modification is a good
way to improve the clay dispersion in a polymer matrix. Adding a suitable
compatibilizer to polymer and clay can lead to exfoliation structure under certain
blending conditions. Our results showed that thermodynamic compatibility and fluid
flow pattern were the key factors to determine the clay dispersioh. The thermodynamic
compatibility is associated with: polar groups present in compatibilizer; the molecular
weight, the structure and the amount of compatibilizer; the density and structure of
surfactants on the clay surface; and the molecular weight and structure of polymer.
The fluid flow pattern is related to mixer geometry, rotor speed, viscosity of fluid,
residence time, and blending temperature. It should be noted that these two factors
interact together. From a hydrodynamics perspective, compatibility can increase the
interaction between polymer and clay, hence increasing the delaminating stress.
However, it seemed that continuously increased shear stress cannot facilitate
delaminating anymore. On the contrary, it may accelerate the coagulation process.
This phenomenon was observed by some other researchers, but no satisfied reason was
given so far.

Although compatibilizer is very useful to improve the interaction between polymer

and clay, its influence on the properties of composites should also be studied.
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However, much of the literature has only focused on the effects of compatibilizer on
the clay dispersion and very few studied the effects on the properties. Hence, some
modified properties were usually predicted based on better dispersion of clay, and the
influence of compatibilizer on properties was neglected. In chapter 3, when we use
LLDPE based PEMA to improve the interfacial interaction between LLDPE and
montmorillonite clay, we find an exfoliated clay structure, vbut the mechanical
properties are not improved because pure LLDPE-MA has lower tensile properties
than LLDPE and the mixture of LLDPE and LLDPE-MA could have lower tensile
properties than LLDPE alone. These results were not what would be expected from
the literature so that the phenomenon can give us some suggestions on how to design
and synthesize new polymer/clay compounds. That is, besides focusing only on the
clay dispersion, we can tailor the properties of new hybrids by selecting different
compatibilizers. For example, EVA-MA can be chosen to improve the clay dispersion
and low temperature resistance at the same time for PE/Clay blends. Also, we can use
PP-MA to improve the clay dispersion and modulus of PE/Clay blends.

Clay surface modification is another way to improve the interaction between
polymer and clay. In chapter 4, this method proved to be effective to some extent
although only the external surface of natural montmorillonite agglomerate was
organically modified. To obtain a better result, we must find ways to modify the inner
galleries with silane molecules as well. Yoshimoto et al. (Yoshimoto, Ohashi et al.
2005) reported a solvent-free mechanochemical route, and successfully inserted
pyrrole chains into montmorillonite galleries. For the solution deposition method that

we used, we need to find a good inert solvent in which clay can be exfoliated and the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



123

silane will not react with solvent. Thus silane coupling agents can be smoothly
deposited on the any surface of clay.

From the results of hybrid crystallization behaviors in Chapter 3 and Chapter 4,
better clay dispersion caused a lower degree of crystallinity and slower crystallization
rate in polymer. Crystallinity affects the mechanical strength and heat resistance of
polymer, but the reduction in these properties due to lowered crystallinity could be
partly or completely compensated by the presence of inorganic clay. Slow
crystallization rate, seen in hybrids, is unfavorable for semicrystalline polymers,
especially for injection molding applications. It will increase the processing time, and
thus decrease productivity.

However, greatly improved barrier properties reported by some other researchers
(Chaiko and Leyva 2004; Maniar 2004; Osman, Rupp et al. 2005) enable extensive
application of polymer/clay composites. Improvements in plastic bottles have been an
important research subject for the past few decades. Poor gas barrier in polymers
limits development, especially for use as beer containers. PBT is one of the well
known bottle polyesters. Exfoliation structure giving enhanced barrier properties
would bring a prosperous future for PBT/clay compounds. Similarly, a film bearing
strong gas and water barrier properties can also be used to develop PE/clay

nanocomposites.

5.2 Future Work

5.2.1 Investigation of the action of shear stress on the morphology

Kim et al (Kim, Jo et al. 2002) and this thesis showed that there is an optimum shear

stress for blending polymer/clay composites. Below and above this point, the clay
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platelets will have a worse dispersion. The mechanism behind this phenomenon is still

not clear. Further investigation is necessary to explore the mechanism.

5.2.2 Developing the solvent deposition method

It is very difficult to modify clay surface if clay cannot be exfoliated in a solvent
when using the solvent deposition method. To obtain better modification effects, it is
necessary to choose a good solvent for clay. First, we can adopt the one-step method
to modify clay. That is, we can modify natural clay directly in a solvent in which
silane modifier can reach clay galleries. Feng et al. (Feng, Zhao et al. 2004) obtained
intercalated montmorillonite structure when they used amino silanes to modify clay in
a toluene and acetic acid mixture. Some other researchers found that organic clay can
be better dispersed in organic solvent. Leach et al. (Leach, Hopkinson et al. 2005)
reported a way to delaminate clay platelets in a nonaqueous solvent. They initially
used a quaternary ammonium surfactant, dimethyl dioctadecylammonium bromide
(DODAB) to treat pristine montmorillonite. Subsequently, adsorption of the
poly(isobutylene) based stabilizer (SAP) to this pretreated clay resulted in fully
exfoliated suspensions of montmorillonite in a branched aliphatic solvent (polydecene).
In addition, Ho and Glinka (Ho and Glinka 2003) found that Closite 15A was easily
fully exfoliated in chloroform and trichloroethylene solvent, respectively, and they
ascribed this to the suitable Hansen’s solubility parameters.

Secondly, we may use two steps to modify clay. In this method, we can use ion
exchange method to enlarge clay interspaces, and then, we can graft silane molecules
onto the surface of organic clay in a solvent. Letaief et al (Letaief and Ruiz-Hitzky

2003) attained complete delamination of the silicate layer using the two-step method.
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They treated sodium montmorillonites with cetyltrimethylammonium bromide
(CTAB) and obtained alkylammonium exchanged clays (CTMA-MMT), then they add
alkoxysilanes to a solution of CTMA-MMT and n-butanol. After adding water under
continuous stirring and thermal treatment, they got a complete delamination structure

of the clay.

5.2.3 Development of functionalized polymer layered nanocomposites

Using a third component as a compatibilizer in these composites may greatly
enhance the properties of the original polymer; therefore, this method can be used to
tailor the properties of the polymer/clay composites and, in addition, it can be used to
exfoliate the clay sheets in the polymer. For example, Ethylene Vinyl Acetate (EVA)
has better low temperature flexibility, clarity, and tear resistance than PE. If we use
EVA-MA, maleic anhydride grafted EVA, as compatibilizer for PE/Clay composites,
then we can create functionalized PE/EVA-MAH/clay nanocomposites. Similarly,
ethylene vinyl alcohol copolymer (EVOH) is an excellent barrier resin for use in food
and other packaging applications. If we incorporate the EVOH and PE-MA into
PE/clay composites, we may get high barrier performance PE film. PP has higher
elongation and modulus than LLDPE, so we can use PP-MA to improve the
mechanical properties of PE/clay composites. A few examples are listed here, but
many other combinations are possible and these types of “ternary” composites should

be investigated further.
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