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ABSTRACT

Formulation and Mechanical Properties of

Polypropylene Nanocomposites

Shenggong Lei

Polymer nanocomposites (PNC) are a new type of material, in which the
reinforcement must have at least one dimension in a nanoscale. Polymer/clay
nanocomposites provide great advantages in terms of different properties in
comparison with conventional mineral-filled polymers. In this work, the preparation
of polypropylene (PP)/clay nanocomposites by melt process (Brabender mixer) from
five different chemistries of organo-nanoclays and five different coupling agents with
different functional groups, such as maleic anhydride (MA), amine (NH;), onium ion
(NH;"), has been carried out. It should be noted here that the NH;" modified PP were
first studied in this work. The effect of impurities in conventional coupling agents has
also been investigated for the first time. Different processing temperatures, residence
times and shear rates have been examined. The effects of parameters, such as type of
coupling agent and clay, processing conditions, dispersion and interface interaction,
were evaluated using different means, such as XRD, DSC, SEM, DMA, and
mechanical properties. The rtheological behavior of nanocomposites was also studied.

The results obtained from this study provide a certain understanding on the

il



relationship between the formulation, processing condition and performance.
Significant improvement in stiffness and storage modulus was observed in
nanocomposites formulated with coupling agent. However, the extent of the
improvement of the nanocomposites’ performance depends on the type of the clay and
the coupling agent. In addition, the processing condition had great effects on the

properties of PP nanocomposites.
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1 Introduction

Materials and their development are fundamental to society. Major historical periods of
society are associated and described with materials, such as the stone age, bronze age,
iron age, steel age (industrial revolution), silicon age and silica age (telecom revolution).
Therefore, materials science represents a branch of the natural sciences that is becoming
increasingly important in the world dominated by the choosing of the correct material.
New materials are required for a wide variety of applications, which have to be extremely
specialized and at the same time economically affordable. Nowadays, many technological
efforts in material science are starting from the molecular and nano scale. Nano age is

coming!

1.1 Polymer composites and polymer nanocomposites (PNC)

Composites materials are a significantly attractive part of materials science since their
properties can be designed to tailor different applications depending on the demands.
Among three types of matrix - metal, polymer and ceramics, polymer composites are one
important and rapidly developing composite materials. Polymeric materials are
characterized by long chains of repeated molecule units known as “mers”. These long
chains intertwine to form the bulk of the plastic. The nature by which the chains

intertwine determines the plastic's macroscopic properties.



Plastics can be classified as thermoplastic or thermoset, a label that describes the strength
of the bonds between adjacent polymer chains within the structure. In thermoplastics, the
polymer chains are only weakly bonded (van der Waals forces). The chains are free to
slide past one another when sufficient thermal energy is supplied, making the plastic
formable and recyclable. In thermosets, adjacent polymer chains form strong cross-links.
When heated, these cross-links prevent the polymer chains from slipping past one
another. As such, thermosets cannot be reshaped once they are cured (i.e. once the cross

links form). Instead, thermosets can suffer chemical degradation if reheated excessively

[1].

To form polymer composites, various types of reinforcement, i.e., mineral fillers, metals,
and fibers, have been added to thermoplastics and thermosets for decades. Compared to
neat resins, those composites reinforced by continuous fibers can generally have a
number of improved properties including tensile strength, heat distortion temperature,
and modulus; those composites reinforced by non-continuous reinforcement often
provide decreased costs and good dimensional stability. Thus, for structural applications,
composites have become very popular. However, the density of these composites is
increased, typically by 50%, and the processing often becomes difficult and expensive
[2]. More recently, advances in synthetic techniques and the ability to readily characterize
materials on an atomic scale have led to interest in nanometer-size materials. Since
nanometer-size grains, fibers and plates have dramatically increased specific surface area
compared to their conventional-size materials, the chemistry of these nanosized materials

is altered compared to conventional materials.



Polymer nanocomposites are such a new class of composites derived from the ultrafine
inorganic particles with at least one dimension in the nanometer range which are
dispersed in the polymer matrix homogeneously at a relatively low loading (often under
6% by weight). Therefore, polymer nanocomposites combine these two concepts, i.e.,
composites and nanometer-size materials. These materials are attracting the attention of
government, academic, and industrial researchers more and more because of their
outstanding properties [9], which include: (a) they are lighter compared to conventionally
filled polymer because higher stiffness and strength are realized with far less high density
inorganic material; (b) their mechanical properties are potentially superior to fiber
reinforced polymers because reinforcement from the inorganic layers will occur in two
dimensions rather than one dimension without special efforts to laminate the composites;
(c) they possess outstanding diffusional barrier properties without requiring a
multipolymer layered design; nanoclays are believed to increase barrier properties by
creating a maze or “tortuous path” that slows the progress of gas molecules through the
matrix resin; and (d) easy recycling. At the same time, these nano-platelets are only 1 nm
thick, less than the wavelength of light, so they do not impede light’s passage [5].
Moreover, due to low filler content, painted parts were claimed to exhibit better surface
appearance [10-11]. On the other hand, nano-particles (such as nanoclays, nanofibers,
carbon nanotubes, etc.) are so small and their aspect ratio (L/D) is so high that properties
improve with lower loading and fewer penalties (such as higher density, brittleness, or

loss of clarity) than with conventional reinforcements like talc or glass.



1.2 Polypropvlene (PP) and its nanocomposites

Most commercial interest in nanocomposites has focused on thermoplastics.
Thermoplastics can be classified into two groups: less expensive commodity resins and
more expensive (and higher performance) engineering resins. One of the goals of
nanocomposites was to allow substitution of more expensive engineering resins with a
less expensive commodity resin nanocomposite. Substituting a nanocomposite
commodity resin with equivalent performance as a more expensive engineering resin

should yield overall cost savings.

PP is among the most widely used and the fastest growing classes of thérmoplastics due
to its good balance of physical and chemical properties, its low cost, light-weight,
favorable processing and recycling characteristics. Especially remarkable breakthroughs
in catalyst and process development make polypropylene compete very successfully with
other environmentally less friendly and less versatile plastics. Recently, PP has found
many extensive applications in both packaging and engineering fields, especially
automotive [3]. According to the American Society of the Plastics Industry's 1998 edition
of Facts and Figures, PP is the largest volume thermoplastic used in automobiles. Table
1.1 shows the data on the amount and applications of polypropylene used in North

American automobiles. Table 1.2 shows the key application of PP in automobiles.



Table 1.1 North American automobile consumption of polypropylene [5]

Year | 1994 | 1999 | 2004 | 2009 |
Million Kilograms 240 | 295 | 345 | 427
Avg. Kgs./vehicle 165 | 188 | 215 | 262

Table 1.2 Polypropylene key applications in automobile [5]

Applicatim; 1999 Kgs./vehicle 20(‘)’4“Kgs./vehic"l’e ’i
Bl,l,,mper Systoms ,0.9 = B
Electrical Components 1 1.1
EneineMechanical = | "1 2
Components
Interior Trim Panels 7.1 - 75

However, like all plastics, PP has a few shortcomings in performance. For example,
dimensional & thermal stability, relatively low modulus and poor gas barriers in

packaging limit their range of application, especially in engineering field [4-5].

In order to improve PP’s competition in engineering applications, it is an important
objective in PP compounding to simultaneously increase dimensional stability, heat
distortion temperature, stiffness, strength, and impact resistance without sacrificing easy

processability. Currently, automotive and appliance applications also use conventional



glass or inorganic-mineral filler systems with loading levels ranging from 10-50% by
weight. This approach improves most mechanical properties, i.e., dimensional and
thermal stability, even the modulus, but it also makes the processing difficult and
increases the products’ weight, which is critical in automotive and some engineering
applications. On the other hand, either addition of higher barrier plastics via a multilayer
structure or high barrier surface coatings are employed to improve PP gas barrier, but the
decreased transparency and increased cost make them less attractive for using PP in the

first place [6-8].

The emerging field of polymer-layered nanocomposites makes up these shortcomings for
both packing and engineering applications, and it does so with favorable cost, processing
and weight profiles. Montell North America and General Motors Research and
Development announced the development of thermoplastic olefin elastomer-based PP
nanocomposites that are considered to compete with PC/ABS blends and other traditional
thermoplastics. Since a low percentage of organophilic layered silicates is sufficient to
achieve reinforcement, nanocomposites are up to 30% lighter than competitive resins.
More recently, automotive OEMs (original equipment manufacturer) and molders have
also turned their attention to PP and TPO (thermoplastic olefins) nanocomposites. Some
experts estimated that about 30% of nano-PP usage by 2004 will be in autos, mostly
cannibalizing existing PP applications. But replacement of metals and engineering
thermoplastics will follow [5]. Therefore, PP nanocomposites have attracted significant
research interest [9, 10, 31, 32, 35, 49, 50, 94-97] and become new and very promising

materials.



2 Literature Survey

The significant improvement of PNC’s mechanical properties can be attributed to the
special structure and chemistry of nanoclays. Therefore, in this literature survey, a brief
introduction of nanoclays is necessary. Moreover, researchers have applied many
methods to obtain nanocomposites including applying various methods to modify the
surface of nanoclay and matrix, using coupling agents to improve the interface,
employing different equipment and processing methods, and so on. A review of these

aspects 1s also included.

2.1 Development of PNC

In the late 1980s, PNC were developed in both commercial research organizations and
academic laboratories. The first group to demonstrate the unprecedented mechanical
properties of PNC was the Toyota research center [12-15]. The first company to
commercialize these nanocomposites was also Toyota, which used nylon nanocomposite
parts in one of its popular car models for several years. Following Toyota's lead, a
number of other companies also began investigating nanocomposites. These great
attractions were from the near 100% improvement of tensile and flexural modulus and
150% improvement of heat distortion temperature with only 6wt% nanoclay in Nylon 6

nanocomposites (Table 2.1) [16]. In general, the improvements in the properties may be



attributed to the following factors: (a) large surface area and aspect ratio, (b) sub-
microscopic dispersion of the clay in the polymer matrix, (c) ionic bonds between the

organic polymer and inorganic clay.

Table 2.1 Mechanical properties of Nylon 6 nanocompeosites [16]

Nanomer Flexural Tensile

{wi. %) Madulns Muodulus HDT
{MPa) {MPa) ("C)
P F404 3117 36
4374 4220 125

284 (+35%) (+28%4) (+123%5)
4578 4597 131

4% (+61%5) {(+6:5%%) (+134%)
5388 5875 136

6% (+90%) (+98%) (#143%)

Amongst all the potential nanocomposite precursors, those based on clay and layered
silicates have been more widely investigated probably because the starting clay materials
are casily available and because their potentially high aspect ratio and unique
intercalation/exfoliation characteristics have been studied for a long time. The most
commonly used layered silicate is montmorillonite clay. And the use of clay as precursors
for nanocomposites formation has been extended into various polymer systems including
epoxies, polyurethanes, polyimides, nitrile rubber, poly (vinyl alcohol), polyesters,
polypropylene, polystyrene, poly (methyl methacrylate), polyethylene, polycarbonate,
and polysiloxanes, among others [11, 17-24]. Before further discussion, knowledge about

montmorillonite clay will be briefly introduced.



2.2 Montmorillonite clay

Montmorillonite (MMT) clay belongs to the family of the 2:1 phyllosilicates [25]. In

their natural form, these phyllosilicates consist of stacks of layered crystals. As shown in
Figures 2.1 and 2.2, each layered crystal is a layered structure of aluminum octahedron
sandwiched between 2 layers of silicon tetrahedron. These layered crystals, which are
approximately 1 nanometer or 10 angstroms thick with lateral dimensions from 30nm to
several microns, are stacked parallel to cach other and are bonded by van der Walls
forces. In Figure 2.3, the TEM of MMT shows a cluster of platelets, 1nm thick and 50-
500 nm laterally. The aspect ratio of the layered crystals is about 1000 and surface area is
in the range of 750 m%/g [26]. It has a large net negative charge, which will attract
positive ions (cations) to its surface, most notably sodium and calcium, as Figure 2.4
shows. The purity level, the cation exchange capacity and the aspect ratio of the clay are

the most critical factors that affect the performance of the nanocomposites [27].

The gap between layered crystals is called the interlayer or the gallery. The gallery is an
important characteristic of the 2:1 phyllosilicates family allowing intercalation of
polymers between the layered crystals and exfoliation of these crystals. During PNC
processing, the gallery chemistry can be modified in order to promote chemical bonding
between the polymer and the layered crystals, which is responsible for some of the effects
of the addition of nanoparticles on the microstructure and mechanical properties. The
modification can be through hydrogen ion exchange or cation interaction with organic

molecules or polymer [28].
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Figure 2.1 The formula and structure of montmorillonite [26]

O Al Fe, Mg, Li
m
Gon N Silica tetrahedron )
®0 A\ <1 sheet
o Li, Na, Ry, Cs > :
«-— Alumina or magnesia One layered
octahedron sheet crystal
(~ 1nm thick)
w—r{ Silica tetrahedron
sheet y,
® ) ®
Exchangeable cations <—| Interlayer or gallery (van der Walls interactions)
& & o

Figure 2.2 Structure of 2:1 phyllosilicates layered crystals [29]




Figure 2.3 TEM of MMT clusters [30]
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Figure 2.4 Schematic of chemistry on the clay surface
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Na-montmorillonite is a specific type of montmorillonite, whose exchangeable cations
located in the galleries are sodium cations. Na-montmorillonite is the most developed and
commercialized clay. Since it has good affinity for water, this Na-montmorillonite and
other layered clay structures are naturally hydrophilic. Therefore, they are incompatible
with most polymers and hence difficult to get good mixing and dispersion. Another

problem is that the clay platelets are held together tightly by electrostatic forces.

For these reasons the clay must be treated so it can be incorporated into a polymer. One
way of modifying the clay surface to make it more compatible with a polymer is through
ion exchanging (another way is ion dipole interaction). Since the cations on the clay
surface are not strongly bound, they can be replaced by other cations, which are tailored
to the polymer in which the clay would be incorporated. This process renders the clay
more hydrophobic and helps to separate the clay platelets so that they can be easily

intercalated and then subsequently exfoliated into the polymer.

As Figure 2.5 illustrates, montmorillonite particles are agglomerated to within a distance
of about 3.5A. Surface treatment reduces particle-particle attraction, promoting an
expansion of the distance (gallery) to above 20 A. At this distance the particles can be
separated further either by adsorbing monomer into the gallery prior to polymerization or
in the case of high polymer by employing shearing force using an extrusion compounder
or mixer [26]. Figure 2.6 depicts the case where dispersion occurs in the compounding
operation. The modified clay sheets are separated completely and dispersed in the matrix

to form nanocomposites using shear forces [26].
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Figure 2.5 Effect of surface treatment [26]

Figure 2.6 Effect of compounding operation [26]

The early work on polymeric nanocomposites was performed at Toyota Research
Corporation’s Central Research and Development Laboratories. In this work, the
montmorillonite clay was exchanged with acid species in which a quaternary ammonium
ion replaced cations on the clay surface. Many researchers have also used stearylamine
and HCI [31, 63], hexadecyl-octadecyl trimethylammonium chloride [32],

octadecylamine and HCI [26] to make organoclay. Since the negative charge existing in

13



the clay layer, the cationic head group of the alkylammoniun molecule preferentially
resides at the layer surface and the aliphatic tail will radiate away from the surface. The
equilibrium layer spacing for organically modified clay depends both on the cation
exchange capacity (CEC) of the clay, as well as on the chain length of the organic cation
[33]. Toyota had demonstrated that under proper conditions, the spaces between the
platelets could be filled with monomers; Nanocor Inc. and others have also found that the

gallery space could be filled with oligamers and polymers as well [26].

M. Kawasumi et al [31] employed the following method to make organic clay: Sodium
montnorillonite (80g, cation exchange capacity of 119meq/100g) was dispersed into 5000
ml of hot water (about 80°C) by using a homogemixer. Octadecylamine (31.1g) and
concentrated HC1 (11.5ml) were dissolved into hot water. It was poured into the
montmorillonite-water solution under vigorous stirring by using the homogemixer for 5
min and yielded white precipitates. The precipitates were collected, washed with hot
water 3 times, and freeze-dried to yield an organophilic montmorillonite intercalated with
octadecylammonium (C18-Mt). The interlayer spacing of the C18-Mt was about 22 A
and the inorganic content of 69.2 wt% was found by measuring the weights before and

after burning its organic parts.
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2.3 PNC structures

Depending on the nature of the components used (layered silicate clay, organic cation and
polymer matrix) and the process employed to associate these components, a
microcomposite, an intercalated nanocomposite or an exfoliated nanocomposite can
result [25]. These different types of composites are shown schematically in Figure 2.7. If
no polymer is present between the crystal layers, the product is called a phase separated
microcomposite (Figure 2.7 a) and it has properties in the range of traditional
microcomposites. Consequently, the clay fraction in microcomposites plays little or no
functional role and acts mainly as a filling agent for economic consideration. In the case
of intercalated composites, the polymer is inserted between the layers of the clay and the
interlayer spacing is expanded, but the layers still are in the well-ordered state (Figure 2.7
b). When the silicate layers are completely and uniformly dispersed in a continuous
polymer matrix, an exfoliated or delaminated structure is obtained (Figure 2.7 c).
Exfoliated nanocomposites have greater phase homogeneity than intercalated
nanocomposites. More importantly, each layer in an exfoliated nanocomposite
contributes fully to interfacial interactions with the matrix, which is the primary reason
why the exfoliated clay state is especially effective in improving the properties of clay

composites [34].
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Figure 2.7 Schematic of different types of composite arising from the interaction of layered silicates
and polymers: (a) phase-separated microcomposite; (b) intercalated nanocomposites and (c) exfoliated

nanocomposites [25].

In practice, partially intercalated and exfoliated structures are generally observed. In the
intercalated or exfoliated nanocomposites, the improvement in properties can often be
observed, such as tensile and flexural properties, barrier properties, and thermal stability

and flame retardance [35, 36].

Two methods are commonly employed to characterize these structures: X-Ray

Diffraction (XRD) and Transmission Electron Microscopy (TEM).
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XRD is used to identify intercalated structures. In such nanocomposites, the repetitive
multilayer structure is well preserved, allowing the interlayer spacing to be determined.
The intercalation of the polymer chains usually increases the interlayer spacing, which
leads to a shift of the diffraction peak towards lower angle values (angle and layer
spacing values related through the Bragg’s relation: n N = 2dsin 9, where N1s wavelength
of X-ray radiation, d is the spacing between diffracted ionic lattice planes, and 8 is the
measured diffraction angle). Figure 2.8 show the XRD curves corresponding to different

structures [25].

In the exfoliated structure, no more diffraction peaks are visible in the XRD curves either
because of a much larger spacing between the layers (i.e. exceeding 8nm in the case of
ordered exfoliated structure) or because the nanocomposites do not present ordering
anymore [9]. TEM is used to characterize structures for intercalated and exfoliated
nanocomposites. Figure 2.9 [37, 38] shows the TEM micrographs obtained for an
intercalated and an exfoliated nanocomplosite. Besides these two well defined structures,
most nanaocompoites present both intercalation and exfoliation structures. In this case, a
broadening of the diffraction peak is often observed and one must rely on TEM

observation to define the overall structure.

In addition, sometimes Atomic Force Microscopy (AFM) and Scanning Electron

Microscopy (SEM) are also employed to identify the structures of PNC [39, 40].
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Figure 2.8 XRD curves [25]: (a) fluorohectorite in HDPE matrix (no intercalation, no exfoliation was
achieved); (b) nanocomposite of fluorohectorite in polystyrene (intercalation was achieved); (c)
nanocomposite of fluorohectorite in silicon rubber (exfoliation was achieved; diffraction peaks are not

visible).
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Figure 2.9 TEM micrographs of nanocomposites: (a) intercalated nanocomposite; (b) exfoliated

nanocomposite [37, 38]
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2.4 PNC fabrication

This subsection intends to describe how the nanocomposites are produced. Fabrication is
an important step to obtain nanocomposites and there are many factors that need to be
considered in the process. In general, researchers developed three processes to fabricate
PNC: In-situ polymerization process, solution process, and melt intercalation (or

compounding) process [29].

2.4.1 In-situ polymerization process

In-situ polymerization is a method in which fillers or reinforcements are dispersed in
monomer first and then the mixture is polymerized using a technique similar to bulk
polymerization. Using this method, inorganic particles may be evenly dispersed in the
polymer matrix, creating composites with good processability as a result of their flow
properties. This method has been industrialized by Ube Industries to produce the

commercial grade 1015C2 of the PA6/montmorillonite nanocomposites.

The process employed for the preparation of PA6 nanocomposites of commercial grade
1015C2 is summarized in Figure 2.10 [101]. Na-montomorillonite clays are modified
through the first processing step. Na-montmorillonite is hydrated in the presence of
hydrochloric acid (HCI) and aminolauric acid (H;N"-(CH,);;-COOH) (ALA). During this
submersion, the cations of sodium located in the interlayers are substituted by the cations

of the ALA and ALA-montomorillonite was obtained. In the second processing step, the

19



ALA-montomorillonite is mixed with e-caprolactam monomers. A small amount of
polymerization catalyst is added and mixture is stirred and heated up. The cooled and
solidified product is crushed, washed and dried. For less than 15% of ALA-

montmorillonite, an exfoliated structure is obtained as evidenced by XRD and TEM [13].
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Figure 2.10 Process steps for preparation of PA6 nanocomposites [101]

In a very recent work, J.S. Ma et al [41] discussed the synthesis of polypropylene/clay
nanocomposites by using the in-situ intercalative polymerization. The Na-
montmorillonite was modified by hexadecyl-octadecyl trimethylammonium and activated

by the Ziegler-Natta catalyst (TiCls/MgCly), the activated montmorillonite served as a
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catalyst for propylene polymerization. During the polymerization, the clay structure
would be destroyed and exfoliated by the growing PP molecules. The XRD patterns and
TEM image showed that the clay in the nanocomposites was exfoliated into nanometer
size and dispersed uniformly in the PP matrix. The storage modulus of the
nanocomposites increased with increasing clay content, particularly at temperatures

higher than T,, where the storage modulus was about three times that of the pure PP.

The biggest drawback to this route is that large materials suppliers thus far have not been

willing to invest in capacity to produce nanocomposites.

2.4.2 Solution process

In this process, the layered clays are exfoliated into single layers using a solvent in
which the polymer or the prepolymer is soluble. The polymer added to the solvent is then
adsorbed on to the delaminated sheets. This technique has been widely used with water-

soluble polymers: poly (vinyl alcohol), poly (ethylene oxide), etc.

2.4.3 Melt intercalation (compounding) process

In this process, the layered clays are mixed with the polymer matrix in the molten state
(usually under shear force) and the polymer extends into the interlayer space if the
compatibility between the interlayer treated surfaces and the polymer is sufficient. The

stacked layer structure of the clay might be expected to separate when subjected to
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mechanical shear, particularly after expanding the interlayer space through intercalating
organic modifiers (intercalants). This approach would allow nanocomposites to be
formulated directly using ordinary compounding devices such as extruders or other
mixers according to need without the necessary involvement of resin producers. It is a
promising new approach for forming nanocomposites that would greatly expand the
commercial opportunities for this technology. If technically possible, melt compounding
would be significantly more economical and simple than in situ polymerization

processes. Figure 2.11 shows the dispersion mechanisms of melt intercalation.

Figure 2.11 Dispersion Mechanism of melt intercalation [30]
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2.5 PP nanocomposites

2.5.1 Challenges in formulation of PP nanocomposites

As mentioned above, MMT has negatively charged surfaces and is naturally hydrophilic
while PP does not have any polar groups in its backbone and is one of the most
hydrophobic polymers. Therefore, they repel each other and no direct intercalation
happens between them when PP and clay are simply mixed together, and the properties
are in the microcomposites’ range. Actually, the nanometer dispersion of silicate layers in
a PP matrix was not realized even by using a montmorillonite treated with a
dioctadecyldimethylammonium ion (DSDM-Mt), in which the polar surfaces of the clay

mineral should be covered with one of the most hydrophobic alkylammonium ions [42].

Vaia and Giannelis [43-45] found that, in general, the outcome of polymer intercalation
is determined by an interplay of entropic and enthalpic factors. Entropy is a measurement
of the amount of disorder in a system, and natural processes will tend to go in a direction
of greater entropy or greater disorder. Enthalpy is the total kinetic and potential energy of
a system under constant pressure, and its changes can be determined from the energy
changes of the surroundings. Dispersion of MMT in a polymer requires sufficiently
favorable enthalpic contributions to overcome any entropic penalties (Polymer molecules
may have more randomness outside the galleries than inside the galleries). Favorable
enthalpy of mixing for the polymer/organic MMT can be achieved when the
polymer/MMT interactions are more favorable compared to the surface modifiet/MMT

interactions [43-45]. The challenge existing between PP and clay is that the entropic
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barriers can prevent any dispersion of the inorganic fillers in such polymers. In addition,
since no excess favorable interaction exists in the PP-clay system compared to the
alkylmodifier-clay system, the miscibility of PP and alkyl modified clay is also difficult

[33].

2.5.2 Miscibility strategies

Researchers have found many ways to improve the miscibility of hydrophobic polymers

and hydrophilic clay [25, 46- 47]. These ways can be classified in three routes:

2.5.2.1 Modifying clay surface

This method is to make the inorganic (polar) surface of clay become organic to be more
miscible with nonpolar polymer. The usual way to do this is ion exchanging which uses
the cationic-organic surfactants, such as alkyl-ammoniums to replace the unbound cations
(such as Na") on the clay surface. This aspect has been introduced in Section 2.2.1.
Currently, many types of modified clays are available from nanoclay manufacturers, such

as the Closite and Nanomer series.

Another way is using an organic swelling agent (whose boiling point is situated between
100~200°C, such as ethylene glycol, naphtha or heptanes) to increase the interlayer
spacing. The swollen organo-modified clay was then compounded with PP in a twin-

screw extruder at 250°C. The swelling agent was volatized during extrusion process [25].
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2.5.2.2 Modifying matrix

1)_Matrix functionalization In this technique, very small amounts of functional groups

(0.5-2 mol%) are added randomly across the polymer [47]. For example, in the case of
polypropylene, just 0.5 mol% of functional groups (methyl-styrene, maleic anhydride, or
3-hydroxyl-butylene-styrene) is sufficient to promote miscibility with clays. And at such
levels the functional group is not enough to change in any measurable extent the polymer
characteristics, such as crystallinity, melting point, etc. However, this method needs the
resin manufacturers involved to synthesize the functionalized polymer, and this becomes

the major impedance to research and widen this technology.

2) Using coupling agent is the most popular way to modify the matrix because it is
simple, economical and can be processed by the usual mixing instruments. Coupling
agent is polyolefin oligomer modified with either maleic anhydride (MA) or hydroxyl
groups (OH) or other functional groups, which should include a certain amount of polar
groups (i.e. —OH, -COOH) to intercalate between silicate layers through hydrogen
bonding or other chemical bonding to the oxygen group or negative charges of the silicate
layers. In addition, coupling agent should have long molecular chains that are compatible
with polyolefin matrix. As in the production of conventional composites, grafted
polyolefins are frequently used as coupling agents. Among them, polyolefin containing
grafted maleic anhydride (MA) or acrylic acid (AA) are the most attractive candidates
because of their high reactivity and ready availability. Coupling agents usually used in PP

matrix is maleic anhydride grafted polypropylene (MAgPP) [31, 32, 48-50, 93].
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2.5.2.3 Modifying matrix and clay surface

Most researchers have used both ways (modifying matrix and clay surface at the same
time) to improve the miscibility of clay and nonpolar polymers, especially for PP because
using only one way is not enough to overcome the typical nonpolarity of PP [31, 32, 48-
50, 93]. However, the results varied with the types of intercalant and functional group. In

the next subsection some research in the field of PP nanocomposites will be described.

2.5.3 Research in polypropylene nanocomposites

PP nanocomposites have been studied widely due to their commercial importance, but
exfoliation of the nanoclays appears to be more difficult to achieve than in the case of
polyamides, which might be due to several issues related with thermodynamic
interactions in the modified clay-matrix-coupling agent system. Some research works are

introduced below.

R. Peter et al [51] used synthetic sodium fluoromica as water swellable layered silicate,
which was rendered organophilic by means of cation exchange with various protonated
alkyl amines such as butyl (C,), hexyl(Cs), octyl(Cs), dodecyl(C;;), hexadecyl(Cis), and
octadecyl(C,3) amine. Interlayer spacing of the organophilic silicates increased with
increasing alkyl chain length of the amine. Only Cj,, Ci6, and C;g amine modifiers in
conjunction with MAgPP as coupling agent promoted exfoliation and self-assembly of

individual silicate layers within the polypropylene matrix. Interlayer distance increased
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with increasing content and increasing anhydride functionality of MAgPP. Only 10 wt%
of fluoromica modified with C;¢ amine in conjunction with 20 wt% of MAgPP
containing 4.2 wt% maleic anhydride grafts was sufficient to achieve effective
polypropylene matrix reinforcement, as reflected by increase of Young’s modulus from
1490 MPa to 3460 MPa and increase of yield stress from 33 MPa to 44 MPa with respect

to bulk PP.

M. Kawasumi et al [31, 32] researched the three components (PP, MAgPP and modified
clay) which were melt-blended in a twin-screw extruder at 210°C to obtain
nanocomposites. The clay concentration is 5 wt%. It is found that there are two
important factors to achieve the exfoliated and homogeneous dispersion of the clay layers
in the hybrids: (1) the intercalation capability of the coupling agents in the layers and (2)
the miscibility of the coupling agents with PP. To form an exfoliated structure requires
(1) relatively high MAgPP content-typically 22 wt%, (2) sufficient polar
functionalization of MAgPP chain (acid value=26mg KOH.g for Mw=40,000). They
found the composites exhibit higher storage modulus compared to those of PP especially
in the temperature range from T, to 90°C. The highest relative storage modulus at 80°C
of the composites based on a mica and the miscible MAgPP is as high as 2.0 times to that
PP and is 2.4 times to that of the PP/ MAgPP mixture. However, the relative content in
maleic anhydride cannot exceed a given value in order to keep some miscibility between
MAgPP and PP chains. When too many carboxyl groups are spread along the polyolefin
chains (e.g. acid value=52mg KOH/g), no further increase in the interlayer spacing was

obtained in clay/PP/MAgPP blends, leading rather to the dispersion of MAgPP
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intercalated clay in the PP matrix. The mechanical properties they obtained are shown in

Tables 2.2, 2.3.
Table 2.2 Compositions of samples [31,32]
CLS-MEPP-MA [C15-Mt + PP-MA] PP-MA PP
Bample W 9 (WL ) (Wt 5

PPCH-13 CIS-MuPP-MaA-13 7.2 + 2).6] 712
PPCH-1/2 CIS-MUPP-MA-V2 [7.2 + 14.4] TH.4
PPCH-111 C18-MEPP-MA- VL [72+ %2 858
FPROC C18-Mt 5.8 8931
PP/PP-MA22 — 16 784
PPIPP-MAT — 7.2 22.8

Notes: PPCH denotes the composites based on PP with clay and coupling agent; PPCC denotes the

composites based on PP with only clay; PP/PP-MAs denotes the blends based on PP with coupling agent.

Table 2.3 Comparison of tensile properties of PP nanocomposites[31,32]

Bladhalus Btrerurth
Sample {31Pa) {5Fa) Elongation (%)
PPOH-1/3 1010748 (1,29 21782 (0 08) 56418
PPCH-12 apafE (.93 248753 11.06) 86205
PPCH-1/1 A387E (1.0T) 295755 (0.9 TE84
FROC 85058 (106 2197518 (0.98) 165 *i
PE/PP-MA2D TEDFE (.97 826102 £1.00) 40.3+%
PRIPP-MA-T TIAYE (0.9 14185 1097 = 160
PP TRUAS a2.678) = 150

*The values in parenthezes are the relative values of the hybeids to those of PP,

N. Hasegawa et al [52] prepared polyolefin-clay hybrids by using maleic anhydride

modified polyolefins (PP, PE, EPR (ethylene propylene rubber)) and organophilic clay

during melt blending, wherein the silicate layers of the clay were exfoliated and

homogeneously dispersed at the monolayers. The schematic representation of the clay

dispersion process is shown in Figure 2.12. The driving force of the intercalation
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originates from the strong hydrogen bonding between the maleic anhydride groups of the
silicate layers. The polyolefin-clay hybrids exhibited remarkable reinforcement compared
to conventional composites filled with talc which were dispersed at the micrometer level.

The relative storage modulus of MAgPP/C18-Mt is 2.3 times higher than that of the

matrix polymer at 60°C.

M. Kato et al [49] modified the Na-montmorillonite by octadecyl ammonium (C18-Mt)

and applied them with different weight ratios of coupling agent (MAgPP) to melt-mix
under shearing (at 200°C for 15min) to obtain nanocomposites. The mixing weight ratio

of MAgPP and C18-Mt changed from 1:3 to 3:1. The results displayed that as the weight
of MAgPP in the mixtures increased, the dispersion became better and the basal spacing
of the clay layers expanded. When the ratio reached to 3:1, the average of the basal
spacing could be 7.2nm, but the structure was still intercalated. In addition, MAgPP with
a low maleic anhydride content (acid value=7mg KOH/g for M,~=12000) did not
intercalate under the same conditions, showing that a minimal functionalization of the PP

chains has to be reached for intercalation to proceed.

In a U.S patent published as WO 01/85831 A2 [53], M. Ladika et al also suggested the
use of an organic cation (compatilibizer) having a pendent polymer chain (a polymer
chain extending from a cation site that does not terminate with a cation site) which is
miscible with the bulk polymer and the average molecular weight should be more than
3000. Ordinarily, the polymer of the pendent polymer chain is the same polymer type as

the bulk polymer. The organic cation can be a polymer having a plurality of cationic sites
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or a single cation site such as an amine hydrochloride group, a quaternary ammonium
group, a sulfonium group or a phosphonium group and have a pendent polymer chain
which may be linear or branched. They use amine terminated 15,000 molecular weight
polypropylene as the compatilibizer and get ideal result. They suggest that in polyolefin
nanocomposties, the organic cation content is 0.1%-10% and the layered silicate content

is 2%-20%.

M. Mehrabzadeh et al [54] used melt processing to get the HDPE/clay and HDPE/nylon-
6/clay nanocomposites. They observed that the intensity of the characteristic peak of X-
ray curve in HDPE/organic-clay (5%) is reduced and a broad peak is observed at about

2theta=2.8° (dgo1=3.16 nm) compared with the clay’s peak 2theta=3.67° (dgo;=2.41 nm),

which suggests that the structure is both intercalated and exfoliated. In the blend of
HDPE/mylon-6: 80/20 with 5% modified clay, the characteristic peak of the clay
disappeared, indicating that the structure is exfoliated, apparently due to incorporation of
the polar nylon-6 in the HDPE. DSC results showed that the clay does not have an effect
on melting temperature (Ty,), crystallization temperature (T.), and crystallinity of HDPE

although the clay plays an important role in enhancement of the crystallization.

P. Kodgire et al [55] carried out the melt intercalation of PP and organically modified
clay by a single screw extruder. They verified that the expansion of the gallery distance
of the clay was governed by the interaction between the clay treatment and the coupling
agent. A partially exfoliated nanocomposites was obtained. And with 4% clay and 12wt%
coupling agent, 35% and 10% increases in the tensile modulus and tensile strength,

respectively.
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Figure 2.12 Schematic representation of the clay dispersion process [52]

Table 2.4 Composition and mechanical properties of PP/MAgPP/clay nanocomposites [56]

PP MAgPP | Type of clay Clay TGA clay | Modulus Tensile

(Wt%) (wt%o) (wt%) content (MPa) strength
(Wt%) (MPa)
100 - - - - 1828433 | 34.3+0.9
91 9 - - - 1797481 | 36.0%0.4

79 21 - - - 1672436 35.440.2

88 9 Bentonite 3 2.6 2024443 36.8+0.2

72 21 Bentonite 7 4.8 2130+56 | 35.5+0.3

88 9 Nanomer 3 2.4 2282427 | 36.8+0.4
130.TC

72 21 Nanomer 7 4.5 2597+34 | 36.2+0.1
130.TC

* Bentonite and Nanomer 130.TC were two types of clay with different surface treatment.
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D. Garcia-Loez et al [56] investigated the effect of coupling agent on clay dispersion in

PP/clay nanocomposites using an intermeshing twin screw extruder operating at 190-
210°C and 50rpm. They found clay modification and processing conditions are not

enough to provide an appropriate nanometric dispersion of clay layers and a
homogeneous distribution of the clay in the PP matrix. The mechanical properties varied
with the types and content of coupling agent. They used the ratio of coupling agent and
clay of 3:1. When 9wt% MAgPP and 3% clay applied, the tensile modulus and strengths
increased only 20% and 5%, as shown in Table 2.4. The XRD results displayed that not

too much expansion happened in the galleries of the clay.

M. T. Ton-That et al [57] prepared PP nanocomposites by melt processing using
Brabender mixer in the presence of MAgPP as a coupling agent. They reported an
increase in Young’s modulus and tensile strength of approximately 24% and 7%
respectively as a result of the addition of 6% of nanoclays and partially optimized melt

intercalation conditions.

2.6 Summary

Combining the significant improvement of thermo-mechanical properties (attained at
very low filler content (5% or less)) and the ease of production (simply employed
conventional equipment, i.e. extruder or mixer or injection molding machine), the
polymer - layered silicate nanocomposites are becoming a very promising new class of

materials. They are already commercially available and applied in car and food package
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industries. Undoubtedly, their competitive properties and low costs are paving ways to

much boarder range of application.

From previous works, the melt intercalation method to prepare nanocomposites has been
accepted and widened in the research due to its simple, economic and good results.
However, a large number of parameters can influence nanocomposites formation: (1)
molecular architecture of alkyl ammonium used in ion exchange; (2) additives present
during silicate modification; (3) processing temperature; (4) shear rates; (5) coupling
agent’s type and content, and (6) polymer molecular weight, etc. Among them, clay
modification (factor 1, 2) and matrix modification (factor 5, 6) have a direct influence on
mechanical properties of the obtained nanocomposites [65]. Processing parameters also
have an important influence on the results. Based on the above survey of literature, of the
matrix modifications, the coupling agent is one crucial factor that is directly related to the
quality of adhesion of matrix with clay (interface) and dispersion of the clay. Currently,
most research still uses coupling agents based on maleic anhydride (MAgPP) or hydroxyl
(PP-OH) groups and focuses on the effect of concentration of coupling agent. However,
the properties of nanocomposites based on these types of coupling agent were not
satisfactory, as shown above. Therefore, it is desirable to develop a new type of coupling
agent having a suitable structure and chemistry for the formation of nanocomposite

systems.
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2.7 Obijectives of the thesis

The main objective of this thesis was to study the effect of the chemistry (modification of
clay and matrix) and processing conditions on the formation of PP nanocomposites using
melt process in order to optimize the mechanical properties through maximizing the clay

dispersion in PP matrix and promoting the interface between them.

PP has received a lot of attraction because of its high properties/cost. The research in PP
nanocomposites is providing wide application for PP. Since PP is typically hydrophobic,
it is impossible to disperse the hydrophilic clay well. Therefore, the use of coupling agent
(matrix modification) is always essential for the production of PP nanocomposites.
Fabrication of PNC can be done by different processes, including in-situ, solvent and
melt process. Among them, melt process is more economical and simple and widely used
for the fabrication of PP nanocomposites. In this study, the different clays, the different
coupling agents and the different processing conditions were investigated using the melt

process to understand the factors which affect the formation of PP nanocomposites.

Samples were prepared by Brabender and compression molding. Specimens were tested
by various experimental methods, including X-ray diffraction (XRD), Differential
Scanning Calorimetry (DSC), Dynamic Mechanical Analysis (DMA), Scanning Electron

Microscope (SEM), and mechanical testing machines.
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The first step of the experiments was to study five types of commercial clay (15A, 20A
and 30B from Southern Clay Products Inc.; I30E and I31PS from Nanocor Inc.), which
had been treated by different types and concentration of modifiers, and to find the effect

of modifiers on the properties.

Second step was to research five types of coupling agents (CAl, CA2 and CA2P were
coupling agents with maleic anhydride group; CA3 was coupling agent with amine
group; and CA4 was coupling agent with ammonium ion group), which had different
molecular weights and functional groups and could interact with the clay surface and PP
matrix. The goal of this step is to find the effects of functional groups and more effective

coupling agents for PP.

Third step was to detect the effect of processing parameters on the formulation and the
mechanical properties of PP nanocomposites, including processing temperature, mixing

time and shear force (screw rotating speed rpm).

These three steps form the integrated procedure to research and prepare PP
nanocomposites. The results were verified by various experiments and discussed from
different angles. The discussions attempt to integrate the results and to establish
relationships between the experimental results and concepts presented in the literature
survey. In general, this thesis presented the knowledge on polymer nanocomposites, a
clear way to obtain PP nanocomposites that have optimal properties, and the guide for

further research.
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3 Materials and Experiments

3.1 Selection of materials and experimental design

Based on literature survey, clay, matrix modification and processing parameters are three
major factors which influence the formulation of PP-clay nanocomposites. Therefore, this
thesis experimental design has mainly considered these three aspects:

* Clay: using different intercalants (organic modifiers)
* Matrix: adding different coupling agents

* Processing conditions: temperature, residence (mixing) time, rpm

3.1.1 Clay

Surface treatment of MMT clay is a difficult work and the quality is affected by many
factors. A lot of researchers have been studying this topic [31-38] and those that have
resulted in commercial benefits have been developed by manufacturers. Currently many
types of organo-clay are commercially available in the market, which are mainly from
Nanocor Inc. and Southern Clay Products Inc. Since these two manufacturers have strong
technology and have developed several types of organo-clay that are more or less
compatible with PP, the work on surface treatment was not considered in this project.

What was done was to select the most effective type with our selected coupling agents
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among the commercial clays. In the products of Southern Clay, Closite 15A and 20A,
which are modified by alkyl ammonium and have relatively large gallery distances, are
considered to be most suitable with PP. Closite 30B clay has hydroxyl group which is
different from Closite 15A and 20A, but may has a great potential for the interaction with
certain coupling agent. It was therefore selected. For products of Nanocor Inc., Nanomer
I31PS, which is surface-treated by octadecylamine and silane modifier, and Nanomer
I30E, which is modified by octadecylamine group, were also considered. All of them are
from Na-montmorillonite clay, which are briefly called clay or nanoclay in following

experiments.

3.1.2 Coupling agents

The coupling agent is crucial to create better interfaces and dispersion between matrix
and clay. Since it has to be miscible with the matrix and have affinity with the clay

surface, some oligomers that have alkyl chains that are like PP and have functional

o 8
groups, such as maleic anhydride ( c<3_l_ ), hydroxyl (-OH), amine (NH,-) or
ammonium (NH;"-), should be used. Among them, maleic anhydride grafted PP (MAgPP)
has been widely used. In principle, the desired nanoscale dispersion of org-MMT in PP
matrix may be achieved with MAgPP via strong hydrogen bonding between the hydroxyl
groups of the silicates and the MA groups of the MAgPP, while the chemical similarity of
the PP backbone of MAgPP and the PP ensure a good compatibility between the matrix

and coupling agent [31].
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On the other hand, considering clay nature, amine and ammonium ions may interact with
clay surface effectively. These types of coupling agent are not commercially available.
Researchers [64] from IMI (Industrial Materials Institute of National Research Council of
Canada) have developed an amine - terminated coupling agent which was made through
reactive extrusion of maleic anhydride grafted PP and Jeffamine. Such amine groups can
also be transferred to ammonium ions by acid environment, so ammonium - terminated
coupling agent can be obtained without difficulty. Therefore, it is desirable to detect the

effects of these two new types of coupling agents.

In this study, three types of coupling agents with maleic anhydride groups were also
studied in order to find the effects of MA contents, molecular weight and the purity of

coupling agent on the formation of nanocomposites.

3.1.3 Composition

From the literature survey, the relative content of MAgPP cannot exceed a certain value
depending on the molecular weight and grafting amount of MA in order to ensure the
miscibility between MAgPP and PP chains and minimize the cost. It has been found that
even the addition MAgPP as high as 22 wt% (the clays loading was 5 wt %) cannot
produce a fully exfoliated structure [33, 34], while it caused the loss of ductility and
toughness. Therefore, lower content of coupling agent and clay tend to be more attractive
in terms of cost effectiveness and efficiency [53-57]. As a result, the coupling agent has

been kept as low as 6 wt% in this study.
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Similarly, it has been reported that the modulus of PP nanocomposites increased with
nanoclay loading [32], while strength, ductility and toughness decreased. Therefore, the
clay content has been kept as low as 3wt % in all samples, while the ratio of coupling

agent to nanoclay was kept constant at 2:1.

3.1.4 Processing parameters

In melt intercalation (Figure 2.11), clay particles are mixed with polymer matrix in the
molten state by shear force which is produced by the screw rotating in mixers or
extruders. In this procedure, products are often affected by processing parameters, such
as temperature, shear rate, residence time and even screw configuration [65]. However,
how these factors affect the formulation of nanocomposites has seldom been reported.
Therefore, some experiments were necessary in this thesis with the aim of maximizing
the interaction between matrix and organo-nanoclay, while minimizing the degradation

and oxidation of the materials at the same time.

3.1.5 Equipment

As the crucial step to disperse the nanoclay into the matrix in melt intercalation, the
mixtures or systems have to be mixed in an extruder or a mixer. Most researchers
employed twin - screws extruder rather than single screw extruder because twin-screws
extruders have stronger shear forces that are beneficial to exfoliate the clay. Although

most work was done in an extruder, it is difficult to change one single processing

39



parameter while other parameters are kept constant. For example, to increase residence

time, one has to lower the feeding rate and/or reduce the screw speed. In this aspect,

another mixer — Brabender- can give us more flexibility in changing different parameters

that may affect the dispersion. In Brabender, the residence time can be varied while the

rotating speed (rpm) of screws does not need to be changed. At the same time, when rpm

is changed, residence time can be kept constant. Therefore, in this thesis, the Brabender

mixer was employed to mix the nanoclay, coupling agent and matrix.

3.1.6 Study parameters

In order to fulfill the objective described in Section 2.7, the experiments have been

designed as described in Table 3.1.

Table 3.1 Study parameters

CA3 (functional
group: amine),
CAd4(functional

group: onium ion)

Objectives Effect of clay Effect of coupling Effect of processing
types agent parameters
Five types of clay: | Five types of Three parameters:
Closite*: Na, 15A, | coupling agent*: temperature
20A and 30B CAl, CA2, CA2P (170°C, 180°C,
Variables Nanomer: 130E (functional group: 200°C),
and I31PS maleic anhydride), residence time (2.5

min, Smin, 10min),

rpm (40, 60, 80).

* The details can be found in Section 3.2.
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3.1.7 Experimental procedure

Brabender mixer

Figure 3.1 The experimental procedure

Note: 1, 2, and 3 in Figure 3.1 refer to the sequence of adding materials to Brabender: First, introduce PP
and wait until it melts; second, add coupling agent (around 2minutes after introducing PP); finally add

nanoclay after coupling agent melts (around 1min after adding coupling agent).
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Figure 3.1 shows the experimental procedure. First, PP, coupling agent and clay were
mixed together to fabricate nanocomposites with the Brabender mixer. Then, samples for
various tests (including tensile and flexural, DMA, XRD) were molded in a press.

Finally, tests on samples were performed to obtain properties.

3.2 Materials

3.2.1 Polypropylene

Polypropylene (PP) used in this study was PP6100SM from Montell for injection and

general purpose. The chemical formula of PP is shown as follows:

Propylene monomer: CH,=CH

|
CH3

Polypropylene polymer:
[F-CH;~-CH-CH;-CH-],

l |
CH; CH;
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3.2.2 Coupling agents

Two different types of coupling agent, namely CA1l (Polybond 3150), CA2 (Epolene
3015), based on maleic anhydride grafted PP (MAgPP) were obtained from Uniroyal
Chemical and Eastman Chemical, respectively. The grafting process of MA into PP is
based on a free radical reaction with an excess amount of reactants, and it is impossible to
remove all the residuals and radicals from the material. CA2P was purified CA2. Since
the CA2 has high impurities (more than 0.5%), it has been purified by dissolving in hot
toluene, followed by precipitation in acetone. The chemical structure of MAgPP is as

follows and more information is listed in Table 3.2.

MAgPP

- o e, .,
Maleic /VOC/ \003 Maleic | HOOC COOH
anhydride . | | acid — | |
group “..HC —CH, / groups .. HC —CH, /

~—CHz—~CH—CH—CH—CHy—~CH—CH;—CH—CH;—CH—CHy—CH—CH—CH—
l J ! ! ! | !
CHs, CH; CH, CH; CH, CHs; CH,

CA3 is a new type of coupling agent that was developed by IMI (Industrial Materials
Institute of National Research Council of Canada). CA3 is an amine-terminated (NH,-t)
coupling agent which was prepared by reacting Polybond 3150 and Jeffamine T-403 (1.5
wt %) by reactive extrusion. As the result of the reaction, in CA3, the functional maleic

anhydride group of the Polybond has been replaced by the amine group.
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CA4 was produced from CA3 by immersing the CA3 thin film in HCI solution (20 wt %)
at 80°C for 12h; the amine functional group was transformed to onium ion (NH3"). The
chemical structure of CA3 and CA4 and the possible reaction with the clay surface can be

simply described as follows:

CA3 (NH,-t-PP)

Hydrogen bond

o
HC — CH,
I
CH—CH—CH,—CH—CH;—CH—CH,—CH—CH,—CH—CH,—CH—
l | l I I I
CH, CH CH CH, CH CH

CA4 (NH; ' -t-PP)

Tonic bond

CcH—CH—CH,—CH—CH,—CH—CH,—CH—CH,—CH—CH,—CH—
| [ | I I I
CH; CH,; CH; CH; CH; CH,
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Table 3.2 gives information of each type of coupling agent.

Table 3.2 Characteristics of coupling agent

Experimental | Commercial | Supplier | Functional | Acid Other technical
name name group number information
CAl Polybond Uniroyal MA 22 M,.=330,000;

3150 Chemical MA=0.5wt%,;
Tm=157°C [66]
CA2 Epolene Eastman MA 15 M,=47,000;
3015 Chemical MA=~1.0 wt%;
Tw=156°C [67]
CA2P - Eastman MA - Purified from
Chemical CA2
CA3 - - Amine Modified from
CAl
CA4 - - Onium ion Modified from
CA3

MA: maleic anhydride group; M,,: weight-average molecular weight; T,,: melting point.
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3.2.3 Nanoclays

Na, Cloisite 15A, 20A and 30B were provided by Southern Clay Products Inc. Nanomer

I30E and I31PS were supplied by Nanocor Inc. Table 3.3 provides the technical details of

nanoclays used in this study [26, 68].

Table 3.3 Characteristics of nanoclays

Sample Intercalant Modifier Gallery distance Supplier
concentration (X-Ray Results)
(meq/100g) (A)

Na - - - Southern Clay
Products Inc.

15A 2M2HT 125 28.5 Southern Clay
Products Inc.

20A 2M2HT 95 242 Southern Clay
Products Inc.

30B MT2EtOH 90 18.5 Southern Clay
Products Inc.
I30E octadecylamine - - Nanocor Inc.
I31PS octadecylamine - - Nanocor Inc.

+ silane
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Note: 1) 2M2HT: dimethyl, dihydrogenatedtallow, quaternary ammonium [68]

CHj

CH; — N¥—HT

Where HT 1s Hydrogenated Tallow (~65% C18; ~30% C16; ~5% C14)

2) MT2EtOH: methyl, tallow, bis-2-hydroxyethyl, quaternary ammonium [68]

CH»CH>0OH
|
B
CH,CH,0H

Where T is Tallow (~65% C18; ~30% C16; ~5% C14)

47



3) Typical dry particle sizes of 15A, 20A and 30B [68]: (microns, by volume)

10% less than: 50% less than: 90% less than:

2 6 13

4) Information about nanoclays was from the website of Southern Clay Products Inc.

(www.nanoclay.com) and of Nanocor Inc. (www.nanocor.com).

3.2.4 Composition of the composites

PP was used as a reference and as matrix in composites. The composites have been
prepared with and without coupling agent. Blends of PP with coupling agent were also
made for comparison purpose. The total weight of materials was 40grams, which was the
appropriate volume for the Brabender mixer. In all samples, the concentration of
nanoclay was kept at 3 wt%, and the coupling agent was 6wt% where applicable. Table
3.4 describes the composition of the prepared samples. Mixture refers to the composite
containing PP and nanoclay (no coupling agents), while blend is a combination of PP and
coupling agent (no clay). System refers to the nanocomposites consisting of PP, coupling

agent and clays.
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Table 3.4 Composition of samples

Coupling agent Nanoclay
Sample
Type Concentration Type Concentration
(wt %) (wt %)
Reference
PP - - - -
Mixtures
15A - - 15A 3
20A - - 20A 3
30B - - 30B 3
I30E - - I30E 3
I31PS - - I31PS 3
Systems
CAIl-15A CAl 6 15A 3
CA2-15A CA2 6 15A 3
CA2P-15A CA2P 6 15A 3
CA3-15A CA3 6 15A 3
CA4-15A CA4 6 15A 3
CA1-I30E CAl 6 I130E 3
CA3-I30E CA3 6 I30E 3
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Table 3.4 Composition of composites (continued)

Coupling agent Nanoclay
Sample Concentration
Concentration
Type Type (Wt %)
(Wt %)
Systems (continue)

CA4-I30E CA4 6 I30E 3
CA1-I31PS CAl 6 I31PS 3
CA3-I31PS CA3 6 I31PS 3
CA4-I31PS CA4 6 I31PS 3
CA4-20A CA4 6 20A 3
CA4-30B CA4 6 30B 3
Blends -
CAl CAl 6 - -
CA2 CA2 6 - -
CA3 CA3 6 - -

CA4 CA4 6 -
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3.3 PP Nanocomposites fabrication

In this thesis, the melt compounding process was employed to prepare PP
nanocomposites. Mixing took place in a C.W. PL2000 Brabender Plasticorder (Figures
3.2, 3.3) and samples for testing were molded by compression molding in a hot press

(Figure 3.5).

Brabender mixer was employed to disperse the nanoclay and coupling agent into the PP
matrix. The measuring mixers consist of a mixer backstand with gear unit and a
detachable mixer bowl. In addition to the electronic safety systems, they are connected to
the drive unit through a shear pin coupling protecting both mixer and drive unit from
damage due to overload. At the same time, a computer can record the torque (shear rate)

of the screws during mixing.

Figure 3.2 illustrates the photo of this machine. Figure 3.3 shows the mixer bowl (with
heating and cooling instruments) and the screws of PL2000 Brabender Mixer. Figure 3.4

shows the schematic of screws’ rotation.
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Figure 3.3 The mixer bowl and screws of PL2000 Brabender Mixer (from IMI lab)
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Figure 3.4 Schematic drawing of mixing in Brabender

According to references [57, 69], the following parameters were selected for step 1 and
step 2 (Table 3.1). The mixing temperature was kept at 180°C in order to ensure good
viscosity for the mixing and minimize the degradation at the same time. The rotation
speed (RPM) was 60rpm, which is a standard mixing speed for most polymers. Mixing
time (counting after all ingredients have been introduced into the Brabender and melt)

was kept at 5 minutes.

After choosing the best formulation, the effect of processing conditions on the dispersion
and thus the performance was conducted in step 2 (Table 3.1). In this step, only one
parameter (among temperature, residence time and rpm) was changed each time while the
other two were kept constant as in step 1. For example, while the residence time was kept
at 5 min and rpm was 60rpm, the same composition samples were mixed under different

processing temperatures: 170°C, 180°C and 200°C.

53



Before mixing a new sample each time, the Brabender was cleaned two times with high

density polyethylene (HDPE). The steps of mixing include:

1) Add PP first when the mixing chamber reached the desired temperature;

2) After PP melted, add coupling agent;

3) After the coupling agent melted completely, slowly and slightly add the clays to
avoid clays from aggregating together;

4) Then continue to mix until the desired residence time is reached;

5) Finally, stop the motor and take out the sample with a copper knife.

3.4 Sample preparation for testing

Specimens for tensile and flexural testing, DMA, and X-ray were prepared with a Carver
Laboratory Press (Model M), as shown in Figure 3.5, at temperature of 180°C for both

platens (upper and lower) under a pressure of 275 MPa (40,000 psi).

Since the materials taken out from the Brabender were large pieces, to facilitate the
molding step, they were crushed in smaller pieces manually and then lined in the mold.
The molds used to prepare the samples are shown in Figure 3.6. To ensure the uniformity
of the specimens, the weight of raw materials for each molding was weighed carefully
before putting into the mold, while the heating and cooling time were also kept the same

for all cases. The procedure was:
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1) Put the materials (in the mold) on the lower platen when the temperature of the platen
reached 180°C;

2) Wait about 4-5 minutes to ensure that the materials melted, then close the mold with

the upper platen;

3) Apply pressure quickly to 275 MPa (40,000 psi);

4) Wait 10-15 seconds, then open the cooling water valve to cool down the mold;

5) After the temperature reached 30°C, take out the mold and the specimens;

6) Check the quality of specimens to make sure there are no defects (not fully filled,

voids, holes, etc.) and trim off the edges.

The specimens for X-ray diffraction were prepared using a Carver press at 180°C
followed by molding on a clean glass slide in order to assure the flat surface and optimize
the accuracy for the comparison of the X-ray results. Since the intensity of the XRD
peaks is sensitive to the surface, in order to obtain more quantitative results, the

specimens should not be deformed or have bubbles and defects.

SEM observation was conducted on the samples which had been fractured in the tensile

test (mechanical rupture).
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Figure 3.5 Carver Laboratory Press (from IMI lab)

Figure 3.6 Molds for samples
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3.5 Nanocomposites characterization

PNC produced from different types of clay and coupling agent may have different
properties and behavior. Various methods have been considered to characterize these

differences. The following methods were employed in the experiment.

3.5.1 Dispersion behavior

As described earlier (Chapter 2), dispersion behavior determines the nanocomposite
structure, which can be either microcomposites, intercalated or exfoliated
nanocomposites. Therefore, it 1s very important to estimate the degree of clay dispersion
in PP matrix. From literature survey, XRD, TEM, AFM and SEM are the most popular
tools for this purpose. Due to the time restraint and facility limitations, only XRD and
SEM were used in this project. XRD can detect the degree of dispersion via the gallery

distance; SEM can give the direct image of dispersion and fracture state.

3.5.1.1 X-ray diffraction

To evaluate the dispersion of the nanoclays in the polymer matrix, X-ray diffraction
analysis was carried out using a Philip PW1710 X-ray diffractometer (Figure 3.7). The

generator power was 40 kV and 20 mA. The scanning uses radiation from a copper target

tube (CuKa: radiation, N=1.54250 A) with the 20 scan range from 1° to 10°. The scanning
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speed was 1° /min. To ensure accuracy, the measurement was repeated two times for

some samples.

The X-ray diffraction method gives an easy way to measure the interlayer distance d.
From Figure 3.8, assume that an X-ray beam incident on a pair of parallel planes (clay
layers) P1 and P2, separated by an interlayer spacing d. The two parallel incident rays 1
and 2 make an angle (THETA= ) with these planes. A reflected beam of maximum
intensity will result if the waves represented by 1’ and 2’ are in phase. The difference in
path length between 1 to 1’ and 2 to 2’ must then be an integral number of wavelengths,

(N). We can express this relationship mathematically in Bragg’s law:

n A= 2dsinf

Where Ais wavelength of X-ray radiation, d is the spacing between the diffracted layer

planes, and @ is the measured diffraction angle [71]. Since A is a constant after the target

tube is selected and 8 can be controlled and recorded automatically, d can be calculated.
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3.5.1.2 Scanning electron microscopy (SEM)

The SEM is an instrument that produces a largely magnified image by using electrons
instead of light to form an image. A beam of electrons is produced at the top of the
microscope by an electron gun. The electron beam follows a vertical path through the
microscope, which is held within a vacuum. The beam travels through electromagnetic
fields and lenses, which focus the beam down toward the sample. Once the beam hits the
sample, electrons and X-rays are ejected from the sample; detectors collect these X-rays,
backscattered electrons, and secondary electrons, and convert them into a signal that is
sent to a screen similar to a television screen. This produces the final image. Figure 3.10
is the schematic drawing of SEM. SEM is very useful in the identification of textures and
shapes of mineral grain aggregates. The definition or resolution of the image is of the

order of 0.01pm [72].

The SEM has many advantages over traditional microscopes. It has a large depth of field,
which allows more of a specimen to be in focus at one time. The SEM also has much
higher resolution, so closely spaced specimens can be magnified at much higher levels.
Because the SEM uses electromagnets rather than lenses, the researcher has much more
control on the degree of magnification. All of these advantages, as well as the actual
strikingly clear images, make the SEM one of the most useful instruments in research

today.

A JEOL JSM-840A scanning microscope was employed to evaluate the fracture surfaces

and dispersion behavior. Figure 3.9 shows a photo of the SEM machine. Because the
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SEM utilizes vacuum conditions and uses electrons to form an image, special

preparations must be done to the sample.

All water must be removed from the samples because the water would vaporize in
vacuum. Samples need to be made conductive by covering the sample with a thin layer of
conductive material which is usually gold. This is done by using a device called a
"sputter coater” in which an electric field and argon gas are applied. The sample is placed
in a small chamber that is in a vacuum. Argon gas and an electric field cause electrons to
be removed from the argon, making the atoms positively charged. The argon ions then
become attracted to a negatively charged gold foil. The argon ions knock gold atoms
from the surface of the gold foil. These gold atoms fall and settle onto the surface of the
sample producing a thin gold coating. Then these samples are placed in sequence on
platform and put into the chamber of the microscope. Adjusting various parameters,

different magnifications from different areas will be obtained and recorded.

Figure 3.9 The JEOL 840A SEM machine (from Microscopy lab of Mcgill University)
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3.5.2 Rheological behavior

The data of the rheological behavior was collected by computer during mixing in the
Brabender. The data included torque, time and temperature. The motor in the Brabender
rotates the two co-rotating screws (Figures 3.2, 3.3, 3.4) and results in strong shear to mix
all the compositions in the homogeneous state. Torque is proportional to the shear stress

(7 = Tr/J, where: 7 is the shear stress; T is the applied torque; r is the radius; and J is
polar moment of inertia). The shear stress transmitted to the system is proportional to the
melt viscosity of the material because the viscosity is the ratio of the shear stress to the
shear rate (n = 7 /v, 1 is the viscosity (Pas), 7 is the shear stress (Pa), and 7 is the shear
rate (s)). On the other hand, the viscosity of the material varies with temperature and
residence time. Therefore, the torque-time curves can also display the shear stress that is
applied to the material and the viscosity of material during mixing so that it can help to
detect any changes in the mixture which can cause changes in viscosity (crosslink,

degradation, level of dispersion, etc.).

In this thesis, a CL. W. PL2000 Brabender mixer (Figure 3.2) was used to disperse
materials together and at the same time a computer connected with the Brabender
recorded the data of these parameters. Excel was employed to process these data and to

produce time-torque and time-temperature curves.
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3.5.3 Thermal properties

Thermal properties refer to polymer properties that are related to the temperature and heat
flow, such as glass transition temperature (T,), melting temperature (Ty,), cystallization
temperature (T;), etc. Differential scanning calorimetry (DSC) is such an instrument to
determine the temperature and heat flow associated with physical and/or chemical
phenomenons that can release or absorb heat as a function of time and temperature. It
also provides quantitative and qualitative data on endothermic (heat absorption) and
exothermic (heat evolution) processes of materials during physical transitions and
chemical process that are caused by phase changes, melting, oxidation, and other heat-
related changes. From this information, one can determine the important transition
temperatures, the degree of crystallization, heat capacity, heat of formation and sample
purity. Since PP is a semi-crystalline material, which has high crystallinity (60-70%), the
energy step responding with Ty is very weak in the DSC curve. In comparison with DSC,

DMA is more sensitive for detecting T,

A TA Instruments — DSC 2010 (Figure 3.11) was employed to obtain the thermal data in
this experiment. Around 10 milligrams of material was sealed in an aluminum pan using
the sample encapsulating press (Figure 3.11). The sample pan was loaded and a similarly
prepared empty reference pan was placed into the cell (Be sure that they are centered on
the platforms). After entering sample and instrument information, samples were heated to
200°C under nitrogen atmosphere and kept at this temperature for Smin before cooling

down in order to assure the materials melt uniformly and eliminate the thermal history.

64



The sample was then cooled down to room temperature at a cooling rate of 10°C/min. Tr,

was detected under the same conditions at a heating rate of 10°C/min.

Figure 3.11 TA Instruments -DSC 2010 (from Composite Centre of Concordia University lab)

From the curves obtained from DSC, T., Tp, and X; can be determined (T, denotes the
peak crystallization temperature recorded during cooling; X. denotes the degree of
crystallinity; Ty, denotes the peak melting temperature). X . can be calculated from the

equation:

Area of sample melting peak

Xc(%) Crystallinity =

Area of standard sample melting peak
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The area of melting peak, which is the enthalpy of fusion, can be calculated from these
curves. With reference to [73], a value of 209 J/g was accepted as the enthalpy of fusion

for a fully crystalline polypropylene (area of standard sample melting peak).

3.5.4 Mechanical properties

3.5.4.1 Dynamic Mechanical Analyzer (DMA)

Dynamic Mechanical Analysis (DMA) characterizes the viscoelastic properties of
materials and simultaneously determines the elastic modulus (stiffness) and energy
absorbing (toughness) characteristics of a material as a function of temperature,
frequency or time as well. To measure viscoelastic properties, DMA applies a sinusoidal
force to a sample then measures the resulting sample deformation or strain. The sample
strain response lags behind the input stress wave with respect to time and the lag is
known as the phase angle. The ratio of the dynamic stress to the dynamic strain provides
the complex modulus that includes both the storage modulus (E’) and the loss modulus
(E”). The E’, which is the elastic component, refers to the ability of a material to store
energy and represents the change in stiffness of the sample with regard to temperature.
The E”, which is the viscous component, reflects the damping or energy absorbing
characteristics which are related to molecular motions [74]. The tangent of phase
difference is another common parameter that provides information on the relationship
between the elastic and inelastic component. These parameters can be calculated as a
function of time, temperature, frequency, or amplitude (stress or strain) depending on the

application. [75]. DMA can detect the coefficient of expansion, glass transition
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temperature (Tg), softening temperatures, phase transitions and sintering. Figure 3.12

shows a schematic of the DMA [76].

The results of the DMA tests include large amounts of information on the sample. The
modulus value below the glass transition can indicate levels of molecular orientation and
crystallinity. Transition initialization can be related to the polymer’s structure and may be
particularly useful where a multiple component composite is under investigation.
Dynamic mechanical methods are most sensitive for measuring the glass transition,
which is one of the key properties of a polymer from both the structural and processing

viewpoint [77].

A Du Pont 983 DMA (TA Instruments) was employed in this experiment. Figure 3.13
shows the exterior of the machine. Samples, whose dimensions are L/T>10 (L is the
length and T i1s the thickness and T is between 1.5 mm and 3.5 mm), were prepared using
compression molding. The dynamic properties were studied under fixed frequency mode
at frequency of 1Hz, and the amplitude was 0.2mm. The samples were analyzed from

-40°C to 160°C at a heating rate of 5°C/min.
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Figure 3.13 Du Pont 983 DMA
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3.5.4.2 Tensile and flexural tests

The flexural strength of a material is its ability to resist deformation under load. Figure
3.14 shows the test geometry. These tests also give the procedure to measure a material's

flexural modulus (the ratio of stress to strain in flexural deformation).

Specimen

Direction of
Load
Application

Figure 3.14 The schematic drawing of flexural test

According to standard D790-99 [78], for all tests, the support span shall be 16 (tolerance
+1) times the depth (thickness) of the beam. The thickness of the samples in this project
for flexural test was 2.8-2.9mm, so a 45mm span was used for the test. The rate of

crosshead motion is calculated by the equation:

R =Z1%/6d

Where R=rate of crosshead motion, mm/min; L= support span, mm; d= depth of beam,

mm; Z= rate of straining of the outer fiber, mm/mm/min.

After calculation, the crosshead speed for flexural test was determined to be 1.2 mm/min.
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Tensile property, the ability of a material to resist breaking under tensile stress, is one of
the most important and widely measured properties of plastics used in structural
applications. Tensile strength is the force per unit area (MPa) required to break a material
in such a manner. The elongation of a plastic is the percentage increase in length that
occurs before 1t breaks under tension. The combination of high ultimate tensile strength
and high elongation leads to materials of high toughness. The tensile modulus is the ratio
of stress to elastic strain in tension. A high tensile modulus means that the material is
rigid - more stress is required to produce a given amount of strain. In polymers, the
tensile modulus and compressive modulus can be close or may vary widely. This
variation may be 50% or more, depending on resin type, reinforcing agents, and

processing methods.

During the tensile testing, the machine pulls the sample from both ends and measures the
force required to pull the specimen apart and how much the sample stretches before
breaking. According to ASTM D638 [79], the speed of crosshead at which a sample is
pulled apart in the test can range from 1mm to 500mm per minute and will influence the
results. In this project, the crosshead speed for tensile test was Smm/min and the gauge

length was 25mm. The video extension meter was applied during the tensile testing.

In this project, tensile and flexural tests were performed on an Instron 5500R. Figure 3.15
is the photo of this machine. All tests were at room temperature (23°C), humidity 50%.

For each test at least three defect - free specimens were tested.
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Figure 3.15 Instron 5500 test machine
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4 Effects of clay on the formulation and properties of

PP nanocomposites

The objective of this part was to investigate the performance of PP nanocomposites with
different types of clay. The experiments were organized in three series: PP with different
types of clay, with different clays in the presence of coupling agent CA3, with different
clays in the presence of coupling agent CA4. Pure PP was also used as a reference.
Different analysis techniques were used to characterize the dispersion and the properties

of the nanocomposites.

4.1 Effect of clay types in the absence of coupling agent

The variables and experimental conditions of this set are listed in Table 4.1.

Table 4.1 Variables and experimental conditions of for Experiment Set 4.1

Yariables Types of | Types of Processing parameters
clay coupling
Sample agent | Temperature | Mixing rpm
(°C) time (min)

Na Na - 180 5 60
15A 154 - 180 5 60
20A 204 - 180 5 60
30B 308 - 180 5 60

I30E 130FE - 180 5 60
131PS 131PS - 180 5 60
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4.1.1 Rheological behavior

During mixing, adding materials in the Brabender chamber can result in variations of
torque curves depending on their amount and type. Figures 4.1 and 4.2 show the torque-
time curves for pure PP and a mixture based on PP and I31PS clay, respectively. At first,
when PP was introduced into the chamber, the torque increased significantly as shown by
the strong sharp peak at the first stage of the curve in Figures 4.1 and 4.2. After that, the
PP melted down, therefore the torque decreased. After 4 minutes, the PP melted
completely, as a consequence the torque stabilized. In the preparation of the mixture of
PP with clay, the PP was melted first and clay was added into the melt PP (approximately
after 2 minutes) as shown in Figure 4.2. The system stabilized after 4 minutes, similarly
as in the pure PP in Figure 4.1. Therefore, during mixing, in the first 5 minutes the
system was not stable, since it took some time to introduce the ingredients one by one
into the chamber and also some time to heat and melt the materials. It is more reasonable
to look at the change of the torque in the later step after all ingredients have been added,

melted, and well mixed. Curve segments after 5 minutes will therefore be plotted later on.

In general, it is difficult to compare the torque value between each sample because it is

strongly determined by the volume of the whole material occupied in the mixing chamber.
Since 1t is difficult to control the volume of the system, the amount of sample introduced
into the chamber was controlled by weight. Each ingredient has different density, even
though the amount of all samples used was the same in weight, it may not be the same in
volume. It is therefore more meaningful to compare the trend of the torque curve during

mixing.
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PP introduction

Figure 4.1 Torque-time curve of pure PP (mixing temperature 180°C; rpm 60rpm; residence time 5

min.)

Figure 4.2 Torque — time curve of PP with I31PS clay (mixing temperature 180°C; rpm 60rpm;

residence time 5 min.)
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Different types and concentration of intercalants that are used to modify the clay surface
may have effects on the rheological behavior of mixtures. Figure 4.3 shows the torque
curves of the PP and its composites with different clays. Some obvious differences in the
trend of the curves can be observed. The temperature of the chamber was very stable in
all experiments; therefore, these changes are likely due to the change in the materials
themselves. The torque curve of PP became relatively stable after 5 min of mixing and
showed only a slight downward trend with time, indicating little change in the viscosity
of the sample. However, the presence of nanoclays in the mixtures has different impact
on the torque as seen in Figure 4.3. The torque curves of the mixtures with Na clay, 15A
clay, 20A clay and 30B clay, are nearly parallel with the PP curve. These stable curves
mean almost constant viscosity of the systems during mixing. However, the I30E- and
I31PS-mixtures curves have a significantly downward trend compared with the PP curve.
In other words, the viscosity of these composites reduced greatly during mixing, which
can be caused by evaporation of low molecular weight materials or reduction in
molecular weight due to oxidation or/and degradation of the matrix. Moreover, during the
Brabender mixing, the color of composites based on I30E and I31PS turned brown and
gave out some odious smell as the residence time increased. This can be another sign that
degradation or/and oxidation has happened. The degradation/oxidation should be related
to the differences m organic surface modification. 15A, 20A and 30B were modified by
alkyl ammonium, whereas I30E and I31PS were modified by alkyl amine. The residual
amine in I30E and I31PS can greatly affect the oxidation and the degradation, resulting in
poor thermal stability of mixtures. From the curves, the order of the effect of the clay on

the oxidation or/and degradation is I30E > I31PS > 15A ~ 20A ~30B ~ Na ~ None (PP).
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Although torque curves of Na, 15A, 20A and 30B are stable, there are some differences
between them. Among them, Na, 20A and 30B curves are higher than PP one and Na is
the highest; 15A curve 1s lower than PP curve. These differences indicate the mixtures
viscosity was different. Introduction of pure clay can cause the increase of viscosity
because clay is rigid particles. However, the low molecular weight intercalant used to
modify the clay surface can result in the decrease of system viscosity. And the reduction
of viscosity becomes more significant with the increase of the intercalant concentration.
15A, 20A were modified with the same type of intercalant (Table 3.3), but the intercalant
amount decreases from 15A to 20A. As a result, the torque of the 20A was higher than
that of 15A. 20A and 30B have similar intercalant and concentration, their torque curves
are nearly same. The general order of the composites viscosity with different clays is thus

Na>20A ~30B >PP > 15A > 131PS > I30E.
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Figure 4.3 Torque-time curves of mixtures with different types of clay
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4.1.2 Dispersion behavior - SEM

Figure 4.4 to Figure 4.7 show the SEM photos of the samples fracture surfaces after
tensile testing. The magnification was 1500x for all samples. From the photos, the
fracture mode of the samples and the dispersion quality of the clays, such as
concentration and size of aggregates, can be seen. SEM observation showed that the clays
were dispersed into the PP matrix in the form of large and small aggregates. Figure 4.5 is
the photo of the mixture with nanoclay Na-montmorillonite (without surface treatment),
in which the relatively large aggregates and poor interface between matrix and aggregates
are observed. The size of some observed aggregates could reach to over Sum. The
fracture mode became more brittle than pure PP because the big aggregates stopped the
elongation of the matrix. 15A and I30E are organic nanoclays that have been surface-
treated by different intercalants (Table 3.3). The size of the nanoclay aggregates is
reduced significantly, which can be observed from their SEM photos (Figure 4.6 and
Figure 4.7). Almost all aggregates are under 2um.That means the dispersion of nanoclay
1s improved considerably by the surface treatment. Compared to Figure 4.5, the interface
between aggregates and matrix are also improved apparently. Therefore, surface
treatment for nanoclay is very important to improve the affinity between nanoclay and
matrix and to break down the large aggregates. This can be attributed to the surface
treatment réducing particle-particle attraction, promoting an expansion of the distance
(gallery) [26]. The intercalant can open up the gallery distance of clay from 1 nm (for
Na-montmorillonite) to 2.8 nm (for 15A). At the same time, the intercalant makes the

clay become more hydrophobic and increases the compatibility with the matrix.

77



Figure 4.4 SEM photo of pure PP

Clay (size: large, poor dispersion)

Figure 4.5 SEM photo of mixture with Na- montmorillonite
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Clay (size: mixture of small & large, better dispersion)

Figure 4.6 SEM photo of mixture with 15A nanoclay

Figure 4.7 SEM photo of mixture with I30E nanoclay
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4.1.3 Thermal properties

4.1.3.1 Crystallization behavior

The crystallization of polymers with nanoclay has been studied extensively. Many studies
have shown a nucleating effect of nanoclay for different polymers [62, 83-85]. This effect
can be used to enhance the mechanical and thermal properties of the polymer, since the
surface—nucleated crystalline phase has better mechanical and thermal characteristics
than the pure polymer crystal phases. In these cases, using fillers with large surface area
maximizes the filler-induced enhancements of the material properties; a dramatic

manifestation of such a response was found in nylon-6/clay nanocomposites [86, 87].

In this study, crystallization of all samples was performed at the same cooling rate of
10°C/min for comparison purposes. Figure 4.8 and Table 4.2 show the crystallization
behavior of samples obtained from a DSC test. The crystallization temperature (T.) of
pure PP was found to be 107.4°C. The presence of the nanoclay in the mixtures increased
the T, significantly, from 107°C (PP) to about 115°C. These increases indicated the
nucleating effect of the nanoclays in the crystallization of PP. The extent of increase of T,
varied slightly with the types of clay. The magnitude of T, of the different clays is 15A ~
20A > I31PS ~ I30E ~ 30B > PP. The degree of crystallinity (X.) also varied with the
types of clay. 15A had a higher X, than PP, while other clays had the lower X. than PP.
The magnitude of X, of these clays is 15A > PP > 20A ~ I30E > 30B > I31PS. These
differences between clays may result from the different types and concentration of

intercalants.
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4.1.3.2 Melting temperature (T,,)

Tm was detected at the same heating rate of 10 °C/min. Figure 4.9 and Table 4.2 show the
melting curves and values of T, of the different mixtures. The T, of all mixtures
decreased compared to pure PP. This can be a result of the introduction of low molecular
weight surface modifiers. Among the five types of clays, 15A, 20A and 30B, which are
modified by onium ion based intercalants, had higher Ty, than I30E and I131PS, which are
modified by the amine based intercalants. This difference confirms that I30E and I31PS
are less stable than other types of clays /or they degrade PP into smaller molecules as

discussed earlier. The magnitude of T, of these clays is PP ~ 15A > 20A ~ 30B > I31PS
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Figure 4.8 Crystallization (cooling) curves of the composites with different clays
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Figure 4. 9 Melting behavior (heating) curves of the composites with different clays

Table 4.2 Crystallization and melting behavior of the composites with different clays

Sample T, (°C) Tm (°C) X(%)
PP 107.6+0.3 | 165.94+0.2  43.940.8
PP+15A 116+0.2 | 165.6+0.2 | 46.1£0.7
PP+20A 1159+0.2 | 164+0.4 43.0+1.2
PP+30B 113.9+0.6 | 163.5+0.3 | 41.5+0.6
PP-+I30E 1142+0.3 | 162.54+0.3 | 42341.5
PP+I31PS 114.5+0.4 | 162.5+0.5 | 40.54+0.7

Note: T, denotes the peak crystallization temperatures recorded during cooling characterization. Ty, denotes
the peak melt temperature recorded during heating characterization. X, denotes the degree of crystallinity

determined from the DSC curve.
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4.1.4 Dynamic mechanical properties

Dynamic properties reflect the viscoelastic properties of materials and the change of
stiffness and energy absorbing with temperature variation. The analysis of the storage
modulus (E’), loss modulus (E”), and the tangent of phase difference (tand) curves are
very useful in ascertaining the performance of the sample under stress and temperature.
The E’ refers to the ability of a material to store energy and represents the change in
stiffness of the sample with regards to temperature. The E” reflects the damping or

energy absorbing characteristics which are related to molecular motions [74].

For comparison purpose, all samples were examined at the same increasing temperature
rate of 5°C/min from -40°C to 160°C. Figure 4.10 shows the change in storage modulus
E’ at different temperatures for mixtures based on different types of clay and pure PP. All
the mixtures with nanoclay possessed higher storage modulus than pure PP all through
the temperature range. The mixtures of 20A and 15A have the higher storage modulus

than ones of I30E and I31PS over the entire temperature range.

Two apparent changes of E’ with temperature can be observed for all the mixtures in
Figure 4.10: a sharp drop in E’ from —10°C to about 20°C and a reduction in the rate of
drop in B’ with temperature above 75°C. The first change between —10°C and 20°C may
be associated with the relaxation of the amorphous phase (3 relaxation). In this case, the
glassy state of the amorphous phase goes through its glass transition and there is a sharp
drop in E’ [88]. At about 15°C, E’ continues to fall and slope is flatter than before. From

70°C to 80°C, the reduction in E’ is less severe.
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Figure 4.11 DMA curves (loss modulus E”) for the mixtures
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Table 4.3 The glass transition temperature (T,;) and soften temperature (T;) of mixtures

Samples T, (°C) T (°C)
PP 6.210.2 86.61+0.6
15A 5.6+0.2 853+1.2
20A 6.0x0.1 85.7+1.6
I30E 4.7+0.5 88.9+2.1

I31PS 4.61+0.3 94.0x£1.8

Figure 4.11 shows the loss modulus E’’ of PP and its clay based mixtures and the
dependence on temperature. The two major relaxations that are corresponding with the E’
curve can be easily seen. The (8 transition (the first big peak observed between —10°C to
20°C) results from the relaxation of the amorphous phase in mixtures and the ability of
energy absorbing becoming stronger. The peak of 3 relaxation can be considered as the
glass transition (T,), at around 5 to 10°C range for pure PP and all mixtures. The «
transition (the second peak between 70°C and 90°C) is related to the relaxation of
restricted PP amorphous chains in the crystalline phase and is believed to be due to the
movement of small crystallites [98]. The peak of « transition can be seen as the softening

point (Ts).

In general, the increase in peak temperature indicates decrease in chain mobility, and the
E’” peak amplitude is directly related to the amount of amorphous PP chains involved in
the transition [90]. All these four types of clay have been modified by low molecular

weight intercalants. The molecular weight of these modifiers is similar, while the amount
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of loading is different. Among them, 15A has the biggest and excessive amount of
loading (Table 3.3), so the excessive modifiers in the PP matrix would improve the
mobility of the amorphous phase of PP molecules and contribute to the highest 8 peak

than other mixtures and pure PP.

Since the peak of 8 can be considered as T,, from Figure 4.11 and Table 4.3, the mixtures
have lower T, than PP. However, the extent of decrease varied with the types of clay. The
mixtures of 15A and 20A had similar T, to PP (the reductions were 0.64°C and 0.27°C
respectively) while ones of I30E and I31PS had much lower T, (the reduction were
1.52°C and 1.63°C respectively). Conversely, the T of mixtures of I30E and I31PS were
higher than pure PP, 2.3°C and 7.4 °C respectively. The mixtures of 15A and 20A still
had similar T to pure PP. Since the increase in peak temperature indicates decrease in
chain mobility, the decrease of T in these four mixtures indicates that the amorphous
molecules become more mobile at lower temperature than ones in PP due to the presence
of low molecular weight intercalant. The increase of T in the mixtures of I30E and I31PS
implies that the mobility of rigid amorphous molecules in the crystal was limited to
higher temperature. The increase of T; is beneficial to the application of these materials in
high temperature environment. The difference of T, and T, between Closite (15A and
20A) and Nanocor (I30E and I31PS) should be also attributed to the different types of
modifier applied to the surface of nanoclay. 15A and 20A were modified by long alkyl
chain with quaternary ammonium group while I30E and I31PS were modified by long
alkyl chain with amine group. It seems that amine group modifier can form more perfect
crystals in the PP matrix than ammonium modifier, so the softening temperature

increases for mixtures of I30E and I31PS. The mechanisms need more detailed research.
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4.1.5 Tensile properties

Figures 4.12 and 4.13 show tensile results of nanocomposites made of 3wt% of five types
of nanoclays. The tensile moduli were improved by about 10% to 20% depending on the
types of the clays. 15A, I30E and I31PS had better performance than others. Almost no
change was observed in tensile strengths (except I30E-mixture which showed increase).
The significant improvement of modulus should be due to the high aspect ratio of the
clay and the much higher modulus of the clay than PP matrix. Because nanoclay
approaches the scale of resin molecules, a very close encounter can be made between the
matrix and the clay when the nanoclay is properly surface modified and under ideal
dispersion. And since the nanoclay has very high aspect ratio that can be 1000 to 1, the
particle-molecule interaction creates a constrained region at the clay surface, which fixes
a portion of the resin matrix. With so many particles available for interactive association,
the total percent of constrained polymer can become large. Then the mechanical
properties can be improved when perfect adhesion exists between matrix and nanoclays

surface. Therefore, the main problems here are the ideal dispersion and adhesion.

Among three types from Southern Clay Products, 15A, 20A and 30B, 15A gave better
properties than the other two. This can be explained by the different treatment of the clay
surface that leads to different gallery distances. Although 15A and 20A have the same
modifier, 15A has a higher concentration (Table 3.3) that made the clay more
hydrophobic and more compatible with the PP matrix so that better dispersion can be

expected. In addition, 15A has a larger gallery distance (2.8 nm) than the other ones
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which allowed PP molecules to intercalate more easily. The properties (except tensile
elongation) of clays from Nanocor, I30E and I31PS, were better than ones from Southern
Clays Products, 15A, 20A and 30B. From Figure 4.13, the elongations of all the mixtures
decreased significantly as compared to PP. The 15A-mixture gave better elongation and
toughness than others. I30E and I31PS based mixtures became more brittle which can be
related to degradation of these samples during mixing as discussed earlier. Figure 4.14
shows the stress-strain curves of the mixtures with different clays, which are good

agreement with Figure 4.12 and Figure 4.13.

Based on the above results, we can see that the difference in distance of gallery of clay
among 15A, 20A and 30B does not affect the mechanical properties a lot. According to
the technical data from Southern Clay Products Inc., the gallery of 15A is 28.5A, of 20A
is 24.2A, and of 30B is 18.5A. From the figures, nanocomposites of 20A and 30B nearly
had the same performance. The improvement of 15A mixture was not very apparent.
Therefore, although organic-modification of the clay surface can make the clay more
hydrophobic and increase the gallery distance, it is still difficult to get ideal dispersion in
PP. To introduce an agent that can be accepted by PP and clays is one effective way to

overcome this challenge [33, 46-48].
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Figure 4.12 Effect of types of clay on tensile properties

Figure 4.13 Effect of types of clay on tensile strain
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Figure 4.14 Stress — strain curves of the composites with different clays

4.2 Effect of types of clay in the presence of coupling agent CA3

Table 4.4 shows the variables and experimental conditions of this experiment set.

Table 4.4 Variables and experimental conditions of Experiment Set 4.2

ariation Types of | Types of Processing parameters
clay coupling
Sample agent | emperature | Mixing rpm
cO) time (min)
CA3+15A 154 CA3 180 5 60
CA3+20A 204 CA3 180 5 60
CA3+30B 30B CA3 180 5 60
CA3+I30E 130F CA3 180 5 60
CA3+I31PS 131PS CA3 180 5 60
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4.2.1 Rheological behavior

Figure 4.15 shows the torque — time curve of the composites containing coupling agent
CA3 and clay. The curve can also become stable after 5 minutes as in Figures 4.1 and 4.2.
Therefore, the curve segments after 5 minutes were also used to compare the change of
the torque in these systems. Figure 4.16 shows the torque curves of the composites
prepared with different clays in addition to the same coupling agent CA3. The torque
curves confirm the observation in Section 4.1.1 (Figure 4.3): the composites with I30E
and I31PS have poor thermo- stability, especially I30E, where the composite torque
(viscosity) curve has a sharp downward trend as residence time increased, whilel5A, 20A
and 30B composite have be&er stability because their torque curves are nearly parallel

with pure PP’s during mixing.
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Figure 4.15 Torque — time curve of composites based on PP, CA3 and I31PS clay
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Figure 4.16 Torque-time curves of the composites with CA3 and different types of clay

4.2.2 Dispersion behavior - XRD

XRD curves are widely used to determine the structure of PNC due to its simple
preparation and good results. In XRD curves, the peak location (peak at angle 26), which
relates to the gallery distance, can indicate the interqalation degree; the intensity or area
of peaks, which relates to the amount or the size of clay clusters, can indicate the
exfoliation degree or the size of cluster [57]. Figure 4.17 shows X-Ray curves of the
composites containing different types of clay and the same coupling agent CA3. On X-
Ray curves of I130E and I31PS nanocomposites, the second and third peaks almost
disappeared and their intensities are lower than ones of 15A, suggesting that I30E and
I31PS have better exfoliation or dispersion than 15A. In other words, I30E and I31PS can
casily disperse in matrix or have better interaction with coupling agent so that the bigger
clay cluster can break easily into small pieces. This probably is because their degradation

and/or extended PP degradation produced lower molecular weight materials (according to
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the torque-time curve), then these small size molecules can easily enters into the gallery

of clays.
1200
1 CATH1SA
1000 | | 2 CAS+HI0E
" T CATHA P
800 |
)
E 600 |
[=)
L
400 |
200 }
0
1 2 3 4 5 6 7 8 9 10
20(%)

Figure 4.17 Effect of types of clay (with CA3) on the X-Ray results

4.2.3 Tensile and flexural properties

Figures 4.18 and 4.19 show the performance of nanocomposites filled by five types of
clays in addition to the same coupling agent CA3. 15A, I30E and I31PS composites also
gave better performance than others. Their tensile moduli were improved by about 35-
45%; flexural moduli were improved by about 25% as compared to pure PP. At the same
time, their flexural strength were also improved a little as well as the tensile strength of
15A composites. Compared to Figure 4.12, which showed the properties of the

composites with clay alone, significant property improvements have been achieved with
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the presence of coupling agent CA3, especially for 15A clay. Because the same process
conditions and concentration of clay were applied in the composites, the improvement of
tensile and flexural properties should be attributed to the better dispersion of clay in
matrix or better interface between clay and matrix with the cooperation of CA3. Due to
the degradation effect of I30E and I31PS, their improvement in properties should have
more relation with their better exfoliation under the same conditions than 15A as shown

in Figure 4.17.
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Figure 4.18 Effect of types of clay on tensile properties (with the presence of CA3)
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Figure 4.19 Effect of types of clay on flexural properties (with the presence of CA3)

4.3 Effect of types of clay in the presence of coupling agent CA4

The variables and experimental conditions of this experiment set are listed in Table 4.5.

Table 4.5 Variables and experimental conditions of Experiment Set 4.3

Yariation Types of | Types of Processing parameters
clay coupling
Sample agent | Temperature | Mixing rpm
cO) time (min)
CA4+15A 154 CA4 180 5 60
CA4+20A 204 CA4 180 5 60
CA4+30B 30B CA4 180 5 60
CA4+I30E [30F CA4 180 5 60
CA4+I31PS 131PS CA4 180 5 60

95



4.3.1 Rheological behavior

Figure 4.20 is the torque-time curves of the composites containing three different clays
and the same coupling agent CA4. They have the same trends as observed in Figure 4.3

and 4.16.

4.3.2 Dispersion behavior- XRD

Figure 4.21 1illustrates X-Ray curves of the composites containing different types of clay
and same coupling agent CA4. These curves are similar to those in Figure 4.17. I30E and
I31PS have lower peaks than 15A. However, with addition of CA4, 15A composites first
peak apparently shifted to a lower angle compared to other composites curves, which

means better intercalation has taken place due to CA4 presence.
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Figure 4.20 Torque-time curves of the composites with CA4 and different types of clay
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Figure 4.21 Effect of types of clay on the X-Ray results

4.3.3 Thermal properties

4.3.3.1 Crystallization behavior

Figure 4.22 and Table 4.6 show the crystallization behavior of the composites containing
CA4 and different clays. T, of the composites with CA4 increased compared to the
composites without CA4. The magnitude of T, of the different clays is 15A > 20A >
I30E > I31PS > PP. The degree of crystallinity (X;) also varied with the types of clay.
The magnitude of X, of these clays is 15A > 20A > I30E > PP > I31PS. This is

generally similar to the order without coupling agent.

4.3.3.2T,

Figure 4.23 shows the melting curves of the composites with coupling agent CA4 and

different clays. Their Ty, which are listed in Table 4.6, decreased as compared to pure PP

97



(except 15A composite had higher Ty, than PP). The order of their Ty, is 15A > PP > 20A

> [31PS >I30E, which is also similar to the order without coupling agent.

Table 4.6 Crystallization and melting behavior of the composites

with different clays and CA4

Sample T, (°C) Tm (°C) X (%)

PP 107.44+0.3 | 1659+0.2 | 43.9+0.8

PP+CA4+15A 121.4+0.2 | 167.4+0.3 | 45.5%0.8

PP+CA4+20A 119.64+0.3 | 1649+0.4 | 44.6£0.6

PP+CA4+130E 1183+0.2 | 161.7+0.6 | 44.07X£1.6

PP+CA4+131PS 1173+0.5 | 163.1£0.3 | 42.44£0.9
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Figure 4.22 Crystallization curves of the composites with CA4 and different clays
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Figure 4.23 Melting behavior of the composites with CA4 and different clays

4.3.4 Tensile and flexural properties

Figures 4.24 and 4.25 show the mechanical properties of nanocomposites filled by
different types of clay using the same coupling agent CA4. 15A gave the best
performance among them. The increase of the tensile modulus and the flexural modulus
in 15A-CA4-nanocomposites was 52% and 31%, respectively. The properties of I31PS
nanocomposites were also good. The excellent properties of 15A-CA4 nanocomposites
indicate that CA4 has good interaction with 15A or makes 15A disperse better in PP. This

was proved by X-ray results (Figure 4.21) - the first peak of the curve shifted to a lower

degree than other composites.
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4.4 Conclusions

Modification of the montmorillonite surface by intercalants significantly improves the
interface between the clay and the matrix and the dispersion of the clay. The effects of
modification on PP nanocomposites varied with the types of clay that are different in the
types and concentration of intercalants. Among the five types of clays, 15A, 20A and
30B, which were from Southern Clay Products Inc, had better torque (thermal) stability
than I30E and I31PS, which were from Nanocor Inc. The mixtures (with 3% nanoclay,
without coupling agent) of 15A, I30E and I31PS had better mechanical performance than
the others. 15A mixture had better elongation than other mixtures. On the other hand,
mixtures of I30E and I31PS had lower T, and higher T than the other mixtures and pure

PP. In addition, nanoclay had an apparent nucleating effect and can improve T,

However, mixtures (with only organic-modified clay without coupling agent) cannot give
good dispersion and ideal performance compared with PP matrix. 3% nanoclay without
coupling agent can only improve 10% tensile modulus and flexural modulus as compared
to neat PP. But with 6% coupling agent CA4 present, the improvement of 15A
nanocomposites in tensile and flexural modulus can reach 52% and 31%, respectively.

Therefore, the use of coupling agent is essential in the formation of PP nanocomposites.
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S Effects of coupling agent on the formulation

and properties of PP nanocomposites

Coupling agents are well known to improve interfacial adhesion between two different
materials in composites. PP is hydrophobic, whereas the nanoclay surface is hydrophilic.
Although organic modification using onium ion or amine modifier in which the polar
surfaces of the clay should be covered with nonpolar alkyl group can make the clay
surface more nonpolar and more hydrophobic, the hybrid state in a PP matrix was rarely
realized. Coupling agents, such as MAgPP, NH,- or NH; -terminated-PP, have polar or
reactive groups, such as NH;", MA (or COOH group generated from the hydrolysis of the
maleic anhydride group), which can combine with the negative sites and polar groups-
OH on the clay surface to form ion bond or hydrogen bond. These strong bonds generate
the driving force for the intercalation to result in coupling agent molecules to intercalate
into the clay layers. On the other hand, the other end of molecular chains in coupling
agent is alkyl chains which are well miscible with PP. Therefore, the ideal result is that
the nanoclay layers are dispersed homogeneously in PP matrix (exfoliated

nanocomposites). In this case, the coupling agent plays a crucial role.

Five types of coupling agent were examined in order to determine their effects on PP

nanocompoistes. The experiments were designed in four series: PP with coupling agent

102



alone, with coupling agent and 15A clay, with coupling agent and I31PS clay, and with

coupling agent and I30E clay.

5.1 Effect of coupling agent (alone) on PP matrix

Table 5.1 shows the variables and conditions for this experimental set.

Table 5.1 Variables and experimental conditions of Experiment Set 5.1

ariables Types of | Types of Processing parameters
clay coupling
agent Temperature . Mixing rpm
Sample (°O) time (min)
CAl - CAl 180 5 60
CA2 - CA2 180 5 60
CA3 - CA3 180 5 60
CA4 - C44 180 5 60

5.1.1 Rheological behavior

Figure 5.1 shows the torque curves of the PP and its blends with different coupling
agents. Some obvious differences can be seen. The torque curve of the blend containing
coupling agent CA4 is relatively stable, whose trend is similar with PP. However, the
other coupling agents all resulted in a more pronounced downward trend. The general

order of the effect of the coupling agent is thus CA2 ~ CA3 > CA1 > CA4 ~ None. The

lowering of viscosity with time is most likely related to a reduction in molecular weight
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caused by oxidation and/or degradation the matrix. The grafting process of MA into PP
is based on a free radical reaction with an excess amount of reactants, and it is impossible
to remove all the residuals and radicals from the material. Therefore, it is well known
that MAgPP is in general not highly thermally stable. Of the four coupling agents, CA2
and CA3 had the greatest detrimental effect. In the case of CA2, solvent extraction
showed that it contains approximately 0.2 wt% of soluble impurities, whereas for CA1
the amount was found to be negligible; this could explain the larger effect of the CA2.
The higher content of MA groups in CA2 could also be a factor. The CA3 was prepared
by reaction between CA1l and Jeffamine, so the low stability observed for CA3 could be
related to residual amine groups. CA4 was obtained by soaking CA3 in an acid
environment at high temperature, which might be expected to remove amine residues and
other impurities and may explain the improved stability for CA4, even better than for the

CA1 from which it originated.
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Figure 5.1 Torque-time curves of blends with different coupling agents
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5.1.2 Thermal properties

5.1.2.1 Crystallization behavior

Figure 5.2 and Table 5.2 describe the crystallization behavior of PP and its blends
containging different coupling agents. The presence of coupling agents in the PP matrix
significantly increased the T, of the blends. This verified the co-crystallization function
of coupling agent. The increase varied with the types of coupling agent. CA2 blends had
the lowest T, and CA4 blends had the highest T, among them. The order was CA4 > CAl

> CA3 > CA2 > PP. The X, varied little.

35.1.2.2 T,

Figure 5.3 and Table 5.2 show the melting behavior of PP and its blends. T,, of the blends
is decreased or kept at the same level (CA4 blends) as compared to pure PP. This is

because the coupling agent is lower molecular weight material and has lower Ty, than PP.

Table 5.2 Crystallization and melting behavior of PP and its blends

Sample T (°C) Tm (°C) X (%)
PP 107.6 0.3 | 165.9+0.2 | 43.940.8
CAl 1151+0.1 | 163.7+0.4 | 46+0.4
CA2 112.240.4 | 163.5+0.3 | 42.6+1.1
CA3 113.5+0.3 | 163+0.4 | 44330.3
CA4 1179+0.2 | 166.5+0.5 | 44.940.9
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Figure 5.3 Melting behavior curves of the blends (PP with different coupling agents)
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3.2 Effect of coupling agent in the presence of 15A clay

Table 5.3 shows the variables and experimental conditions of this experiment set.

Table 5.3 Variables and experimental conditions of Experiment Set 5.2

Variables | Types of Types of Processing parameters
clay coupling
agent Temperature | Mixing rpm
Sample (°0) time (min)
CAl1+15A 15A CAl 180 5 60
CA2+15A 15A CA2 180 5 60
CA3+15A 15A CA3 180 5 60
CA4+15A 15A CA4 180 5 60

5.2.1 Rheological behavior

Figure 5.4 shows the torque curves for the composites prepared with 15A clay in addition
to the coupling agents. With the presence of 15A, the curves show some differences
from Figure 5.1 in which only contains coupling agent. The order of the effect of the
coupling agent on the degradation is now CA2 > CA1 > CA3 > CA4 > None. This is
generally similar to the trend without nanoclay, except that CA3 has improved somewhat

relative to the others.
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Figure 5.4 Torque — time curves of systems based on different coupling agents with clay 15A

5.2.2 Dispersion behavior

5.2.2.1 XRD

As mentioned in Section 4.2.2, the position (angle 28) of the peak in XRD curves is
related to the clay gallery spacing and therefore the degree of intercalation, whereas the
peak intensity is an indicator of the amount of intercalated clusters or the amount of non-
intercalated (i.e. exfoliated) material. Figure 5.5 shows the XRD curves of the 15A clay
alone and the composites containing coupling agent. 15A has three distinct peaks at 2.9°,
4.8°, and 7.3°, which can be related respectively to different extents of clay intercalation:
high, poor, and none. Generally speaking, it appears that in the composite samples all
three peaks shift to lower angles compared to those of the starting clay, and the intensity

of the peaks also decreases to different extents. A shift of the peaks to lower angles
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proves that intercalation has taken place during mixing. A reduction in the peak intensity
indicates that the amount of intercalated clay has decreased, or in other words, the
dispersion has been improved by breakdown of clusters or even exfoliation. From these
two aspects, it may be concluded that some intercalation and exfoliation have simulta-
neously taken place in the composites obtained, although it is far from complete. The
gallery distances of the composites are summarized in Table 5.4, which provides clearer
evidence of the quality of the intercalation of the clays by the coupling agent. The
gallery distance of 2.8 nm for the onium-treated 15A was slightly extended to 3.3-3.5 nm
in the nanocomposites, depending on the type of coupling agent. Undoubtedly, the
coupling agent plays an important role in forming an acceptable interface between the
matrix and the clay surface. It is not unreasonable to conclude that the hydrophilic (polar)
groups of the coupling agents have created some strong van der Waals and even
hydrogen bonds with the hydroxyl groups on the clay surface. This kind of interface is
like a bridge to help hydrophobic PP molecules to penetrate the hydrophilic galleries of
the clay to form intercalated nanocomposites. Figure 5.6 is the schematic drawing of
function of coupling agent in nanocompsoites. The efficiency of each coupling agent is

strongly dependent on its chemistry.

As seen in Figure 5.5, among the composites, the CA2 system had a first peak with a
rather high intensity while the second peak shifted to a higher angle. This indicates that
the clay was poorly dispersed in the matrix of this sample. Surprisingly, when the
impurities in CA2 are removed the dispersion is greatly improved, since the intensity of

all three peaks in the sample CA2P are noticeably weaker. It is also interesting to
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observe in Figure 5.5 that in the CA4 composite the first peak shifted furthest to the left,

with a corresponding gallery distance of 3.53 nm, showing that CA4 results in slightly

better intercalation of the clay. In addition, the intensities of the second (poorly

intercalated) and third (non-intercalated) peaks in this sample are almost negligible,

suggesting that the amine cation in the CA4 may actively open up the non-intercalated

clay galleries in the molten state. It can be understood that this could occur through

reaction of the amine cations of the CA4 with anionic sites on the surface of the non-

intercalated clay via an ion exchange reaction. CA1 and CA3 provided more or less the

same level of dispersion, although CAl led to slightly better intercalation as the peak

shifted slightly to the left, while CA3 led to better exfoliation as the peak intensity

decreased.
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Figure 3.5 Effect of coupling agent on the X-ray diffraction results
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Table 5.4 Gallery distances of the clays in the composites

Peak First peak Second peak Third peak
Angle Gallery Angle Gallery Angle Gallery
Samples ©) distance ) distance (nm) ) distance
(nm) (nm)
PP + 15A 2.91 2.83 4.86 1.81 7.30 1.20
PP+ CAl +15A | 2.61 3.37 4.6 1.92 6.75 1.31
PP+ CA2 +15A | 2.60 3.40 52 1.79 6.77 1.30
PP+ CA2P + 15A | 2.58 342 4.74 1.82 6.81 1.30
PP+ CA3+15A | 2.71 3.26 4.78 1.81 6.82 1.30
PP+ CA4 +15A | 2.50 3.53 4.70 1.88 — —

Figure 5.6 Schematic representation of the function of coupling agent in nanocomposites

All these results show that the coupling agent generally results in increased intercalation
and exfoliation, although the extent of the effect varies from one agent to another because
of the differences in their chemistry. According to references [33, 34, 49], the content of
coupling agent and the ratio of coupling agent with clay can be changed to obtain

complete exfoliation.
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3.2.2.2 SEM

Figure 5.7 shows the SEM photo of nanocomposites based on 15A and CA2P (coupling
agent with MA groups). Figure 5.8 is the SEM photo of nanocomposites based on 15A
and CA4 (coupling agent with onium ions). In the presence of coupling agent, the size of
the aggregates reduced significantly compared to the SEM photo (Figure 4.6) in the
absence of coupling agent. A few large aggregates (diameter is over lum) were observed.
Better interface between nanoclay and matrix can also be expected from the photos.
Comparing Figure 5.7 with 5.8 (a), nanoclays had better dispersion (smaller aggregates)
in the nanocomposites with coupling agent CA2P than that with CA4, which is
commensurate with the XRD results. The fracture mode shown in Figure 5.8 is very
interesting. Figure 5.8 (a) and (b) are the different areas in the same fracture surface, but
one is brittle, another is very ductile, even more ductile than pure PP. This shows that the
sample was not uniform and may indicate that the exfoliated nanocomposites were
possibly obtained in some portion of the sample because Figure 5.8 (b) shows the fracture

characteristics of the exfoliated nanocomposites.

The improvement of dispersion by coupling agent can be understood by the better
interaction between coupling agents and nanoclays. The coupling agents have low
molecular weight and high concentration of MA polar groups (for CA2P) or high
molecular weight and low concentration of onium ion (for CA4). The low molecular
weight increases the mobility of the polymer chain and hence facilitates the diffusion into

the nanocaly galleries [80, 81]. The MA groups in CA2P can interact with hydroxyl
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groups on the nanoclay surface to form hydrogen thus promote the diffusion process of
the coupling agents into the galleries [57, 82]. However, CA4 besides the hydrobonding,
it can also chemically react with the negative charge on the clay surface, which believes
to create a strong interface. As a result of the physical and/or chemical interaction, the
clay galleries must expand up to a certain level and the aggregates are broken into smaller
pieces. At the same time, the interfaces between nanoclay and matrix are also improved
significantly since the alkyl bone of the coupling agent has good compatibility with PP
matrix. From the mechanical rupture of the sample, it seems that the CA4 provides a
better interface which results in a partly fibrilar fracture surface. Therefore, a suitable

coupling agent is critical to obtain nanocomposites.

Figure 5.7 SEM photo of nanocomposites with 15A nanoclay and coupling agent CA2P

113



Figure 5.8 (b) SEM photo of nanocomposites with 15A and coupling agent CA4 (area 2)
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5.2.3 Thermal properties

3.2.3.1 Crystallization behavior

Figure 5.9 shows the crystallization curves of the nanocompsites based on 15A clay and
different coupling agents. Table 5.5 lists T, and X, of these composites. With the addition
of coupling agent and nanoclay, the T, of the nanocomposites is higher than that of PP.
Moreover, significant differences of T, appeared in the different types of coupling agents.
CA4+15A nanocomposite had the highest T, and 8°C higher than CA2. The order of the
composites Tc is CA4>CA3>CA1>CA2>PP, which is similar to the blends without
nanoclay except that CA3 nanocomposites had significantly higher T, than its blends. It
is interesting that CA1 and CA2 nanocomposites had similar T, with their blends while
CA3 and CA4 nanocomposites had higher T, than their blends. Compared with the T, of
15A mixtures without coupling agent (Table 4.2), CA1 and CA2 nanocomposites had
lower T, and CA3 and CA4 had higher T.. Considering the same concentration (amount)
of coupling agent and nanoclay and same processing parameter employed, these
differences should be attributed to the chemistry of coupling agents and the interaction
between coupling agent and nanoclay. Since CA3 was processed by co-extrusion with
amine, excess amount of amine group or more impurities may cause the earlier
crystallization. A similar situation can also happen to CA4. Another possibility is because
CA3 and CA4 can form stronger bonds than CA1 and CA2 with the clay surfaces, the
dispersion of nanoclay in these nanocomposites is better than CA1 and CA2 based ones.
The better dispersion can produce more nucleating cores to make crystallization take

place casily, which can result in better nucleating effect and higher T.. The higher T,
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might show that a higher extent of segregation of the dispersed clay particles takes place

around the boundary of the spherulites (interspherulite) [84].

From Table 5.5, the existence of coupling agents and nanoclays affects not only the
crystallization temperature (T.) but also the degree of crystallinity (X.). With the addition
of coupling agent and nanoclay, the X, of nanocomposites increased somewhat (except
CALl based nanocomposite) compared with pure PP. Therefore, the nucleating effect
should have a positive effect on the crystallinity. Further research is needed to explain

the reason.

523271,

Figure 5.10 shows the melting behavior of the nanocomposites containing 15A and
different coupling agents. Ty, is listed in Table 5.5. The composites based on 15A and
coupling agents have somewhat higher T, than the mixtures without coupling agent, the
blends without nanoclay and pure PP. CA4+15A had highest T, Because the low
molecular weight material is detrimental to the Ty, of the composites while the high level
dispersion is helpful to improve the Ty, the balance between them determines the Tm of
the composites. Apparently, the improvement of T,, of these nanocomposites is the result
of better dispersion of nanoclay in matrix. The highest T,, of CA4 nanocomposites agreed

with its best intercalation ability with 15A that was observed in Figure 5.5 and Table 5.4.
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Figure 5.10 Melting behavior of the nanocompsites with 15A clay and different coupling agents
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Table 5.5 Crystallization and melting behavior of the nanocomposites

with 15A clay and different coupling agent

Sample T, (°C) Tm (°C) X (%)
PP 107.6+0.3 | 1659%0.2 | 43.9%0.8
15A 116+0.2 165.61+0.2 | 46.1%0.7

CAl1+15A 1145+0.2 | 166.5+0.5 | 43.8%0.6
CA2+15A 113.1+0.5 | 166.8+0.3 | 45.1+0.5
CA3+15A 118.8+0.5 | 166.4+0.3 | 48.9+1.2
CA4+15A 121.4+0.7 | 167.4+£0.4 | 455%0.6

5.2.4 Dynamic mechanical properties

Figures 5.11 and 5.12 show the temperature dependence of the storage modulus E' and
the loss modulus E" of systems with different coupling agents. All the nanocomposite
samples have a higher storage modulus E' than pure PP over the entire range of
temperature. Among them, the CA4 sample have the highest E', almost 40% higher than
pure PP at room temperature. The CA3 sample also showed good performance. The
CA1l and CA2 samples (both maleic anhydride grafted PP) gave results intermediate
between PP and CA4. The significant improvement of the modulus for CA3 and CA4

could be due to a better interface and dispersion in these samples as discussed earlier.

Two apparent changes also occur in these systems: a sharp drop in E* from —10°C to
about 15°C (8 transition) and a reduction in the rate of drop in E’ with temperature over

80°C (« transition), which are similar with mixtures based on PP and nanoclays.
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Corresponding with them, two obvious changes occur in Figure 5.12, namely a sharp (8
transition) peak in E" around 5°C and a broader weaker (« transition) peak above 80°C.
The first peak is related to the glass transition of the amorphous phase in the PP matrix,
while the second is attributed to softening of the matrix. From Figure 5.12, the glass
transition (T,) and the softening point (T;) of the nanocomposites were determined as the
peak temperatures of the E" curves and are listed in Table 5.6. There was no significant
difference in the T of the different samples, but the T showed some variation, being
somewhat higher for CA3 and CA4. Again this is probably related to their better quality
of dispersion and interface. However, further experiments must be conducted in order to

have a better understanding of this effect.
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Figure 5.11 DMA curves (E’) of the nanocomposites

with 15A and different types of coupling agent
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Table 5.6 Effect of coupling agent on T, and T;

Samples Ty (°C) T (°C)
PP 6.21+0.2 86.6+0.6
15A 5.6+0.2 853+1.2

CAI+15A 51%0.3 81.4+1.0

CA2+15A 5.0%0.2 84.5x0.7

CA3+15A 51£0.1 87.4+0.5

CA4+15A 50x0.5 89.0+0.8
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The position of the glass transition of a polymer can be influenced by adding low
molecular weight materials which reduce intermolecular forces and essentially "lubricate”
the macromolecular chains [92]. From Table 5.6 and Figure 5.12, all systems with
coupling agent and 15A had lower T, than pure PP. This indicates that low molecular
weight coupling agents are just like intercalants which lubricate the macromolecular
chains and play dominant role to influence the T,. Although the interaction of coupling
agents between clay and PP restricts the mobility of molecular chains, lubrication is the
dominant factor when the temperature increased to T,. However, when temperature
increases to softening temperature (T), the situation changes. CA3 and CA4 based
systems have higher T, than pure PP and mixture with only 15A, which indicated that
restriction from the interaction between coupling agent and PP and clay surface plays

more important role than the lubrication.

From Table 5.6 and Figure 5.12, CA4 based systems has a relatively lower T, than others
but T; (the peak of « transition) is higher than others. Its T, is 3.7°C lower than pure PP
and 3.05°C lower than system based on CAl, while T was 2.4°C higher than pure PP
and 7.6°C higher than CAl based system. This trend indicates that the amorphous
molecules in CA4 based systems can be mobile easily at relatively lower temperature
than others, but the mobility of the rigid amorphous molecules in crystals becomes more

difficult than others at the same temperature.

Comparing these four types of coupling agent-based systems, the highest storage

modulus of CA4 system and the highest softening temperature can be attributed to the
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stronger intercalation and interface between PP and nanoclay surface. As discussed
earlier, the ammonium ion group in CA4 can interact with negative sites on the clay
surface to form strong ionic bond. These bonds are stronger than that ones which are
from interaction between anhydride group in CAl and CA2 and hydroxyl group on clay
surface. These strong bonds may also make the crystallization better, restrict mobility of
the rigid amorphous molecules, and result in the higher o transition temperature
(softening temperature) in Figure 5.12. The highest T, and high X, in Table 5.6 can be

related to this reason.

5.2.5 Tensile and flexural properties

Figures 5.13, 5.14 show the tensile and flexural properties of the composites based on
15A alone and 15A with coupling agents. As shown in the figures, the tensile strength
and modulus, flexural strength and flexural modulus increased as a result of coupling
agent incorporation for all the samples. For the PP/CA4/15A nanocomposites, the
increases for tensile and flexural modulus are 52% and 31% as compared to pure PP,
respectively. And the increase compared to the mixture PP/15A is about 35% for tensile
modulus, about 15% in flexural modulus. At the same time, tensile strength and flexural
strength also increased somewhat compared to pure PP. For other types of coupling
agent, their mechanical performance is also improved, although the extent varied with the

types of coupling agent and decided by their chemistry.
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From above results, obviously, the coupling agent improves the dispersion of the
nanoclays, as discussed earlier, while at the same time it also improves the interface
between the PP matrix and the nanoclay surface so that the stress is much more
effectively transferred from PP matrix to clay. The modulus is determined at a low stress

level, so the quality of dispersion contributes more to the larger modulus.

ensile strength

O Tensie modulus

Figure 5.13 Effect of coupling agent on tensile properties of 15A based nanocomposites

123



gy Flexursl strength

O Flexursl modulus

T

Figure 5.14 Effect of coupling agent on flexural properties of 15A based nanocomposites

5.3 Effect of coupling agent in the presence of I31PS clay

The variables and experimental conditions for this experiment set are listed in Table 5.7.

Table 5.7 Variables and experimental conditions of Experiment Set 5.7

Variables | Types of Types of Processing parameters
clay coupling
agent Temperature | Mixing rpm
Sample (°C) time (min)
CA1+I31PS I31PS CAl 180 5 60
CA3+I31PS I31PS CA3 180 5 60
CA4+I31PS I31PS CA4 180 5 60
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5.3.1 Rheological behavior

Effects of coupling agent on the torque — time curves of the composites with I30PS are
shown in Figure 5.15. All the I31PS-composites curves show a pronounced downward
trend compared to the pure PP curve and the blends curves in Figure 5.1. As the previous
observation in Figures 5.1 and 5.2, the presence of coupling agents slightly promoted the
drop of curves compared to the curve of the I31PS mixture; CA4 is the most stable one
among the coupling agents. The order of the stability of the coupling agents is none >

CA4 > CA1l > CA3, which is the same as Figure 5.1.
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Figure 5.15 Torque — time curves of the composites with different coupling agents and I31PS clay
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5.3.2 Tensile and flexural properties

Figures 5.16 and 5.17 show the tensile and flexural properties of I31PS-composites with
different coupling agents. As seen from Figures 5.13 and 5.14, the tensile and flexural
modulus of the composites containing coupling agent are also improved significantly. It
is surprising that the PP/CA1/I31PS composites also have good properties. This indicates
that the interaction and cooperation between different clays and different coupling agents
can result in optimal composition for PP nanocomposites. The strengths tested in I31PS-
composites have more variation probably because the degradation related to I31PS made
the composites lack homogeneity and the strengths are very sensitive to all defects, such
as voids, holes, cracks, etc. The modulus is determined at a low stress level, so it is

affected less than the strength in this case.
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Figure 5.16 Effect of coupling agent on tensile properties of I31PS based nanocomposites
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Figure 5.17 Effect of coupling agent on flexural properties of I31PS based nanocomposites

5.4 Effect of coupling agent in the presence of I30E clay

Table 5.8 describes the variables and experimental conditions of this experiment set.

Table 5.8 Variables and experimental conditions of Experiment Set 5.4

Variables Types of | Types of Processing parameters
clay coupling
agent | Temperature | Mixing rpm
Sample (°O) time (min)
CA1+ I30E I30E CAl 180 5 60
CA3+130E I30E CA3 180 5 60
CA4+ 130E I30E CA4 180 5 60
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Figures 5.18 and 5.19 give the difference in mechanical performance of I30E-
nanocomposites with different coupling agents. A significant increase can also be
observed in the tensile and flexural modulus of the composites with coupling agent
compared to pure PP and the mixture without coupling agent. In general, CA3 and CA4
based composites have better performance than CA1 based composites. The big variation

in strength also appears in I30E-composites.

Figure 5.18 Effect of coupling agent on tensile properties of I30E based nanocomposites
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Figure 5.19 Effect of coupling agent on flexural properties of I30E based nanocomposites

5.5 Conclusion

The use of coupling agent is essential in the formation of PP nanocomposites. In contrast
with conventional composites, the role of coupling agent in PP nanocomposites is not
only to improve the interface but also to help clays disperse in the PP matrix. In general,
the coupling agent resulted in increased intercalation and exfoliation so that the properties
(modulus, strength, T, Tg, T, etc.) can be improved although the extent of the effect

varies with the types of coupling agent because of the differences in their chemistry.

CA1l, CA2 and CA2P are maleic anhydride grafted polypropylene (MAgPP). MAgPP has
reactive maleic anhydride groups, which can interact with hydroxyl group on the clay

surface to form hydrogen bonds. Furthermore, it is miscible with PP. Thus the
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improvement of dispersion of clay in PP matrix and interface between clay and matrix
can be expected. CA3 is amine (NH,-) terminated coupling agent. The amine group
(NH;-) has special affinity with clay surfaces because it can strongly attract hydroxyl
groups that exist on the clay surface with hydrogen bonds. CA4 is an onium ion (NH;"-)
terminated coupling agent, which not only can interact with —~OH groups but also reacts
with negative sites that exist on the clay surface to form ionic bonds. Therefore, it can

provide a stronger driving force to intercalate in the gallery of clay.

The types of functional group, the molecular weight, even the amount of functional
groups, etc. of the coupling agent can significantly affect the performance of PP
nanocomposites. In addition, different clays and different coupling agents can result in
optimal composition for PP nanocomposites. Among five types of coupling agent used in
this research, in general amine and onium ion terminated coupling agents had better
performance than MAgPP. Especially, onium ion terminated coupling agent (CA4) with
15A based nanocomposites is the best one among them: best intercalation, best
mechanical properties, highest T, and highest T, With 6% coupling agent CA4 and 3%
15A clay, the improvement of the nanocomposites in tensile and flexural modulus can

reach 52% and 31%, respectively, compared to pure PP.
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6 Effect of processing parameters on the formulation

and properties of PP nanocomposites

The formation of PP nanocomposites is affected not only by the chemistry of clay and
coupling agent but also by the processing conditions (temperature, residence time and
shear rate). The following experiments have been designed to study these effects. All

samples have same composition, 6%wt coupling agent CA4 (ammonium ion terminated

polypropylene), 3%wt Closite 15A.

6.1 Effect of processing temperature

Table 6.1 shows the variables and experimental conditions of this experiment set.

Table 6.1 Variables and experimental conditions of Experiment Set 6.1

ariables Types of | Types of Processing parameters
clay coupling
agent | lemperature Mixing rpm
Sample (°O) time (min)
CA4+15A 15A CA4 170 5 60
CA4+15A 15A CA4 180 5 60
CA4+15A 15A CA4 200 5 60
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6.1.1 Rheological behavior

Since PP can be easily oxidized and degraded under high temperature and high shear rate,
the temperature range from 170°C to 200°C was selected in this study. When an equal
shear rate (or rotor speed) is applied, torque is proportional to the shear stress and the
shear stress transmitted to silicate layers is proportional to the melt viscosity of the
system [98]. On the other hand, the melt viscosity increases with decreasing the
processing temperature, so the shear stress transmitted to the silicate layers increases with
decreasing mixing temperature. Conversely, the shear stress decreases with increasing the
temperature. Therefore, the curves can also display the shear stress that is applied to the
system and the viscosity of system during mixing. In this set of experiments, the same
materials and concentration were used, so the torque-time curves can be compared

directly rather than their trend.

Figure 6.1 shows the torque-time curves of CA4+15A systems at different processing
temperatures, 170°C, 180°C and 200°C. Among them, the curve at 180°C is most stable.
At 170°C, the system torque is more than two times of one at 200°C, so the system bears
much bigger stress at 170°C than at 200°C. Apparently, it is beneficial to get more
disordered structure at the lower temperature. However, PP cannot melt homogenously in
a short time at 170 °C, which results in the lasting downward trend of the 170°C—system
curve. While for 200°C-system longer time also leads to downward torque, which is

probably due to degradation and/or oxidation of materials.
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Figure 6.1 Effect of processing temperature on the torque curve

6.1.2 Dispersion behavior

Theoretically, PP molecules should be more active at high temperature and easily interact
with the clay surface. Figure 6.2 shows the X-ray curves of the PP/CA4/15A
nanocomposites under different mixing temperatures (170°C, 180°C and 200°C). They all
have three peaks and do not have apparent differences, which suggested that they were
not exfoliated nanocomposites and the dispersion behavior is similar. However, the first
peaks of the nanocomposites for 170°C and 180°C are at relatively lower angles than the
one for 200°C, which means that a better intercalation may be obtained at a relatively
lower temperature. This can explain why the 200°C-nanocomposites have worse

mechanical properties (see Section 6.1.3). The better dispersion is mainly attributed to the
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relatively higher shear stress (melt viscosity) at relatively lower temperature. Since the
shear stress transmitted to silicate layers is proportional to the melt viscosity when an

equal shear rate (or rotor speed) is applied, the lower temperature is better for disordered

structure to develop.
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Figure 6.2 Effect of mixing temperature on XRD results (PP/CA4/15A)

6.1.3 Mechanical properties

Figures 6.3 and 6.4 show the effect of processing temperature on mechanical properties.
180°C-nanocomposites have higher tensile and flexural modulus and strengths than
170°C and 200°C-nanocomposites. This tendency should be related to the mobility of PP

molecules and the dispersion of clay in matrix at different temperatures. At 170°C, PP
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just melts and molecules are not active enough and cannot intercalate into the gallery of
clay greatly although stronger stress was applied on the system. On the other hand, at
200°C, molecules are so active that they can be oxidized and tend to degrade (which can
be observed from the torque —time curve) so that the mechanical properties decrease. As
discussed earlier, more disordered structure could be developed at the lower temperature,
but this temperature should guarantee the activity of PP molecules. Therefore, 180°C

should be a balanced and best processing temperature for PP nanocomposites.
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Figure 6.3 Effect of processing temperature on the tensile properties
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Figure 6.4 Effect of processing temperature on the flexural properties

6.2 Effect of residence time

The variables and experimental conditions of this experiment set are shown in Table 6.2.

Table 6.2 Variables and experimental conditions of Experiment Set 6.2

ariables Types of | Types of Processing parameters
clay coupling
agent | Iemperature Mixing rpm
Sample (°0O) time (min)
CA4+15A 15A CA4 180 2.5 60
CA4+15A 15A CA4 180 5 60
CA4+15A 15A CA4 180 10 60
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6.2.1 Rheological behavior

Figure 6.5 shows the change of torque with residence time for CA4+15A systems. The
curves do not show distinct differences. However, with the residence time increasing, the
curve displayed a gradually downward trend, which means the viscosity of systems

decreases or the degradation and/or oxidization have taken place.
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Figure 6.5 Effect of residence time on the torque curve (PP+CA4+15A)
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6.2.2 Dispersion behavior

Logically, the procedure of PP molecules intercalating/exfoliating in the gallery of clay
needs some time, so increasing residence time in the Brabender should improve the
dispersion of clay in the PP matrix. However, increasing residence time risks the
possibility of oxidation/degradation of PP. Figure 6.6 shows the X-ray curves of the
nanocomposites with the same composition under different residence times without
affecting other parameters. The similar peak location and intensity can be found at 2.5
min- and 5 min- nanocomposites, which suggests similar dispersion in these systems.
However, the first peak and third peak of 10 min—nanocomposite appear at relatively
higher angle than 2.5 min- and 5 min-nanocomposites. This indicates that the interlayer
spacing decreases. The decrease of the spacing probably comes mainly from the thermal
decomposition of Closite 15A during long time and higher temperature processing [99].
Thermal decomposition makes the surface of Closite 15A less organophilic, so the
intercalation becomes more difficult. On the other hand, the intensity of peaks for 10
min-nanocomposites is lower than 2.5 min- and 5 min-nanocomposites, which means
that better exfoliation was obtained than other two systems. Therefore, the long time
mixing can be helpful to break the big clay clusters and improve exfoliation but harmful

for the intercalation.
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6.2.3 Mechanical behavior

Figures 6.7 and 6.8 show the effect of residence time on mechanical properties of
CA4+15A nanocomposites. With the increase of residence time, the flexural modulus and
strength both decrease, while the tensile modulus decreased sharply when residence time
reaches 10 minutes. Apparently, longer residence time has a negative effect on the
properties of PP-nanocomposites. This could be due to the materials oxidation and/or

degradation.
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6.3 Effect of processing rotor speed (shear rate)

Table 6.3 is the variables and experimental conditions applied in this experiment set.

Table 6.3 Variables and experimental conditions of Experiment Set 6.3

Variables | Types of Types of Processing parameters
clay coupling -
agent Temperature | Mixing rpm
Sample °O) time (min)
CA4+15A 15A CA4 180 5 40
CA4+15A 15A CA4 180 5 60
CA4+15A 15A CA4 180 5 &0

6.3.1 Rheological behavior

Figure 6.9 shows torque —time curve for CA4+15A systems under different rotor speeds
of 40rpm, 60rpm and 80rpm. From this figure, torque is proportional to rotor speed (shear
rate) and nearly stays parallel during the same residence time. At the same time, since
shear stress increases with shear rate (Generally thermoplastic melts are non-Newtonian
fluid and the equation 7 =ky" is applied. 1 is shear rate; 7 is shear stress; ‘n’ is the index
that shows the non-Newtonian property), the magnitude of torque can illustrate the shear
stress of the system. The higher torque at 80rpm means the system bears higher shear
stress than other ones at 40rpm and 60rpm. Thus the shear rate during mixing may affect

the intercalation and/or exfoliation of PP nanocompoisites.
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Figure 6.9 Effect of shear rate on torque of PP+CA4-+15A systems

6.3.2 Dispersion behavior

Since the shear stress increases with the shear rate, it is expected that
interaction/exfoliation would take place more casily as the shear rate increases during
mixing and the mechanical properties would be improved greatly. Figure 6.10 shows the
X-ray curves of the nanocomposites under different shear rates (rpm) without changing
other parameters. At different rpms, the X-ray curves show almost same shape (the peaks
are at the same location and the intensities are of the same level), which indicate that
processing at high rate/ high rpm has a minimal effect on intercalation or exfoliation.

These results are commensurate with ones made by P. Andersen [100].
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Figure 6.10 Effect of shear rate (rpm) on the XRD results (PP+-CA4+15A)

6.3.3 Mechanical behavior

Figures 6.11 and 6.12 show the results of mechanical properties of CA4+15A
nanocomposites under different shear rates of 40rpm, 60rpm and 80rpm. The results do
not show big difference among them. The tensile and flexural moduli and strengths
varied little when the shear rate changed from 40rpm to 80rpm. Considering the factor of
experimental error, it seems that the mechanical properties of the nanocomposites do not
depend on the magnitude of shear rate within the shear range used in this study. It is
probably that some large clay aggregates (formed from nano-scale particles by
electrostatic force) could be separated at low shear rate while small ones are so small and
combined tightly that the shear rate applied in experimental range could not affect them a

lot.
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6. 4 Conclusions

Processing parameters can have great effects on the fabrication of nanocomposites. With
complete melting, a lower temperature is better to develop a disordered structure. 180°C
is the best mixing temperature for PP nanocomposites. A longer residence time seems to
be helpful to improve exfoliation but harmful for intercalation and mechanical properties
due to the possible degradation. However, processing at high shear rate/high rpm has no

significant effect on dispersion and properties.
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7 Conclusions

The formulation and the properties of montmorillonite clay based polypropylene
nanocomposites have been described in this thesis. Melt compounding method
(Brabender) was used to fabricate the PP nanocomposites. The effects of clays, coupling
agents and processing parameters on the fabrication and performance of PP

nanocomposites were studied by various characterizations.

The effects of nanoclay on the formulation and properties on PP nanocomposites varied
with the types of clays that are different in the types and concentration of intercalants.
Among the five types of clays, 15A, 20A and 30B have better thermal stability than I30E
and I31PS, while 15A, I30E and I31PS show better mechanical performance than the
others. In addition, nanoclay has an apparent nucleating effect as it increases the
crystallization temperature (T.). The presence of 3% nanoclay without coupling agent

cannot significantly improve tensile and flexural properties of PP matrix.

In contrast with conventional composites, the role of coupling agent in PP
nanocomposites is not only to improve the interface but also to improve the clay
dispersion in the PP matrix. Besides, coupling agent chemistry, such as the molecular
weight, the type and amount of functional groups can significantly affect the performance
of the nanocomposites. Among the five types of coupling agent used in this study, amine
and onium ion terminated coupling agent lead to a better dispersion and better

performance than MAgPP. It is very interesting to stress here that, the new type of
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coupling agent CA4 was studied for the first time and has demonstrated a great potential
for the development of polyolefin nanocomposites. With a modest orgno-clay content of
3-wt%, the tensile and flexural moduli have significantly improved by 52% and 31%
respectively, compared to pure PP. In addition, the combination of the clay chemistry and
coupling agent chemistry has to be fully considered in order to obtain the optimum
nanocomposites performance. The combination of Closite 15A and ammonium

terminated PP CA4 is highly recommended.

Among processing conditions, shear rate (rpm) does not have apparent effect on the clay
dispersion and the performance of the nanocomposites. However, lower temperature
(above the melting point) and residence time are recommended in order to obtain a good

dispersion and thus performance, while minimize degradation.
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8 Contributions

In this study, many factors that affect the formulation and properties of PP
nanocomposites have been investigated, including different clay types, different coupling
agents and processing parameters. The study did not only focus on a single parameter but
also a combination of these parameters. These effects have tremendous impact on the
manufacture of PP nanocomposites, which have not been fully explored so far. This
thesis was designed to contribute to the understanding on these effects in more complex

feature as follows.

1. The new coupling agents that possess functional groups - amine (NH,) and
ammonium (NH;") were studied for the first time. Their nanocomposites
performances were compared with those of nanocomposites prepared by the most
commonly used coupling agent - MAgPP. The results indicated that the systems
based on 15A clay and NH;" terminated coupling agent are superior compared to the

conventional one,

2. Effects of different types of MAgPP on PP nanocomposites, which contain different
molecular weight, acid number and purity, were also examined. The combined impact

of these issues of MAgPP have never been reported before.
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3. Different types of clay (Na-montmorillonite clay) mean that clay is modified by
different intercalants and/or different concentrations so that they have different
gallery distances and different chemistries. Effect of modified clays has been
demonstrated but no systematical research on the clay chemistry, clay source in

combination with different types of coupling agent has been published so far.

4. This research found that some interesting combinations of clay and coupling agent,

which provide good performance, such as CA1 with I31PS, CA4 with 15A.

5. Extruders are mostly employed to fabricate nanocomposites for industrial application,
due to the disadvantages of extruder to control the parameters, the study in this thesis
has been performed on the Plasticorder Brabender to fabricate nanocomposites. The
results obtained have provided a very good fundamental understanding on how to

control the balance between dispersion (thus good performance) and degradation.

6. Publications:

1) M.—T. Ton-That, S. G. Lei, K. C. Cole, S. V. Hoa, I. Pesneau, “Effect of
functionalization on the fabrication of polypropylene nanocomposites”. Second

International Symposium on Polymer Nanocomposites Science and Technology,

Bouchervile, QC, Canada, October 6-8, 2003.

2) S. G. Let, M.—T. Ton-That, K. C. Cole, S. V. Hoa, 1. Pesneau, “The role of
coupling agent on the formation of polypropylene nanocomposites”. Paper

submitted to Canadian Materials Quaterly.
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9 Suggestions for future work

In this thesis, many effects have been studied to obtain high performance PP

nanocomposites. The following work is felt necessary to be done in the future:

1) Since the loading of coupling agent and clay was very low in this work, changing the
sequence of adding materials during Brabender mixing may be helpful to get better

results: mix the coupling agent and clay first, then mix with PP.

2) Due to limits of Brabender mixing and compression molding, such as dead corner,
limited volume, small specimens (results were easily affected by defects), etc., some
work should be done using twin-screw extruder and injection molding machine based on

the obtained results.

3) The coupling agent plays a crucial role in the formulation of PP nanocomposites by
melt compounding method. To find/develop more effective coupling agent and optimum

composition will be an important topic in PP nanocomposites research.
4) In order to obtain a better understanding of the experiments results, further work on the

mechanism of the interaction between the clays and CA3 and CA4 coupling agent should

be done.
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