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ABSTRACT

NAME OF STUDENT: SARFRAZ HAIDER ABBASI

TITLE OF STUDY: RHEOLOGY AND SOLID-STATE PROPERTIES OF
POLYETHYLENE/CNT NANOCOMPOSITES: IMPACT
OF CNT CHARACTERISTICS AND SURFACE
MODIFICATION.

MAJOR FIELD : CHEMICAL ENGINEERING

DATE OF DEGREE: OCTOBER 2010

Nanocomposites of low density polyethylene (LDPE)/multiwall carbon nanotubes
(MWCNTSs) were prepared by melt blending. Different MWCNT [Long MWCNT
(LCNT), Modified MWCNT (MCNT) & Short MWCNT (SCNT)] were used. The effect
of surface modification and aspect ratio on dynamic, steady shear and extensional
rheology were studied. In general, the rheological tools used in this study reveal a
possible plasticization effect for MWCNT with high aspect ratio at low loadings (<1.0
wt%) and a filler effect at higher loadings (>1.0 wt%). The effect of COOH modification
was more apparent in extensional viscosity and in Nj to some extent. Aspect ratio has
influenced both viscous and elastic shear properties as well as strain hardening. Also,
analysis of mechanical properties revealed that yield strength and modulus increased with
increased loading of various MWCNTSs. However, ultimate strength, percent elongation
and toughness were reduced for 2% MWCNT loading and higher. Addition of
compatibilizer improved most of the mechanical properties. However, percent elongation
and toughness did not show any improvement. Thereafter, MCNT was further modified
to produce Cig-CNT. The addition of Cis-CNT to LDPE matrix improved most
mechanical properties. The use of C;g reduced dynamic viscosity and storage modulus at
all loadings covered in this study. Results of phase angle suggest no presence of network.
Addition of C13-CNT did not increase strain hardening, maintained extensional viscosity
and time of break. On the other hand, the effect of CNT loading surface modification and
aspect ratio on non isothermal crystallization kinetics reveal that presence of long
MWCNT promotes initial crystallization and it impacts both the onset as well as peak
crystallization temperatures. The Hoffman-Lauritzen theory showed a decrease in the
activation energy with the increase in MWCNT concentration which supports the
observed promotion of the initial crystallization. In summary, both the aspect ratio and
Cig surface modification of CNT proved to enhance both the mechanical and rheological
properties of LDPE/MWCNT nanocomposites. The selection of the proper surface
modifier and its compatibility with the matrix is the key in enhancing the properties of
the nanocomposites.
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CHAPTER ONE

INTRODUCTION

Since the landmark paper by lijima in 1991, CNTs have generated huge activity in most
areas of science and engineering due to their remarkable properties. Since then the nano-
science has drastically altered the landscape of scientific research and technology
development. Nano reinforcement of engineering materials can impart dramatic structural
(e.q., stiffness) and physical property benefits without adding significant weight (Deng et
al., 2007; Yoon et al., 2002). For example, nanolayered reinforcement can impart greater

thermal stability (Mishra et al., 2005; Gilman et al., 2000).

Ideally, the nanolayer reinforcement distributes internal stresses more uniformly allowing
greater dimensional latitude in forming and shaping processes compared to conventional
macroscale reinforcement. The unparalleled characteristics of clay nanolayers to boost
mechanical properties of an engineering polymer (Nylon-6) were first demonstrated by
Toyota researchers (Kojima et al., 1993). With only 4.2 wt.% of clay nanolayers, the
modulus doubled and heat distortion temperature increased by 80°C compared to the
pristine polymer, along with a reduction in water permeability and an increase in flame
retardant properties. These dramatic improvements in properties made it possible to

extend the use of low-cost polymers in under-the-hood applications.

Although several studies have been focused on producing nano-composites, many

practical challenges concerning their fabrication still remain, compromising the full
1



realization of their enormous potential. Dispersing nanotubes individually and uniformly
into the polymer matrix seems to be fundamental when producing composites with
enhanced and reproducible properties. The reinforcement efficiency of nanocomposites
with 2 to 6% of anisotropic nanoparticles can in some situations match that of
conventional composites with 40-50% of loading with classical fillers. Various nano
reinforcements are currently being developed; however, layered silicate clay minerals are
the most popular due to their availability (natural source), low cost and more importantly

environmentally friendly (Sinha Ray and Okamoto, 2003; Grim, 1953).

Various nano reinforcements currently being developed are nanoclay layered silicates
(Giannelis, 1996; Chen et al., 2005; Biswas and Sinha Ray, 2001; Giannelis et al., 1999;
Le Baron et al., 1999), cellulose nanowhiskers (Mohanty et al., 2003 a & b), ultra fine
layered titanate (Hiroi et al., 2004), and carbon nanotubes (Mitchell et al., 2002; P6tschke
et al., 2003; Andrews and Wisenberger, 2004). Of particular interest organically modified
layered silicate (OMLS) polymer nanocomposites. OMLS showed significant
enhancement of a large number of physical properties, including gas barrier properties,
flammability resistance, thermal and environmental stability of polymers (Sinha Ray and

Okamoto, 2003, Sinha-Ray and Bousmina, 2005).

These improvements were generally attained at lower silicate content (<6 wt%) compared
to that of conventionally filled systems. For these reasons, polymer/OMLS
nanocomposites are far lighter in weight than conventional composites, which make them
competitive with other materials for specific applications such as packaging and

automotive parts. Furthermore, the nanoscale morphology affords the opportunity to
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develop model systems consisting entirely of interfaces using conventional bulk
characterization techniques such as differential scanning calorimetry (DSC), rheology,
NMR, and various kinds of spectroscopy (Hackett et al., 1998; Hackett et al., 2000;
Vander Hart et al., 2001; Loo and Gleason, 2003). The main reason for these improved
properties in polymer/layered silicate nanocomposites is the high surface area of the
OMLS particles as opposed to conventional fillers (Chen et al., 2002). Layered silicates

generally have layer thickness in the order of 1 nm and very high aspect ratios (10-1000).

The conductivity (Andrews el al., 2002), strength, toughness (Dufres et al., 2002), and
flammability properties (Kashiwagi et al., 2002) of polymers may all be substantially
improved by the addition of CNTs. However, the effective utilization of CNTs in
nanocomposite applications may depend on the ability to homogeneously disperse them
into the polymer matrix (Baughman et al., 2002). Furthermore, extensive interfacial
interaction is required to achieve load transfer (Schadler et al., 1998) across the CNT-
polymer interface, to prevent re-aggregation during subsequent processing, and to enable
other enhanced properties in the nanocomposite. Nanotubes preferentially aggregate into
bundles, where adjacent tubes are held together by strong van der Waals' attractions

(Thess et al., 1996).

Considerable research has been focused on CNTs to improve their compatibility with
monomers and polymers (Hirsh et al., 2002; Cui et al., 2003). Compatibilization can be
achieved through functionalization, such as through covalently bonding organic groups
directly to the CNTs (Hirsh et al., 2002; Bahr et al., 2002). Mitchell and co-workers

reacted organic diazonium compounds with single-walled nanotubes (SWNTS) to
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facilitate incorporation into polystyrene (PS) by solution mixing in toluene (Mitchell et
al., 2002); Hill et al. functionalized SWNTs and multiwalled carbon nanotubes (MWNTS)
with a PS co-polymer, by esterification of carboxylic acid-functionalized nanotubes (Hill
et al., 2002); while Smith and co-workers reacted the carboxyl and hydroxyl groups on
oxidized SWNTSs with alkoxysilane-terminated amide acid polymers (Smith et al., 2004).
In some cases, covalent functionalization of the CNT sidewalls occurs to some extent.
This process may disrupt the extended p-networks on CNT surfaces, diminishing both
their mechanical and electronic properties. This is more of a concern for SWNTSs, since
MWNTs have interior tubes which would presumably remain intact. To avoid this
potential effect, several groups have focused on finding non-covalent approaches to
compatibilization. This can be accomplished through van der Waals' interactions between
the alkyl chain of a surfactant and the aromatic surface of the CNT (Hirsh et al., 2002).
The non-covalent compatibilization may be a more facile and practical processing

method.

It is believed that the dispersion of the CNT in the polymer matrix is strongly affected by
the polymer-CNT surface interactions, and hence the melt and solid state properties of the
nanocomposite are affected. Initially the impact of aspect ratio and chemical modification
of carbon nanotubes on the shear and extensional rheology of polyethylene
nanocomposites were studied. The effect of aspect ratio, surface modification &
compatibilizer on the mechanical & thermal properties of LDPE-MWCNT
nanocomposites were then studied. MCNT was then modified with C;g chain and

rheology, mechanical and thermal properties of LDPE/C15-CNT nanocomposites were



studied. The non-isothermal crystallization kinetics study of LDPE / MWCNT

nanocomposites was also carried out.



CHAPTER TWO

LITERATURE SURVEY

The following literature review will mainly search the melt rheology, mechanical
properties, increased interfacial interaction between fiber and matrix and improvement of
the dispersion of nano material into the matrix of polymer nanocomposites in general and

PEs in particular.

Small amplitude oscillatory shear measurements of polymeric materials (in strain
controlled rheometers) are generally performed by applying a time dependent strain of
y(t) = v%in (wt) and measuring the resultant shear stress t(t) = t° [G'sin (wt) + G'’cos
(ot)], where G" and G' are the storage and loss moduli, respectively. Generally, the
dynamic rheology of polymer melts depends strongly on the temperature and frequency
at which the measurement is carried out. In the case of polymer melts, it is expected that
polymers should exhibit characteristic of homopolymer-like terminal flow behavior,
expressed by the power-laws G'~»” and G''~® at high temperatures/low frequencies. For
polymer nanocomposites, such a behavior changes from liquid-like to solid-like (G'>>G"’

with G''~0) with increasing clay content.

In contrast to pure polymers, intercalated nanocomposites exhibit strong time dependent
behavior (Sinha Ray and Bousmina, 2005). With increasing shear rates, the shear-
viscosity attains a plateau after a certain time, and the time required to attain this plateau

decreases with increasing shear rates. The possible reason for this type of behavior may
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be due to the planer alignment of the silicate particles towards the flow direction under
shear. Polymer nanocomposites show a very strong shear-thinning behavior at high shear
rates. These observations suggest that the silicate layers are strongly oriented towards the
flow direction (may be perpendicular alignment of the silicate layers toward the
stretching direction) at high shear rates and that of pure polymer dominates shear-

thinning behavior.

Galgali et al. (2001) performed an experimental investigation on the creep behavior of
molten polypropylene organically modified clay nanocomposites. The nanocomposite
hybrids were prepared by melt intercalation in an extruder in the presence or absence of a
compatibilizer. They were subsequently annealed and simultaneously characterized using
high-temperature wide-angle X-ray diffraction (WAXD) and controlled stress rheometry.
The creep resistance of compatibilized hybrids was significantly higher than that of
uncompatibilized hybrids and increased with annealing time. The microstructure of the
nanocomposites was investigated by transmission electron microscopy (TEM) and high-
temperature WAXD showed the presence of clay crystallites dispersed within the
polymer matrix. The creep data together with the microstructural investigation are
probably indicative of a small amount of exfoliation from the edges of the clay

crystallites during extrusion and annealing.

The zero shear viscosity of the compatibilized nanocomposites with more than 3 wt %
clay was at least 3 orders of magnitude higher than that of matrix resin and the
uncompatibilized hybrids. Importantly, the large increase in zero shear viscosity was not

accompanied by any increase in the flow activation energy compared to the matrix
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polymer. The compatibilized hybrids also showed an apparent “yield” behavior. The
solid-like rheological response of the molten nanocomposite was suggested to originate
from large frictional interactions of the clay crystallites. Compatibilizer has a significant

influence in modifying the rheological behavior.

Lee and Han (2003) investigated the linear dynamic viscoelastic properties and non-
linear transient rheology of polycarbonate (PC) /clay nanocomposites at temperatures
ranging from 240° to 280°C. Nanocomposites of PC and natural montmorillonite (Cloisite
Na) or chemically modified clay (Cloisite 30B) were prepared by melt blending in a twin-
screw extruder. Cloisite 30B is a natural montmorillonite modified with methyl, tallow,
bis-2-hydroxyethyl, quaternary ammonium chloride (MT,EtOH). In both PC/Cloisite Na
and PC/Cloisite 30B nanocomposites the concentration of clay was varied from 2.3 to 4.3
wt%. In situ Fourier transform infrared (FTIR) spectroscopy results showed that at
temperatures ranging from 30 to 280°C the carbonyl groups in PC and the hydroxyl
groups in MT,EtOH of Cloisite 30B in PC/Cloisite 30B nanocomposites formed
hydrogen bonds, while no evidence of hydrogen bonding was observed in the PC/Cloisite
nanocomposites. TEM images showed that organoclay platelets were well dispersed in
PC/Cloisite 30B nanocomposites, while the untreated clay platelets are poorly dispersed
in PC/Cloisite Na nanocomposites. The results of rheological measurements (linear
dynamic viscoelasticity, non-linear transient shear flow, and steady-state shear flow)

supported the results of XRD FTIR and TEM.

Ren and Krishnamoorti (2003b) reported the nonlinear viscoelastic properties for a series

of intercalated nanocomposites of organically modified clay and a disordered styrene-
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isoprene di-block copolymer. The linear-to-nonlinear transition for stress relaxation
measurements was also examined. The nanocomposites exhibit strong shear thinning
behavior thought to result from orientation of the layers in response to the applied shear
deformation. The empirical Cox-Merz rule was found to be inapplicable for such
nanocomposites and that steady and dynamic oscillatory flow are not equivalent for such

materials.

Lim and Park (2000) investigated the rheological behavior of intercalated
polystyrene/layered silicate nanocomposites. Both storage and loss moduli increased with
silicate loading at all frequencies and showed non-terminal behavior at low frequencies
which is a typical behavior of non-homogeneous systems with ordered microstructures.
The rheological behavior in intercalated polystyrene/layered silicate nanocomposite was
suggested to depend not only on the intercalation of polymers, but also on the alignment
of silicate layers. Furthermore, the real time intercalation dynamics of polystyrene into
the layered silicate was monitored by rheological measurements. As polymer intercalates
into the silicate layers, long range order of alternating polymer/layered silicate was

suggested to preserve.

Solomon et al (2001) examined the melt-state linear and nonlinear shear rheological
properties of hybrid materials of polypropylene (PP) and amine-exchanged
montmorillonite. The materials were prepared by melt mixing with maleic anhydride
functionalized polypropylene as the compatibilizer. The clay interlayer spacing (as
determined by WAXD) increased upon melt mixing; however, the short range ordering of

the clay layers was preserved. Above clay loadings of 2.0 wt % the hybrid materials
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exhibited apparent low-frequency plateaus in the linear viscoelastic moduli. The hybrid
storage modulus was sensitive to the chemistry of the amine exchanged into the clay. The
amount of stress overshoot observed in flow reversal experiments was found to be a
function of the rest time allowed between the reversals. The transient stress in start-up of
steady shear scaled with the applied strain. These observations allow features of the
PP/montmorillonite hybrid structure to be deduced. The transient nonlinear rheology
suggests an anisometric, non-Brownian structure that is thermodynamically unstable. The
authors demonstrated the sensitivity of melt-state rheological measurements to inter

particle structure and chemistry of the hybrid materials.

Ren et al. (2003a) studied the kinetics of disorientation of polymer layered silicate
nanocomposites following alignment of the silicate layers by prolonged large amplitude
oscillatory shear using linear viscoelastic measurements. Nanometer thick disks with
diameters of 30 nm, 0.3-0.6 ¢ m, and 5 p m dispersed in polymer matrices exhibited
disorientation kinetics that was non-Brownian. The disorientation process exhibits
signatures of aging observed in soft-colloidal glasses and is shown to be independent of
temperature, nano particle size, and chemical details, viscoelasticity and molecular

weight of the polymeric matrix.

Lele et al. (2002) examined the experimental results for both the rheology and flow-
induced orientation of a series of intercalated syndiotactic polypropylene nanocomposites
which were prepared by melt intercalation in the presence or absence of an i-PP/maleic
anhydride copolymer. The nanocomposites showed typical rheological signatures of well-

dispersed intercalated nanocomposites such as a low frequency plateau in dynamic
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moduli and an apparent yield transition from very high viscosity at low shear stresses to
low viscosity above a yield stress. In situ XRD measurements during shear provided
direct evidence of rheology-microstructure links in these materials. It was found that the
clay could be easily oriented by shear and that a high degree of orientation can be
achieved after the vyield transition. Further, the rheo-XRD apparatus allowed
measurements of the relaxation of orientation upon the cessation of flow. The orientation
relaxation time matched the characteristic relaxation times estimated from independent
rheological measurements well. Also, Lim and Park (2001) studied the phase morphology

and rheological behavior of polymer/layered silicate nanocomposites.

Mousa and Karger (2001) examined rheological and thermodynamical behavior of
styrene/butadiene rubber-organoclay nanocomposites. Organophilic layered silicate
(montmorillonite type) was added up to 10 phr to a cured styrene/butadiene rubber
(SBR). The compounds were characterized in respect to their curing, rheological and
mechanical properties. Viscosity decreased as a function of shear rate and high
elongation at break of the compounds caused by the incorporation of organoclay were

observed.

Hyun et al. (2001) investigated the rheology of polyethylene oxide (PEO)/organoclay
nanocomposites. Using three different organoclays modified with the alkyl ammonium
salts, the effect of surfactants on organoclay surfaces in polymer/organoclay
nanocomposites was investigated by focusing on two major aspects: internal structure
analysis and rheological measurement of the nanocomposites. Rheological properties of

these nanocomposites exhibited different behavior with different modifier concentrations
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and surfactant sizes (chain lengths). Viscosity data showed that steady shear viscosity and
power-law behavior increase with organoclay content. Hysteresis phenomenon was also
enhanced with organoclay content. The increase in the storage/loss moduli, thermal
stability and interactions among organoclay platelets were observed to increase with

increasing organoclay content.

Krishnamoorti et al. (2001) investigated the linear and nonlinear melt state viscoelastic
properties for a series of layered silicate based intercalated polymer nanocomposites. The
study elucidated the role of highly anisotropic nanometer thick layers in altering the flow
properties of such hybrids. The steady shear viscosities for the nanocomposites exhibited
enhanced shear-thinning at all shear rates. The viscosity at high shear rates was almost
independent of silicate loading and comparable to that of the unfilled polymer. Further,
the elasticity, as measured by the first normal stress difference, when compared at
constant shear stress is surprisingly independent of the silicate loading and identical to
that of the unfilled polymer. This unique combination of unfilled polymer like viscosity
and elasticity for these filled nanocomposites was attributed to the ability of the highly-
anisotropic layered silicates to be oriented in the flow direction and results in a minimal

contribution by the silicate layers to both the viscosity and the elasticity of the hybrids.

Wu et al. (2005a) investigated the linear rheological behavior and thermal stability of
poly(butylene terephthalate)/epoxy/clay ternary nanocomposites. Epoxy resin was used
as a compatibilizer to prepare poly(butylene terephthalate)/clay nanocomposites (PCN)
via melt intercalation. Their results revealed that with the addition of epoxy, the silicates

were easily intercalated and present a nice dispersion in the matrix. The ternary hybrids
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showed a stronger solid-like response at terminal zone than that of the sample without
epoxy. Thermogravimetric analysis showed that only the hybrids with lower epoxy
loading (2-4 wt%) showed a higher thermal stability than that of the sample without
epoxy, while with increase in epoxy content, the thermal stability of the ternary
nanocomposites declined somewhat. The compatibilizer loadings did have an influence
on the performance of nanocomposites and, the best compatibilizer dosage, 4 wt%, was

decided by a new ‘crossover point’ rheological method.

Wu et al. (2004a) investigated the influence of chlorinated polyethylene (CPE) on
mechanical properties, morphology, and rheology of nanocomposites of poly(vinyl
chloride, PVC) and nanometric calcium carbonate particles. Nanocomposites of PVC and
nano-calcium carbonate (CaCOs3) particles were prepared via melt blending, and CPE as
an interfacial modifier was also introduced into the nanocomposites. The mechanical
properties, morphology, and rheology were studied. The elongation at break and Young’s
modulus also increased with increasing the nano CaCO3 concentration. Also, the notched
Izod impact strength achieved a significant improvement by incorporating CPE into the
nanocomposites, and obtained a value of 745 J/m. Morphology investigation indicated
that the nano CaCOs3 particles in the PVC matrix were encapsulated with a CPE layer.
The evaluation of rheological properties revealed that the introduction of nano-CaCOs;
particles into PVC resulted in a remarkable increase in the melt viscosity. However, the
viscosity decreased with addition of CPE, especially at high shear rates; thus, the

processability of the ternary nanocomposites was suggested to improve.

13



Lee and Han (2003b) studied the effects of polymer matrix/organoclay compatibility and
the gallery distance of organoclay on rheology of organoclay nanocomposites. The
organoclay nanocomposites were prepared with poly(ethylene-ran-vinyl acetate) (EVA),
poly(ethylene-ran-vinyl alcohol) having 53 mol % vinyl alcohol (EVOH), or
poly(ethylene-ran-vinyl acetate-ran-vinyl alcohol) having 5 mol % vinyl alcohol
(EVAOH) were investigated. Two organoclays from Southern Clay Products were used:
() Cloisite 30B treated with a surfactant containing tallow, quaternary ammonium
chloride, and hydroxyl groups and (ii) Cloisite 15A treated with a surfactant containing
hydrogenated tallow, quaternary ammonium chloride but no hydroxyl group. Thus, a total
of six nanocomposites were prepared by melt blending using a Brabender mixer. Before
taking rheological measurements, the nanocomposites were characterized by XRD and

TEM.

The linear dynamic viscoelastic measurements indicated that the dynamic storage
modulus of the (EVAOH)/Cloisite 30B and EVA/Cloisite 15A nanocomposites increased
as the temperature increased from 120° to 180°C, while the dynamic storage modulus of
the (EVAOH)/Cloisite 15A and EVA/Cloisite 30B nanocomposites decreased with
increasing temperature. The intermittent shear flow experiments indicated that structural
reorganization occurred, during the rest period upon cessation of the initial transient, in
the (EVAOH)/Cloisite 30B and EVA/Cloisite 15A nanocomposites, while there was very
little evidence of such behavior in the (EVAOH)/Cloisite 15A and EVA/Cloisite 30B
nanocomposites. Their rheological observations were explained in terms of the

compatibility between the polymer matrix and organoclay and the gallery distance of
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organoclay. In-situ FTIR indicated that EVAOH and Cloisite 30B, which both have
hydroxyl groups, formed hydrogen bonds even at 180°C, the highest experimental
temperature employed, while little evidence was found indicating the formation of

hydrogen bonds between EVAOH and Cloisite 15A.

Lee et al (2004) studied the time and shear dependent rheology of maleated polyethylene
and its nanocomposites. Dipole—dipole and/or hydrogen-bonding interactions between the
pendant functional groups within maleated HDPE (PE-g-MAn) establish a physical
polymer network, whose formation kinetics and shear-sensitivity are revealed by
dynamic oscillatory testing. The pronounced time and shear dependent viscoelastic
properties of PE-g-MAnN were not observed for a corresponding imide derivative, PE-g-

imide, presumably due to weakened functional group associations in the latter material.

Dynamic mechanical analysis (DMA) measures the response of a given material to an
oscillatory deformation as a function of temperature or frequency. DMA results are
composed of three parameters: (a) the storage modulus (G’ or E’), (b) the loss modulus
(G" or E"”), and (c) tan o, the ratio (G”/G" or E"/E’), useful for determining the
occurrence of molecular mobility transition, such as the glass transition temperature (Tg).
DMA has been used to study temperature dependence of G’ of polymers upon
nanocomposite formation under different experimental conditions. (Sinha Ray et al.,
2003). The enhancement of G’ at high temperature was observed by Maiti et al. (2002)
and suggested to be due to mechanical reinforcement by the silicate layers as well as

extended intercalation at high temperature. Above T4, when materials become soft, the
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reinforcement effect of the silicate layers becomes prominent due to the restricted

movement of the polymer chains.

The tensile modulus of a polymeric material has been shown to be remarkably improved
when nanocomposites are formed with layered silicates (Sinha Ray and Okamoto, 2003).
The dramatic enhancement of the modulus for such extremely low clay concentrations
cannot be attributed simply to the introduction of the higher modulus inorganic filler
layers. A theoretical approach is assuming a layer of affected polymer on the filler
surface, with a much higher modulus than the bulk equivalent polymer (Shia et al., 1998).
This affected polymer can be thought of as the region of the polymer matrix that is
physisorbed on the silicate surface, and is thus stiffened through its affinity. Obviously,
for such high aspect ratio fillers as silicate layers, the surface area is exposed to the

polymer

The thermal stability of polymeric materials is usually studied by thermogravimetric
analysis (TGA). The weight loss due to the formation of volatile products after
degradation at high temperature is monitored as a function of temperature. When the
heating occurs under an inert gas flow, a non-oxidative degradation occurs, while the use
of air or oxygen allows oxidative degradation of the samples. Generally, the
incorporation of clay into the polymer matrix was found to enhance thermal stability by
acting as a superior insulator and mass transport barrier to the volatile products generated

during decomposition.
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Bandyopadhyay et al. (1999) reported the first improved thermal stability of polymer
nanocomposites that included clay. These nanocomposites were prepared by melt
intercalation. Authors argue that the silicate layers act as a barrier for both the incoming
gas and also the gaseous by-products, which in one hand increases the degradation onset
temperature and also widens the degradation process. The addition of clay enhances the
performance of the char formed, by acting as a superior insulator and mass transport
barrier to the volatile products generated during decomposition. Recently, there have
been many reports concerned with the improved thermal stability of polymer
nanocomposites prepared with various kinds of organically modified layered silicate

(Chang et al., 2003 b & c; Paul et al., 2003).

Liu and Wu (2002) investigated polyamide 66/Clay nanocomposites via melt
intercalation. Polyamide 66/clay nanocomposites (PA66CN) were prepared via a melt
compounding method using a new kind of organophilic clay, which was obtained through
co-intercalation of epoxy resin and quaternary ammonium into Na modified clay. The
dispersion effect of silicate layers in the matrix was studied by means of XRD and TEM.
The silicate layers were dispersed homogeneously and nearly exfoliated in the matrix as a
result of the strong interaction between epoxy groups and PA66. The mechanical
properties and heat distortion temperature of PAG6CN increased dramatically. The
notched lzod impact strength of PA66CN was 50% higher than that of PA66 when the
clay loading was 5 wt%. Even at 10 wt% clay content, the impact strength was still
higher than that of PA66. The finely dispersed silicate layers and the strong interaction

between silicate layers and the matrix reduced the water absorption, at 10 wt% clay
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content; PAG66CN only absorbs 60% water compared with PA66. The addition of silicate

layers changed the crystal structure in PA66CN.

Ma et al. (2005) examined the preparation, morphology, and mechanical, electrical, and
thermal properties of polystyrene nanocomposite materials. Polystyrene (PS) resin
nanocomposites were prepared with antistatic properties by melt blending PS with
nanoscale zinc oxide (ZnO). The effects of nanoscale ZnO on the electrical and physical
characteristics of the PS nanocomposites were investigated. Two kinds of nanoscale
powders, spherical ZnO (s-ZnO) and zinc oxide whisker (w-ZnQO), were selected. The
coupling agents, vinyltriethoxysilane (VTES) and phenyltriethoxysilane (PTES) were
used to improve the compatibility between the nano powders and PS resin. The addition
of s-ZnO and w-ZnO improved the antistatic characteristics of the materials. The surface
resistivities of the s-ZnO and w-ZnO nanocomposites were significantly reduced by
modification with VTES and PTES. The addition of ZnO nano powder increased the
flexural modulus and reduced the flexural strength. The silane coupling agents improved
the flexural properties of the nanocomposites. The glass-transition temperatures and
thermal degradation temperatures of the ZnO/PS nanocomposites increased with ZnO
content. Treatment with silane increased the glass-transition temperatures and thermal

degradation temperatures of the composites.

Zhang and Fang (2005) investigated the enhancement of radiation-resistant effect in EVA
copolymers by the formation of EVA copolymers/clay nanocomposites. EVA
copolymers/clay nanocomposites, prepared by using non-reactive organophilic clay and

reactive organophilic clay, were characterized by XRD and by high-resolution TEM. The
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influence of gamma irradiation on the structure and properties of the pure EVA and
EVA/clay nanocomposites was systematically investigated. In the presence of gamma
radiation, the clay was observed to restrain the increase of the storage modulus of
EVA/clay nanocomposites, which was supported by DMA. Gamma irradiation was
suggested to have almost no effect on the thermal properties of EVA/clay
nanocomposites. However, the use of reactive organophilic clay improved the thermal

stability of EVA/clay nanocomposites by using.

Ni et al. (2005) reported results on preparation and characterization of a novel polyether
polyurethane/clay nanocomposites synthesized with organically modified clay MMT as
chain extenders. The mechanical analysis indicated that, when the organically modified
clay was used as a chain extender to replace a part of the 1,2-diaminopropane to form
PU/clay nanocomposites. The strength and strain at break of the polymer was enhanced
when increasing the content of nanoclay in the matrix. When the nanoclay content
reached about 5%, the tensile strength and elongation at break were over 2 times that of
the pure PU. The thermal stability and the glass transition of the modified clay/PU

nanocomposites also increased with increasing clay content.

Zhang et al. (2005) investigated PE and PP nanocomposites based upon oligomerically
modified clay (lauryl clay). Nanoclay was modified with an oligomeric surfactant, which
was then melt blended with PE and PP in a Brabender mixer. The morphology was
characterized by XRD and TEM, while thermal stability was evaluated from TGA and

the fire properties by cone calorimetry. The nanocomposites were best described as
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mixed immiscible/intercalated/delaminated systems and the reduction in peak heat

release rate is about 40% at 5% inorganic clay loading.

Shin et al. (2003) investigated in situ polymerization using bi-functional organic
modifiers of PE—clay hybrid nanocomposites. A hybrid PE—clay nanocomposite was
prepared wusing in situ polymerization with bi-functional organic modifiers.
Morphological characterization of the product showed that a fraction of the PE chains
was chemically linked to the silicate surface. The chemical modification and intercalation
of nanoclay was carried out with alkylaluminum and vinyl alcohol. The vinyl groups
chemically linked to the silicate surface were copolymerized with ethylene inside the clay
galleries using a coordination catalyst. The polymerization led not only to effective
exfoliation of the layered silicate but also to PE chains that were chemically bonded to

silicate surface.

Tjong and Meng (2003) reported their results on preparation and characterization of melt-
compounded polyethylene/vermiculite nanocomposites. PE-layered vermiculite (VMT)
nanocomposites were fabricated via direct melt compounding in a twin-screw extruder
followed by injection molding. Exfoliated PE/VMT nanocomposites were readily
prepared via in situ melt mixing of maleic anhydride modified VMT with PE. Maleic
anhydride acts as either the intercalation agent for VMT or as a compatibilizer for the PE
and VMT phases. XRD and TEM observations revealed the formation of exfoliated
PE/VMT nanocomposites. The experimental results showed that the storage modulus and
strength of nanocomposites tend to increase with increasing VMT content. Nearly 25%

increment in the tensile strength and 50% increment in the storage modulus were
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achieved by incorporating 4 wt % VMT into PE. The thermal properties of the
nanocomposites were investigated by DMA and DSC. The glass-transition temperature of
PE/VMT nanocomposites appeared to increase upon the introduction of VMT into the PE

matrix.

Zhang and Wilkie (2005) examined the preparation and flammability properties of PE
and modified clay nanocomposites. PE—clay nanocomposites were prepared using melt
blending in a Brabender mixer. XRD and TEM were used to characterize the nano-
structure of these composites while the thermal stability was evaluated from TGA and the
flammability parameters using cone calorimetry. It was found that the PE-clay
nanocomposites had a mixed immiscible-intercalated structure and there is better
intercalation when maleic anhydride is combined with the polymer and clay to be melt

blended. The reduction in peak heat release rate is 30-40%.

Hasegawa et al. (2004) prepared and characterized ethylene propylene rubber (EPR)—clay
nanocomposites based on maleic anhydride-modified EPR and organophilic clay. EPR-
clay nanocomposites (EPR—CNSs) were prepared by melt-compounding maleic anhydride
modified EPR (EPR-MA) with organophilic clay, and their properties were examined.
Silicate layers of organophilic clay were found to exfoliate and homogeneously disperse
into the nanometer level in the nanocomposites by TEM observation. EPR-CNs exhibited
higher tensile moduli compared to EPR-MA and composites containing conventional
fillers such as carbon black talc. The storage moduli of EPR-CNs were also higher than
those of EPR-MA and the conventional composites. Creep resistances of EPR-CNs were

much improved compared for EPR-MA. Also, Lin et al. (2005) presented a novel method
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to prepare chitosan/clay nanocomposites. Chitosan is a partially deacetylated derivative
of chitin, the most abundant natural polymer next to cellulose. The exfoliated nanoclay
layers were found to flatten out in parallel with the surface, which not only increased the

tensile strength of the chitosan film but also hindered degradation.

Osman and Rupp (2005) studied the interfacial interactions and properties of PE-layered
silicate nanocomposites. Organically modified nanoclay, carrying alkyl chains, phenyl
groups, or a combination of both, were prepared and compounded with PE. The oxygen
permeability coefficients and tensile properties of the nanocomposites were correlated to
the exfoliation of the organically modified nanoclay. Partial exfoliation was achieved,
although no intercalation was observed. Aromatic moieties attached to the clay surface

led to a stronger interaction between the OMMT layers and reduced exfoliation.

Mishra and Shimpi (2005) reported the mechanical and flame-retarding properties of
SBR filled with nano-CaCOs as a filler and linseed oil as an extender. A nano size CaCO3
filler was synthesized by an in situ deposition technique, and its size was confirmed by
XRD. Because of the reduction in the nano size of CaCOs, drastic improvements in the
mechanical properties were found (Mishra and Shimpi, 2005). The size of 9 nm showed
the highest increase in the tensile strength (3.89 MPa) in comparison with commercial
CaCOs; and the two other sizes of nano- CaCO; up to an 8 wt % loading in SBR. The
elongation at break also increased up to 824% for the 9-nm size in comparison with
commercial CaCOj3 and the two other sizes (15 and 20 nm) of nano- CaCOs. Also, these
results were compared with nano-CaCOgs-filled SBR without linseed oil as an extender.

The modulus at 300% elongation, hardness, specific gravity, and flame-retarding
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properties increased with a reduction in the nano size with linseed oil as an extender,

which helped with the uniform dispersion of nano- CaCOs in the rubber matrix.

Al-Kandary et al. (2005) investigated the morphology and thermomechanical properties
of compatibilized polyimide-silica nanocomposites. Polyimide-silica nanocomposites
were prepared from an aromatic polyamic acid derived from pyromellitic dianhydride
and oxydianiline and a silica network using the sol-gel reaction. Compatibilization of the
two components was achieved by modifying the silica network with imide linkages.
Morphology, thermal, and mechanical properties of these composite materials were
studied as a function of silica content. Results were compared with unmodified silica
network. The tan & spectra obtained from DMA showed a large increase in the glass
transition temperature with increasing silica content for the compatibilized system in
contrast to the un-compatibilized one. Mechanical properties of the polyimide composites

improved due to better interaction between the organic and inorganic phases.

Hotta and Paul (2004) analyzed the nanocomposites formed from LLDPE and
organoclays. PE-clay nanocomposites were prepared by melt compounding various
combinations of a maleic anhydride grafted LLDPE (LLDPE-g-MA), a LLDPE, and two
organoclays. The two types of organoclays were selected to show the effect of the
number of alkyl groups attached to the nitrogen of the organic modifier on exfoliation
and improvement of mechanical properties. Nanocomposites derived from the organoclay
having two alkyl tails, exhibited better dispersion and improvement of mechanical
properties than nanocomposites based on the organoclay having one alkyl tail. This result

was the opposite of what was observed for nylon-6 nanocomposites. In addition, the
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rheological properties and gas permeability of the nanocomposites derived from the
organoclay having two alkyl tails were investigated. Both melt viscosity and melt
strength increased with increased content of clay (MMT) and LLDPE-g-MA. Gas

permeability was decreased by the addition of MMT.

Chen et al. (2005) attempted a new method to improve the interaction between
poly(butylene succinate) (PBS) and a commercially available organoclay, Cloisite 25A
(C25A), by the addition of epoxy groups to the clay. Epoxy groups were grafted to C25A
by a treatment with (glycidoxypropyl) trimethoxy silane to produce twice functionalized
organoclay (TFC). The morphological structure of the composites was analyzed with
XRD and TEM. The higher degree of exfoliation of the silicate layers in PBS/TFC and
the improved mechanical properties, in comparison with those of PBS/C25A, were
attributed to the increased interfacial interaction between PBS and TFC. TFC accelerated
the crystallization of PBS more effectively than C25A, and this indicated that TFC was

more efficient for the nucleation than C25A.

Wu and Chu (2005b) described the preparation and characterization of thermoplastic
vulcanizate/silica nanocomposites. The nanocomposites were prepared by the melt
blending of TPV and maleic anhydride grafted PP (mPP) into organically modified SiO,
(m-Si0Oy), treated with n-hexadecyl trimethylammonium bromide as a grafting agent for
TPV during the melt mixing. The thermal stability and storage modulus of the 1 wt % m-
SiO2 containing TPV/mPP/m-SiO, nanocomposite were higher than those of pristine
TPV. DMA revealed that the glass-transition temperature of the PP phase of the

nanocomposites increased (in comparison with that of virgin TPV), whereas the
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ethylene—propylene—diene monomer phase remained almost the same. The adhesion
strength between the TPV/mPP/m-SiO, nanocomposites and steel also increased with

increasing m-SiO-, content.

Yang et al. (2003) prepared PE/ Montmorillonite nanocomposites by in situ coordination
polymerization using a nanoclay/MgCl,/TiCl, catalyst activated by Al(Et)3. The catalyst
was prepared by first diffusing MgCl; into the swollen MMT layers, followed by loading
TiCls on the inner/outer layer surfaces of MMT where MgCl, was already deposited. The
intercalation of nanoclay layers by MgCl, and TiCl, was demonstrated by the enlarged
interlayer spacing determined by WAXD. The nanoscale dispersion of nanoclay layers in
the PE matrix was characterized by WAXD and TEM. As a consequence, the crystallinity
of the nanocomposite decreased sharply, whereas the tensile strength was significantly
improved compared to that of virgin PE of comparable molecular weight. The
confinement of the nanodispersed clay layers to molecular chain and the strong
interaction between the nanoscale nanoclay layers and the resin matrix were thought to

account for the decrease of crystallinity and the remarkable enhancement of strength.

Van Zyl et al. (2002) synthesized a hybrid inorganic-polymer composite through
nanosize silica filler particles (<30 nm) that were incorporated inside a nylon-6 matrix.
Compared to pure nylon-6, mechanical tests on the hybrid composite showed an increase
in impact toughness, an increase in modulus as a function of filler percentage, and a

strain-at-break of more than 50%.
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Lee et al. (2005) synthesized and characterized PE-based ionomer nanocomposites. The
introduction of ionic functionality resulted in substantial increase in melt elasticity and
viscosity, as well as improved ability to exfoliate onium ion-exchanged nanoclay (NR4C-
MM) and to disperse nanosilica (SiO2). Physical and rheological analysis of these
nanocomposites suggest that in spite of its relatively small surface area and its capacity to
engage only in ion-dipole interactions with PE-g-PA, nanosilica provided a better
balance of viscoelastic and mechanical properties when compared with onium-ion

exchanged nanoclay.

Kim et al. (2004) studied the synthesis and material properties of syndiotactic
polystyrene/organophilic clay nanocomposites. Syndiotactic polystyrene
(sPS)/organophilic clay nanocomposites were fabricated by direct-melt intercalation
method. To overcome the thermal instability of organophilic clay at high-melt processing
temperatures of sPS, organophilic clay modified by alkyl phosphonium was adopted,
which is known to be thermally stable. The microstructures of nanocomposites were
confirmed by XRD and TEM. The crystallization rate of nanocomposites investigated by
DSC does not increase despite the presence of clay, which was suggested by the authors
to be a result of physical hindrance of organic modifiers in the clay dispersion.
Nanocomposites exhibited enhanced mechanical properties such as strength and stiffness
relative to the virgin polymer. In addition, thermal stability was confirmed to be

improved by TGA.

Gopakumar et al. (2002) investigated the influence of clay exfoliation on the physical

properties of nanoclay/polyethylene composites. Melt compounding was used to prepare
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conventional composites of Montmorillonite clay and PE as well as nanocomposites of
exfoliated nanoclay platelets dispersed in a maleated polyethylene (PE-g-MAnN) matrix.
The extent of clay platelet exfoliation in the PE-g-MAnN nanocomposites was confirmed
by XRD and resulted in a significant reduction of the degree of crystallinity and increased
polymer crystallization rates. Studies of non-isothermal crystallization kinetics suggested
that the exfoliated clay promotes heterogeneous nucleation and two-dimensional
crystallite growth. PE/clay composites behaved in a similar manner as conventional
macro composites, exhibiting modest increases in their rheological properties and
Young’s modulus. Conversely, the nanoscale dimensions of the dispersed clay platelets
in the nanocomposites led to significantly increased viscous and elastic properties and
improved stiffness. This was attributed to the high surface area between the polymer

matrix and the exfoliated clay, which resulted in enhanced phase adhesion.

Wu et al. (2004b) investigated the effects of characteristics of rubber, mixing and
vulcanization on the structure and properties of rubber/clay nanocomposites by melt
blending. Three rubber-based nanocomposites, natural rubber (NR), SBR and
ethylenepropylene-diene rubber (EPDM) matrices, were prepared with octadecylamine
modified fluorohectorite (OC) by melt blending. XRD revealed that the SBR/OC and
EPDM/OC nanocomposites exhibited a well-ordered intercalated structure and a
disordered intercalated structure, respectively. In the case of the NR/OC nanocomposite,
it exhibited an intermediate intercalated and even exfoliated structure. These results were

in good agreement with TEM observations.
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Furthermore, in the NR/OC and SBR/OC systems, the mixing process was suggested to
play a predominant role in the formation of nanometer-scale dispersion structure, whereas
the intercalated structure of EPDM/OC formed mainly during the vulcanization process.
The tensile strength of SBR/OC and EPDM/OC nanocomposites loading 10 phr OC was
observed to be 4-5 times higher than the value obtained for the corresponding pure
rubber vulcanizate. The authors suggest that the slippage of the rubber molecules and the
orientation of the intercalated OC is likely the reason for the enhancement of tensile
strength. For the strain-induced crystallization, the exfoliated OC improved the modulus
of the NR/OC nanocomposite relative to the pure NR. However, the decrease in tensile
strength of NR/OC was believed to be a consequence of hindrance of strain hardening on

NR crystallization during the tensile process.

Ramanathan et al. (2005) produced polymer nanocomposites of poly- (methyl
methacrylate) (PMMA) and amide-functionalized single walled carbon nanotubes
(SWNTSs). They demonstrated that even at very low loadings, 1 wt % (0.5 vol %), the
mechanical and electrical properties were significantly improved. The improvement over
PMMA properties exceeds the theoretical bounds for composites with the same volume
fraction loading of randomly oriented, straight, individually dispersed nanotubes. There
experimental results thus suggested that the nanotube bundles were well dispersed in the
polymer matrix, that the functionalization significantly improves interaction with
polymer, and that the interphase formed has improved mechanical properties over that of
the matrix material. Loss modulus results indicate a significant difference between

functionalized and non-functionalized tubes in the composite. Functionalized tubes
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resulted in a composite in which relaxation mechanisms were shifted by 30°C from that
of the matrix material, indicating extensive interphase regions and absence of PMMA
with bulk properties. Unfunctionalized composites demonstrated a broadening of
relaxation modes, but still retain the signature of bulk PMMA properties. These data
suggest a morphological difference with a discrete interphase layer in unfunctionalized
composites and a fully transformed matrix in the case of functionalization. This

difference is consistent with electrical and mechanical property data.

Buffa et al. (2005) functionalized Single wall Carbon nanotube with 4-
hydroxymethylaniline (HMA) via the diazonium salt. Thermal analysis indicated 1 out of
every 33 C atoms remained functionalized. Raman, FTIR, and optical absorption
spectroscopy confirmed the side-wall functionalization and show that it can be reversed
by thermolysis. The OH group that was generated from the functionalization could be
used to start the ring-opening polymerization of e-caprolactone. The polymer produced

remained grafted to the nanotube and was demonstrated by FTIR.

Bellayer et al. (2005) produced multiwalled carbon nanotubes (MWNT)/polystyrene
nanocomposites via melt extrusion. They used trialkylimidazolium tetrafluoroborate-
compatibilized MWNTSs that were well dispersed in the matrix. They used DSC, X-ray
diffraction to show st-cation, nanotube-imidazolium interaction and the conversion from
an interdigitated bilayer, for the imidazolium salt, to an ordered lamellar structure, for the

imidazolium on the surface of the MWNTS.
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Al-Ostaz et al. (2007) used molecular dynamic simulation to study single-wall carbon
nanotube (SWCNT) embedded in polyethylene matrix. They also compared the elastic
properties of bundles with 7, 9, and 19 SWCNTSs. The results they obtained were in good
agreement with experimental data. They found out that interface is an important

constituent of CNT-PE composites. They were able to model it with reasonable success.

Kanagaraj et al. (2007) produced CNT/ high density polyethylene (HDPE)
nanocomposites. The nanocomposites were produced by injection molding of high
density polyethylene (HDPE) reinforced with specific volume fraction of CNTs. CNT-
HDPE composites showed a good enhancement of mechanical properties with an
increase of CNT concentration, even though it is not very significant. Halpin—Tsai model
and modified series model give a close agreement to calculate Young’s modulus of
CNT-HDPE composites. The measure of reinforcement increases with an increase of

CNT because of good load transfer effect and interface link between CNT and polymer.

Mierczynska et al. (2006) developed a method for preparation conductive composites of
ultrahigh-molecular weight polyethylene with different carbon nanotubes (CNTSs) as
conductive fillers. The composites were prepared through the covering of the surface of
polyethylene granules with CNTs and sintering under optimized conditions. They
investigated electrical and mechanical properties of the composites as functions of the
CNT concentration and CNT dispersion process for several kinds of single-walled carbon
nanotubes (SWCNTs) and multiwalled carbon nanotubes (MWCNTSs). The CNTs were
not uniformly dispersed in the composites but were prelocalized on the granule

boundaries, very efficiently forming conductive networks. It was, however, critically
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important to ensure the good dispersion of the nanotubes in the microscale, and this was
performed by sonication in solvents before dry mixing. The mechanical properties of the
composites were also strongly modified by the presence of CNTs. The modulus and
ultimate strength increased by about 100% with 2% CNTs. The elongation at break
decreased but was still about 500-1000%. Near the electrical percolation threshold, the

mechanical properties were not significantly modified.

Kuan et al. (2007) developed a novel method to prepare the carbon nanotube
(MWCNT)/linear low density polyethylene (LLDPE) composite. The method is a
combination of free radical reaction and water-crosslinking reaction. The composite
produced was characterized by Raman and FT-IR. Mechanical properties and thermal
stability of the composite were significantly improved after silane modification and

water-crosslinking reaction.

The above literature review shows that the focus of previous research is on nanoclays
rather than CNT. In addition, the work on surface modification is very limited. Further,
the dispersion and orientation of the CNT in the polymer matrix is strongly affected by
the polymer-CNT surface interactions, and this will have a direct correlation of the
rheological and mechanical property of the nanocomposite. However, this issue was not
studied thoroughly in the literature. Therefore, this study is expected to shed light on
how the specific CNT characteristics such as aspect ratio and its surface properties will
influence the final properties of nanocomposites. A detailed investigation of aspect ratio
and surface modification of the CNT and its ultimate impact on the rheological and

mechanical properties of s-CNT-PE nanocomposite was carried out.
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CHAPTER THREE

OBJECTIVES

This research work done herewith will assess the possibility of improving the mechanical
properties of local PE resins using CNT. CNT will be modified in the university
laboratory as well as purchased from the market and would be used in combination with
resins to develop new polymer nanocomposites that will add high value to the polyolefins
produced in the Kingdom. Then, a detailed investigation of the impact of CNT addition
on PEs properties will be carried out. This includes rheological testing, mechanical
properties, and thermal properties. Specific attention will be given for the effect aspect
ratio and surface modification of the CNT and its ultimate impact on the mechanical and

rheological properties in s-CNT-PE nanocomposites.

This research proposal has the following detailed objectives:

1. Determine the impact of CNT loading that leads to enhanced mechanical and melt
properties using SEM analysis and rheological testing.

2. Specify the melt conditions of temperature and shear that leads to enhanced
mechanical properties of the CNT-PE nanocomposites.

3. Modify the CNT surface to improve their dispersion in the PE matrix and see its
effect of the overall mechanical properties of CNT-PE nanocomposite.

4. Incorporate suitable compatibilizer to improve the interfacial interaction between
CNT and the PE matrix, ultimately enhancing the mechanical properties.
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The results of this research are expected to develop local expertise in surface

modification and polymer nanocomposites.
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CHAPTER FOUR

RESULTS & DISCUSSION

4.1. Impact of Aspect ratio and Chemical modification of
Carbon Nanotubes on the shear and extensional Rheology of
Polyethylene Nanocomposites.

4.1.1. Abstract

In this paper, the effect of aspect ratio and chemical modification of multiwall carbon
nanotubes (MWCNT) on the rheological behavior of low density polyethylene (LDPE)
nanocomposites were studied. Fifteen different samples were prepared by melt blending
using different MWCNT to study both effects. Agglomerations were observed in the
produced nanocomposite as shown by FE-SEM. The shear rheology suggested no
network formation was present in nanocomposites with low or high aspect ratio CNTSs.
Both dynamic (') and steady shear viscosities (n) increased with increased CNT and
aspect ratio. However, at low loadings of up to 1 wt% and for CNT with high aspect ratio
1, n, and G’ for the nanocomposites were below the corresponding values for the matrix.
The Cox-Merz rule did not hold for the different nanocomposites. No negative normal
forces were observed for CNT loadings up to 5 wt% and aspect ratio of 375. Results of
extensional viscosity show that nanocomposites with high aspect ratio (LCNT) exhibit
the highest strain hardening followed by chemically modified CNT (MCNT) and then
short CNT (SCNT). For all types of nanocomposites, the time of break decreases with the

increase in aspect ratio and henky rate. The value of critical extensional stress increased
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with the increase in loading and henky rate for both LCNT and MCNT. Different
rheological properties such as ', 1, G’ and N agree that CNTs with high aspect ratio can
lead to viscous and elastic properties of nanocomposites that are lower than the matrix.
MWCNT are suggested to play a role of plasticizer as well as filler depending on their

aspect ratio and loading.

4.1.2. Introduction

Since 1991 [1], the nano-science has revolutionized the landscape of modern scientific
research and technology development. It has been observed time and again that nano
reinforcement of engineering material can cause dramatic structural (e.g., stiffness) and
physical property benefits without adding significant weight [2]. For example, nano
layered reinforcement can induce greater thermal stability [3-4]. It is believed that the
dispersion and orientation of the CNT in the polymer matrix is strongly affected by the
polymer-CNT surface interactions, and hence the ultimate properties of the nano-
composite. However, it is also observed that a lot of effort and research has been
diverted towards improvement of mechanical, thermal and conductive properties, plus
improvement of the dispersion of nano materials. The dispersion of nanomatierals has a

major impact on the rheological properties of nanocomposites and hence their processing.

Generally, the dynamic shear rheology of polymer melts depends strongly on the
temperature and frequency at which the measurement is carried out. In the case of
unstructured polymer melts, it is expected that polymers exhibit characteristic of
homopolymer-like terminal flow behavior, expressed by the power-laws G'~»* and G"~®

at high temperatures/low frequencies. For polymer nanocomposites, even if the
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nanomaterial is not carbon nanotubes (CNTSs), such a behavior changes from liquid-like
to solid-like (G'>>G") with increasing nanomaterial content [5-8]. Galgali et al. [5]
showed that zero-shear viscosity of the compatibilized nanocomposites with more than 3
wt % nanoclay was at least 3 orders of magnitude higher than that of matrix resin and the
uncompatibilized hybrids. Lim and Park [6] showed that storage and loss moduli
increased with nanomaterial loading at all frequencies and showed non-terminal behavior
at low frequencies. Wu et al. [8] investigated the rheology of nanocomposites of
poly(vinyl chloride) and nanometric calcium carbonate particles. The evaluation revealed
a remarkable increase in the melt viscosity with the addition of nanomaterial. However,
the viscosity decreased at high shear rates. This drop in viscosity for nanocomposite at
high shear rate has been reported in other literature as well [9-10]. Krishnamoorti et al
[10] attributed, this drop in viscosity at high shear rates and becoming almost equal to
unfilled polymer, to layered silicates being oriented in the flow direction and resulting in

minimum contribution to viscosity at high shear rates.

In contrast to pure polymers, intercalated nanocomposites exhibit strong time dependent
behavior [11-13]. With increasing shear rates, the shear-viscosity attains a plateau after a
certain time, and the time required to attain this plateau decreases with increasing shear
rates. Polymer nanocomposites show a very strong shear-thinning behavior at high shear
rates. Ren and Krishnamoorti [14] reported strong shear thinning behavior of the
nanocomposites thought to have resulted from orientation of the layers in response to the
applied shear deformation. The empirical Cox-Merz rule was found to be inapplicable for

such nanocomposites and that steady and dynamic oscillatory flow are not equivalent for
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such materials. Carbon nanofibers (CNFs) have also been used with polymers as well
[15-17]. Lozano et al. studied rheological properties of CNF / polymer nanocomposite.
They used PE [16] and PP [17]. In both studies they used upto 30 wt% loading. Viscosity
and storage modulus enhancement with increased CNF loading was reported. Shear
thinning behavior at higher frequencies was also observed, more prominent at high CNF

loadings.

Apart from nanoclay and CNFs, CNTs were used with polymer matrix [18-22]. Lee et al
[18] used chemically functionalized MWCNTs and PP was used as matrix. Complex
viscosity, i, was found to reduce with increasing frequency in dynamic shear tests.
Storage modulus increased with increasing frequency. Similar trend for " was observed
by Potschke et al. [19] with MWCNT / polycarbonate composite. However,
concentrations above 2 wt% of MWCNT in the matrix tend to show a plateau behavior at
low frequency. Moniruzzaman et al [20] discuss a detailed review of polymer

nanocomposite containing carbon nanotubes.

A typical behavior of a polyolefi/MWCNT nanocomposite is detailed in the work by
Mcnally et al [24]. MWCNTs composites with weight fractions that ranged from 0.1 to
10% were prepared by melt blending in a mini-twin screw extruder. It was observed that
n* increases with the increase of the concentration of MWCNT. The magnitude of
increase is more pronounced at low ®. However, n* decreases with increasing o for all
nanocomposites and pure PE. It was also observed that G’ for the nanocomposites show a
monotonic increase with increasing MWCNT content at all . The G’ versus o curve for
nanocomposites with 8.5 and 10 wt% MWCNTs approached a plateau at lower ®. This
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low ® response is indicative of ‘pseudo-solid-like’ behavior, and has been seen for a

conventionally filled polymer with strong interactions between filler and polymer.

Kharchenko et al [25] reported a peculiar behavior for MWCNT/PP nanocomposite.
Negative normal stresses were observed, which until their work were only sometimes
seen in liquid crystalline polymers. The aspect ratio of their CNT was in the range 300-
400. Xu et al [26] studied the normal stresses and used CNT with aspect ratio in the range
of 22-45, but did not observe any negative normal forces. On the other hand, Kim et al.
[27] studied extensional viscosity of CNT/epoxy composites. The produced composites
showed strong strain hardening behavior. Extensional viscosity increased with addition of
CNTs that were modified with surface treatments. Authors attributed this increase in
extensional viscosity to improved polymer/CNT interfacial bonding and better dispersion
due to surface treatment. Lee et al. [18] also studied the elongational flow properties PP /
MWCNT nanocomposite. It was observed that acid treated and heat treated MWCNT /
PP nanocomposites show higher elongational viscosity than pure PP. Amine treated
MWCNT / PP showed weak strain hardening. Also, MA-g-PP has negative effects on

strain hardening due to low molecular weight.

In general, the literature on the shear and extensional rheology of polyolefin / CNT is
limited. Literature on the rheology of modified CNT / polyolefin is even less. In our
present study, the principal focus is to analyze the rheology of nanocomposites of
MWCNT and LDPE. Melt blending was used to produce the nanocomposites. The effects

of aspect ratio, chemical modification and loading of the MWCNTSs on dynamic, steady
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shear and extensional rheology are studied in detail. Film grade LDPE is used to assess

the possibility of producing thinner and stronger films by adding CNTs.

4.1.3. Experimental

MWCNTSs with different aspect ratios and surface modification were supplied by Cheap
Tubes Inc, USA. All three types of MWNCTs used had outer diameter of 30-50 nm and
inner diameter of 5-15 nm. Length for Long MWCNT (LCNT), Short MWCNT (SCNT)
and COOH-MWCNT (MCNT) were 10-20 um, 0.5-2.0 um and 10-20 um, respectively.
Therefore, the aspect ratio (length / outer diameter) for LCNT, SCNT and MCNT was
375, 31 and 375, respectively. As stated by the producing company, COOH-MWCNT
contains 0.7% -COOH groups. On the other hand, The LDPE was supplied by Nova
Chemicals, Canada. It has a weight average molecular weight of 99.5 kg/mol and a
MWD of 6.5 and a melt index of 0.75 g/10 min and a total short branch content of 22
branches/1000 C as determined by GPC and NMR, respectively [28]. The as received
LDPE resin and MWCNT/LDPE nanocomposites were conditioned (or blended) in a
Haake PolyDrive melt blender. The temperature used was 190°C at 50 rpm and time of

blending was 10 minutes.

Melt blended samples were dipped in liquid nitrogen for approximately 5 minutes to
render them brittle and then shattered to reveal the cryo-fractured surfaces. A thin layer
of gold was evaporated on the exposed fracture surfaces to make them electrically
conducting to avoid charge build-up during examination within SEM. Field emission
scanning electron microscope (FE-SEM) Model FEI Nova Nano SEM 230 having a

probe resolution of 1.0 nm (at 15 keV) and accelerating voltage range of 50 V to 30 keV
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was used to observe the surface morphology of samples. Backscattered electron images

were obtained using a low voltage high contrast detector.

Carver press was used to prepare samples for rheological testing. Measurements were
carried out in an ARES constant strain rheometer. Dynamic shear tests were performed
using cone and plate of 25 mm diameter, cone angle of 0.1 radians. The strain used was
15% in the linear viscoelastic range; temperature was 190°C and the frequency was
varied from 100 rad/s to 0.01 rad/s. Steady shear testing was done using cone and plate
setup. Tests were conducted in the range 0.05 s* to 10 s*. The first normal stress
difference, N;, was obtained during a step-rate test followed by relaxation. For
extensional rheology, SER Extensional viscosity fixture was used. Test temperature was
120°C. Sample dimension were length: 17-19 mm, width: 6.5-6.7 mm and thickness:

0.48-0.62 mm. Henky rates used were 0.5s™, 1.0 s and 1.5 s,

4.1.4. Results & Discussion

4.1.4.1. Morphology

FE-SEM images of LCNT-LDPE nanocomposites with 5.0% loading are shown in
Figures 4.1.1.a-c. Agglomeration of the LCNT in the LDPE matrix was observed (Figure
4.1.1.a). Higher magnification image clearly shows that the agglomerated region is
composed of MWCNTSs (Figure 4.1.1.b). However, this agglomeration was not localized
to a particular region, but was distributed in the LDPE matrix (Figure 4.1.1.c). Although,
not shown here, but a similar trend was observed for SCNT and MCNT at various

loadings.
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Figure 4.1.1.a. FE-SEM image of LCNT-LDPE nanocomposite with 5.0% loading.
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Figure 4.1.1.b. FE-SEM image of LCNT-LDPE nanocomposite with 5.0% loading.
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Figure 4.1.1.c. FE-SEM image of LCNT-LDPE nanocomposite with 5.0% loading.
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Figures 4.1.2.a and b show the Cole-Cole plot for LCNT and SCNT composites with
varying amounts of CNT. These plots are usually used to infer the degree of dispersion in
the matrix of the bulk polymer [24, 29]. The LCNT loading (0.25 wt% - 5.0 wt%) does
not seem to affect the degree of dispersion in the composite material. A similar trend was
observed for MCNT composites. The results of FE-SEM and Cole-Cole plot suggest that
various nanocomposites produced using the melt blending process have agglomeration.
These agglomerations are distributed in the LDPE matrix. The degrees of dispersion for
the produced nanocomposites are similar, irrespective of the aspect ratio, loading and

chemical modification.
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4.1.4.2. Impact of Aspect ratio and MWNCT loading on viscous properties

In this section, we will focus on the viscosity obtained from dynamic and steady shear
measurements. Figure 4.1.3.a displays the dynamic viscosity (') vs frequency (®) for
LCNT/LDPE nanocomposites. The first observation is that ' increases with the increase
of the amount of LCNT. This is more prominent at lower o (10 rad/s). This observation
IS in agreement with previous literature reports [24, 30-32]. But it is interesting to note
that at low concentrations of LCNT, of ~ 0.25 to 1.0%, n’ for the nanocomposite was
lower than that of the matrix, again this is more prominent at low ® (10rad/s). Previous
work of Mcnally et al. [24] observed significant increase in " only at MWCNT loading
higher than 2%. In addition, we observe a general shear thinning effect with increasing ,
this is true for all the loadings covered in this study, and hence no plateau was observed

in the frequency range 0.01-100 rad/s.

N’ vs o for the nanocomposites of MCNT and LDPE are shown in Figure 4.1.3.b. Also, as
the amount of loading is increased then 1’ increases. But what is important here is that at
low loadings of MCNT (0.25-1.0 wt%), n’ is lower than that of pure LDPE. This initial
drop in 1’ has been observed before by many authors [33-35]. Qinghua et al [33]
produced nanocomposites of UHMWPE (Ultra high molecular weight polyethylene) and
SWNT (single walled carbon nanotubes). They observed an initial drop in 1’ up to 0.25%
of SWNT loading. Jain et al. [34] also reported a decrease in viscosity when silica
nanoparticles were used as filler, whereas Mackey et al. [35] observed a similar drop in
viscosity using polystyrene filled with cross-linked polystyrenes. In nanocomposites

filled with silica, the explanation provided for the drop in viscosity was the selective
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physicoadsorption of polymer chains onto the surface of nanoparticles. When the CNT
content was increased beyond 0.2 wt %, the nanotube network was formed. Even though
our results are in agreement with their findings [33-35]; however, our interpretation is
different. We suggest that at low loadings the MWCNT acts as plasticizer, while at
loadings above 1.0 wt%, they act as filler. The plasticizer usually increases chain
mobility and the free volume; hence it increases the fluidity of the nanocomposite. This
increase in the fluidity of the nanocomposite can explain the observed decrease in

viscosity.
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Figure 4.1.3.a. Dynamic viscosity versus frequency plots for LCNT/LDPE
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Figure 4.1.3.c shows 1’ vs ® for nanocomposites of SCNT with LDPE. Though the trend
is similar to that of LCNT & MCNT the increase in i’ is not as prominent as for MCNT
and LCNT. Here, it is worth noting that SCNT has a lower aspect ratio compared to
MCNT and LCNT. Also, at lower loadings of 0.25 and 0.5%, the 1’ is higher than pure
LDPE. It should be noted that SCNT has lower aspect ratio as compared to LCNT and
MCNT. It is likely that the decrease in 1’ of nanocomposites below that of the matrix
takes place at values lower than 0.25 wt% due to low aspect ratio of SCNT. So, the role

of MWCNT as plasticizer is strongly influenced by its aspect ratio.

Figure 4.1.3.d shows the ' vs ® for MWCNT /LDPE nanocomposite. At low ® and at 5
wt% MWCNT loading, LCNT is showing the highest 1/, followed by MCNT, while
SCNT is showing the lowest values of n'. Surface modification is suggested to be the
reason for the slight reduction of " since LCNT and MCNT have the same aspect ratio.
Furthermore, SCNT has a lower aspect ratio, which tends to reduce 1, especially at low
®. For all the MWCNT nanocomposites and with MWCNT loadings of 0.25-2.0 wt% the
power law index was in the range 0.36-0.38. At 5.0 wt% loading, the index is in the range
0.33-0.34 while that of pure polymer is 0.35. Therefore, the power law index or shear

thinning is not a strong function of CNT loading.

Plots of phase angle (d) versus w are used to expose the transitions of the nanocomposites
from liquid-like to solid-like behavior. Tan () is highest at low ® and decreases with
increasing . Tan (0) becomes independent of ® once interconnected network is formed
[29]. For nanocomposites of LDPE/LCNT (Figure 4.1.3.e) we observe a decrease in tan

(6) with increasing . None of the loadings show network formation behavior since tan
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(0) >1 even at o as high as 10, which suggests the dominance of liquid-like behavior. A
similar result was obtained for LDPE/MCNT & LDPE/SCNT nanocomposites. It can be
concluded from the above discussion that no network was formed at low or high aspect
ratio of the MWCNTSs used in this study. Also, at high aspect ratio, MWCNT with low
loadings act as plasticizer in the matrix and MWCNT loadings and above 1.0% MWCNT

plays the role of fillers.
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Further, steady shear measurements were performed. Results of steady shear viscosity (1)
vs shear rate () are given in Figures 4.1.4.(a-d). The behavior of | is very similar to that
of 1, it increases with the increase of the amount of MWCNT. However, at low
MWOCNT loadings the viscosity drop at low ¥ is not just for LCNT and MCNT but also
for SCNT nanocomposites. Our explanation for the drop in n at low CNT loading is
discussed earlier for n'. As ¥ is increased the nanocomposites show shear thinning
behavior, also seen for pure LDPE. High shear leads to disentanglement and orientation
of the chains. This would decrease local frictions hence facilitates the movement in the
direction of flow [38]. The shear thinning behavior is observed at all loadings. This
behavior is similar to that of reinforced polymers or layered polymer blends which show
drop in viscosity with increasing shear rate [36-38]. It was also noticed that Cox-Merz
rule that generally holds for homopolymers, did not hold for the different

nanocomposites. A similar result was reported for polymer / clay nanocomposites [9, 39].

It can be concluded that " and 1 increase with increased loading of MWCNT for low and
high aspect ratio CNT. No network was formed for three types of MWCNT
nanocomposites at loadings up to 5.0 wt%. At high aspect ratio, a plasticization effect of
MWCNT was observed both in 1’, 1 measurements up to 1.0 wt% loading. Loadings
above 2.0 wt% increase 1’ and n above pure LDPE, more pronounced at low ® and 7,
respectively. Increasing ® and = shows shear thinning in both n" and 1 for low and high
aspect ratio MWCNT and at all loadings. Cox-Merz rule did not hold for the produced

nanocomposites.
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Figure 4.1.4.c. Steady shear viscosity vs shear rate for SCNT / LDPE.
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4.1.4.3. Impact of Aspect ratio and loading on Elastic properties

Results for storage modulus (G') versus frequency (®) for LCNT/LDPE composites are
displayed in Figure 4.1.5.a. We observe that for MWCNT loadings of 2 and 5%, the G’
increases with increasing loading at a fixed ®, more prominent at low ®. However, at
lower MWCNT loadings of 0.25 -1.0 wt% G’ for nanocomposites was lower than that of
the matrix. At higher o the differences tend to reduce significantly, a trend that was
observed by other researchers too [24]. Also, Mcnally et al [24] observed a plateau at low
frequencies for MWCNT loadings higher than 8.5%. No such plateau was observed in
our different nanocomposites upto 5.0 wt% MWCNT loading. This observation again
points toward our previous suggestion that there is no network formation for the

nanocomposites covered in this study.

Figure 4.1.5.b shows G’ versus ® plot for MCNT/LDPE composites. Their behavior is
similar to that of LCNT / LDPE nanocomposite since the aspect ratio for both is the
same. Figure 4.1.5.c shows the G’ versus o plot for SCNT/LDPE nanocomposites. At low
o, there is a marked difference between pure LDPE and the composite at all loading.
Also, as observed for n’, G’ for SCNT at all ® and at all loadings is higher than pure
LDPE, a trend that is different from LCNT and MCNT. On the other hand, at high ® the
difference is reduced. Figure 4.1.5.d displays G’ versus ® for various MWCNT/LDPE
nanocomposites with 5 wt% loading. At low ®, LCNT composites are showing slightly
higher values of G’, and composites of MCNT and SCNT are showing similar G’ that are
still higher than G’ for the matrix. As usual, at high frequency no effect for aspect ratio

can be detected. It is interesting to note that at high @, LCNT and MCNT show the same
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storage modulus. Therefore, at such high MWCNT loadings (5%) the impact of MWCNT
loading dominates over that of aspect ratio or chemical modification. Nevertheless, the
results of G’ support the previous results of 1. G’ for the nanocomposites with low
loadings (0.25-1.0%) are lower than the matrix. This observation is limited to
nanocomposites with high aspect ratio (LCNT & MCNT). Our tentative explanation for
this observation on n" and G’ is that the role of MWCNT in transition from plasticization

to filler morphology and the threshold is aspect ratio dependent.
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Figure 4.1.5.a. Storage modulus versus frequency plot for LCNT/LDPE nanocomposites.
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On the other hand, MWCNT with aspect ratio of 31 and 375 were tested, and no negative
normal stresses were observed. First thing to note is the reduction of normal force, N; at
low ¥ for low MWCNT loadings of 0.25 to 1.0 % of nanocomposites (Figure 4.1.6.a).
Also, Nj increases with the increase of MWCNT loading. As the shear rate is increased,
we see that N; for loadings in the reang 0.25% to 2.0% go below the value of N; for the
matrix. In addition, this observation supports the previous 1, " and G’ findings and our
explanations are discussed above. It is likely that the increase in ~¥ is destroying polymer
entanglements and the MWCNT agglomeration. For the MCNT / LDPE (Figure 4.1.6.b)
nanocomposite, the 5.0% MWCNT nanocomposite loading shows the highest values of
N; at low shear rates. Results of SCNT / LDPE nanocomposite (Figure 4.1.6.c) show a
very similar behavior to that of LCNT / LDPE nanocomposite. Figure 4.1.6.d shows
LDPE with 5.0 wt% loading of different MWCNTS. It is observed that at low shear rate,
LCNT shows the highest N;, followed by MCNT and SCNT nanocomposites. As the
shear rate is increased, LCNT and SCNT maintain N; values above that of the matrix.
However, MCNT nanocomposites show slightly lower values of normal force. It is likely
due to the chemical modification of the MWCNT. Nevertheless, the detailed mechanism

for lowering the normal force is not clear.

It can be concluded that at low shear rate, the normal force increases with increasing
loading of the CNT material for all aspect ratios. At low shear rate, low loadings of 0.25
to 1.0 wt% actually reduced the N; for LCNT and MCNT to be less than that for pure
LDPE. But at high loadings of 2 and 5 wt% N, values were higher than pure LDPE. This

observation is in agreement with our previous observation from dynamic shear testing
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that showed lowering in G'. As the shear rate is increased, N; increases but become less
than pure LDPE for loading of 0.25 to 2 for LCNT and SCNT nanocomposite. However,
polymer entanglements and MWCNT agglomerations in MCNT dissipate much faster
than LCNT and SCNT due to surface modification of MCNT, even though modification
is small but it still has influenced Ni. N; was able to reveal some impact for SCNT on the

rheology of the composite at low MWCNT loadings which was not exposed by )’ or G
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Figure 4.1.6.a. Normal force vs rate for LCNT / LDPE nanocomposites.
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4.1.4.4. Extensional Rheology

Figure 4.1.7.a shows the extensional viscosity, ne’, vs time (s) for LDPE/LCNT
composite with 5.0 wt % loading. The henky rate was varied from 0.5 to 1.5 s™. It is
observed that as the henky rate is increased from 0.5 to 1.5 s, the composite tend to
show more strain hardening and also the time of break reduces considerably as well. A
similar trend is observed for MCNT and SCNT in Figures 4.1.7.b and 4.1.7.c. ng* vs time
for various composites of LCNT, MCNT and SCNT with 0.5 (Figure 4.1.8.a) and 5.0
(Figure 4.1.8.b) wt% loading at fixed 1.5 henky rate show that as the loading is increased
from 0.5 to 5.0 wt% the composite tend to show more strain hardening and time of break
also is reduced. It makes sense since 0.5 wt% loading is more liquid-like than the 5.0
wt% loading. The SCNT, with the lowest aspect ratio, shows the least strain hardening. It
is also observed (Figure 4.1.8.b) that LCNT is showing the maximum strain hardening,
followed by MCNT and then SCNT. For MCNT the extensional viscosity at break is
lower than that of LCNT. Although, not shown here, results for 0.5 s and 1.0 s*henky

rate showed exactly the same trend for all the produced composites at 5.0 wt% loading.

Even though LCNT and MCNT have the same aspect ratio; however it seems that slight
modification of the MCNT tend to reduce its strain hardening effect compared to LCNT
composites. A tentative explanation for this observation is as follows: MCNT has a —
COOH modification, although it is very small, the effect of this modification is more or
less similar to that of short branching on linear polymers. Hence, it is expected that this
modification will increase the free volume which eases the flow and reduces or delays the

strain hardening. However the impact of COOH modification is weak. The LCNT and
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MCNT have the same high aspect ratio, which enhances the orientation of polymer
chains in comparison to SCNT based composite. The enhancement in orientation in high

aspect ratio MWCNT nanocomposites is likely responsible for the strain hardening.
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Table 4.1.1 shows the time of break and critical extensional stress at which the behavior
of the extensional viscosity vs time changes. Time at break for all three types of
nanocomposite is decreasing with increased loading and henky rate, gradually decreasing
with increasing MWCNT loading and henky rate. In general, the critical extensional
stress, the stress at which the strain hardening behavior of the nanocomposite changes,
increases with the increase in CNT loading and henky rate for both LCNT and MCNT.
But in the case of SCNT, critical extensional stress is less than that of LCNT and MCNT,
at all loadings and henky rates. For SCNT nanocomposites, critical extensional stress is

less sensitive to loading at high rate and more sensitive to MWCNT loading at low rates.

So, extensional viscosity shows more pronounced differences between CNTs with
different aspect ratio and surface modification. LCNT showed the most strain hardening.
MCNT, even though has the same aspect ratio as LCNT, showed less strain hardening.
This was possibly due to surface modification where COOH has likely acted as a short
branching, increasing the free volume and easing the flow hence reduced strain
hardening. The time of break for the three types of nanocomposite decreases with
increasing aspect ratio and henky rate. The critical extensional viscosity increased with
increasing loading and henky rate for both LCNT and MCNT. However, values of SCNT
were less than LCNT and MCNT at all loadings and henky rate. No drop in ng* was
observed at low loading up to 1.0 wt%, as has been seen for 1/, ), G, N1. The explanation
for this is the fact that high henky rates of 0.5 to 1.5 s were used. If low henky rates of
0.01-0.05 were used, it would have been possible to observe this drop at low loadings of

MWCNTSs.
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Table 4.1.1. Time at break and critical extensional stress for the various composites and
0.5 and 1.5 henky rate.

% Time at Critical Extensional
Henky Rate | Loading break (s) Stress (Pa)

0.5 0 9.98 15035

LDPE 15 0 4,48 35365
05 0.5 8.83 11920

' 5 7.43 48646

LCNT 15 0.5 413 19779
' 5 3.68 40674

05 0.5 8.73 13749

' 5 7.68 53051

MCNT 15 0.5 4.13 17297
' 5 3.92 37978

05 0.5 8.98 10991

' 5 7.53 20383

SCNT 15 0.5 413 20684
' 5 3.93 23844
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4.1.5. Conclusion

Various nanocomposites with varying MWCNT loadings were investigated. The effect of
surface modification and aspect ratio on dynamic, steady shear and extensional rheology
were studied in detail. Morphology of these nanocomposites showed agglomerations
present at all loadings and that these agglomerations were distributed into the LDPE
matrix of LDPE. Both n" and 1 increased with increased CNT loading and aspect ratio at
low frequency, tending towards solid-like behavior. At low loadings, both )" and n values
became lower than that of pure LDPE at low frequency, a tentative explanation was
suggested that MWCNTSs at low loadings act as plasticizer while at high loadings they
played the role of filler. A similar drop was observed in G’ and N;. G’ increased with
frequency. At low loadings of upto 1 wt%, LCNT and MCNT values of G’ were below
that of pure LDPE. A tentative explanation was discussed earlier. The increase in G’ with
MWCNT loading is more prominent at low frequency. At low shear rate N; values for
LCNT and MCNT at low loadings of 0.25 — 1.0 wt% were less than pure LDPE and
higher in the range 2 to 5 wt%. As the shear rate is increased, N increased but become
less than that of pure LDPE for 0.25 to 2 wt% MWCNT loading. Agglomerations seem to
subside faster in MCNT than LCNT and SCNT due to its surface modification even

though the modification is small.

Results of extensional viscosity show more pronounced differences between the
nanocomposites with different aspect ratios. LCNT nanocomposite showed the most
strain hardening in the three type of nanocomposite. MCNT showed less strain hardening

than LCNT, even though they have the same aspect ratio, possibly due to COOH acting
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as short branching. The LCNT and MCNT have the same high aspect ratio, which
enhances the orientation of polymer chains in comparison with SCNT based composites.
The enhancement in orientation in high aspect ratio MWCNT nanocomposites is likely
responsible for the strain hardening. The suggested increase in free volume would likely
ease the flow and reduce the strain hardening. The time of break for the three types of
nanocomposite decreased with the increase in aspect ratio and henky rate. The value of
critical extensional stress, increased with increase in loading and henky rate for both
LCNT and MCNT. However, values of SCNT were less than LCNT and MCNT at all

loadings and henky rate.

In general, all rheological tools used in this study reveal a possible plasticization effect
for MWCNT with high aspect ratio at low loadings (<1.0 wt%) and a filler effect at
higher loadings (>1.0 wt%). The effect of COOH modification was more apparent in
extensional viscosity and N; to some extent. Aspect ratio has influenced both viscous and

elastic shear properties as well as strain hardening.
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4.2. Effect of aspect ratio, surface modification &
compatibilizer on the mechanical & thermal properties of
LDPE-MWCNT nanocomposites.

4.2.1. Abstract

In this work, nanocomposites of low density polyethylene (LDPE) / multiwall carbon
nanotubes (MWCNTS) were prepared using melt blending. The effects of aspect ratio,
CNT loading, chemical modification and compatibilizer on morphology, mechanical and
thermal properties were studied. Fifteen samples were prepared using different
MWCNTSs: long CNT (LCNT); modified CNT (MCNT) and short CNT (SCNT). FE-
SEM images of produced nanocomposites show agglomeration of the MWCNTS.
Addition of compatibilizer to both LCNT and MCNT nanocomposites improved their
dispersion in the LDPE matrix. Yield strength and modulus increased with loading of
various MWCNTSs. CNTs play the role of a plasticizer at 0.5% loading and filler at 2 %
loading and higher. However, ultimate strength, percent elongation and toughness
reduced significantly for CNT loadings of 2% CNT and higher. The addition of maleated
PE resulted in improvements of Young’s modulus, yield strength and ultimate strength
but no impact on elongation at break or toughness. Addition of compatibilizer did not
affect the crystallinity of the produced nanocomposites. In general, the use of CNT with
high aspect ratio and the addition of compatibilizer and chemical modification improved
the dispersion of MWCNTs and consequently improved most of the mechanical

properties except elongation at break and toughness.
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4.2.2. Introduction

Carbon nanotubes (CNTSs), generated a huge research activity in the field of science and
engineering since 1991 [1]. They are nano-structured materials with unique mechanical,
electrical and thermal properties. CNTs can range in diameter from 1 to 100 nm up into
millimeters [2], with densities as low as 1.3 g/cm®. Their Young’s moduli values have
been reported 1-5 TPa [3-9], which is superior to other forms of carbon fiber 0.1-0.8 TPa
[10]. Aspect ratio (length / diameter) as high as 10000 [11] and compressive strength of
~150 GPa [12] have been reported. However, their mechanical strength is the most
amazing aspect of their properties. The measured strength for a carbon nanotube has been
reported to be between 5-63 GPa [7-8, 13-15]. Even weakest type of carbon nanotubes
have strengths higher than steel 0.25 GPa. For this very reason a lot of research is being

devoted to producing CNT reinforced polymer composites.

The fundamental challenge that lies in achieving superior mechanical properties of
polymer composites is in the dispersion of CNTs throughout the polymer matrix.
Theoretical predictions suggest that the elastic modulus and tensile strength of the
composite increase when either the volume fraction of the reinforcing fibers increases
[16-17], or the aspect ratio of the fibers increases [17]. The aspect ratio factor is in fact
related to the interfacial matrix-fiber stress transfer, where the magnitude of stress
transfer is favored by increasing the high aspect ratio. Moreover, the tensile strength of
the composites is strongly influenced by the magnitude of interfacial matrix-fiber stress

[17-18].
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Accordingly, the most important factors that affect the bulk mechanical properties of the
composites are: the loading of CNT [19-22], the alignment of CNT [23-24], and the
CNT-matrix stress transfer [25-29]. It is suggested that the degree of dispersion is the

most critical factor that controls the bulk mechanical properties. [8, 30-39]

Ruan et al [40] demonstrated that strength and modulus are not the only parameters that
can be enhanced by incorporating CNTs in a polymer matrix. In their study, they
reported experimental observations on the drastically enhanced toughness in the ultrahigh
molecular weight polyethylene (UHMWPE) films due to the addition of 1% multiwalled
carbon nanotubes (MWCNTS). The composites were prepared by solution blending
followed by film drawing. Good dispersion was observed as examined by SEM. A
combination of tensile and Raman spectroscopic measurements showed that the presence
of MWCNTSs in the composites can lead to approximately 150% increase in strain energy
in comparison with the pure UHMWPE film at similar draw ratios. This is accompanied
with an increase of approximately 140% in ductility and up to 25% in tensile strength.
The authors attribute the above observations to the chain mobility enhancement in

UHMWPE induced by the MWCNTSs. So, CNTs play the role of a plasticizer.

Bin et al. [41] prepared UHMWPE and MWCNT composites by solvent-blending method
using either decalin or paraffin as solvent. SEM observations revealed that the MWCNTSs
within the composite prepared in decalin were covered by UHMWPE, and their
diameters were much greater than those of the original MWCNTS, while the diameter of
the MWCNTSs within the composite prepared in paraffin was similar to the diameter of

the original MWCNTSs. Such different morphology was found to be due to different
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crystallization. The composites prepared in decalin had high drawability.  Significant

increase in elastic modulus was observed.

Zou et al. [42] prepared MWCNT/HDPE composites using the method of solution
blending followed by melt-blending (with the addition of PEG or SiO, as dispersing
agents). It was found that there was a critical MWCNT concentration around 1 wt%
where a fine network of MWCNT/SiO, was formed (and hence mechanical properties
improved at this wt%). On the other hand, it is found that MWCNT could stabilize
HDPE when its weight content was greater than 2 wt%. In short, the reported method
does not look attractive because the dispersing agents generally decrease the mechanical

properties of HDPE, and SiO, was found to accelerate thermo-oxidation.

McNally et al. [43] prepared composites of PE and MWCNTSs by melt blending using a
mini-twin screw extruder. The wt% of MWCNT was varied from 0 to 10%. They found
that the yield strength increased slightly with the addition of CNT. However, they
observed that the ultimate tensile strength and elongation at break decreased with
addition of MWCNTSs. For example, the % elongation at break decreased from 1200%
for the pure PE to 700% at CNT loading of 5 wt.%, and further decreased to 300% at
CNT loading of 10 wt.%. This is mainly due to the poor dispersion of CNTs. This is
evident from some CNT aggregates observed by morphology tests. This led to poor stress
transfer between the polymer and the filler. The authors concluded that the deterioration
of mechanical properties of the nanocomposites implies that the mechanism for
mechanical reinforcement for PE/MWCNT composites is filler-matrix interfacial

interactions and not filler percolation.
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Tang et al. [22] prepared MWCNT/HDPE composite films using the melt processing
method. The composite films with CNT content varied from 0 to 5 wt.% were analyzed
by SEM and TEM to observe nanotube dispersion. The mechanical properties of the
films were measured by a small punch test. Results showed increases in the stiffness,

peak load and work to failure for the composite films with increasing MWCNT content.

The incorporation of CNTSs in a polymer generally improves the stiffness and strength of
the polymer, but the ductility and toughness of the polymer are compromised in most
cases [21]. Functionalization of CNT is a break-through solution to resolve this problem.
Composites based on functionalized CNT are expected to have large interfacial shear
strengths. Covalently grafted long-chain molecules entangle with the polymer matrix
creating a very strong bond. In addition, the functional groups act to make the nanotubes
more compatible with polymer hosts. This tends to dramatically improve the nanotube

dispersion and hence further improve composite properties. [21, 31, 44]

Yang et. al. [44] reported the mechanical reinforcement of PE using PE-g-MWCNTSs.
The stiffness, strength, ductility and toughness of PE are all improved by the addition of
PE-g-MWCNTSs. The grafting of PE onto MWNTS improves the dispersion of nanotubes
in the PE matrix, hence the MWCNT/PE interfacial adhesion. The grafting was achieved
by a reactive blending process through melt blending of PE containing 0.85 wt% of
maleic anhydride and amine-functionalized MWCNTSs. The reaction between maleic
anhydride and amine groups, as evidenced by XPS and Raman spectroscopy, leads to the
grafting of PE onto the nanotubes. These PE-g-MWCNTS are then incorporated into PE

matrix via the common melt-blending technique. In another related study by the same
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research group, Yang et. al [21] applied a similar procedure for preparing PP/PP-g-
MWCNTs composites. PP was grafted onto MWCNTSs by melt blending PP containing
0.6 wt% of maleic anhydride and amine-functionalized MWCNTSs. The mechanical
properties of PP/PP-g-MWCNTs composites were evaluated. When PP was reinforced
with pristine MWCNTS, its Young’s modulus and tensile strength were increased, but its
ultimate strain and toughness were reduced. On the other hand, the Young’s modulus,
tensile strength, ultimate strain and toughness of PP were improved by 108, 141, 49 and
287%, respectively, by the addition of PP-g-MWCNTs with a MWCNTSs content of
1.5 wt%. The procedure reported here is attractive from industrial point of view because
of its simplicity for the following reasons: 1) PE-g-MA is available commercially at a
reasonable price; 2) it is easy to functionalize CNT with amine groups; 3) melt blending

is a perfect choice in polymer processing industry.

Shofner et al [45] evaluated the effect of sidewall functional group on dispersing the
fluorinated single-walled carbon nanotubes (F-SWCNTSs) in PE and on the mechanical
properties of the F-SWCNT composites fabricated. The composites were prepared by
solvent-blending followed by shear mixing. The study demonstrated that in comparison
with PE composites filled with un-functionalized nanotubes, improved dispersion and
interfacial and mechanical properties are achieved for F-SWCNT-loaded matrices due to
chemical functionalization. Also, the observed partial removal of functional groups from
the F-SWCNTSs during melt processing with polyethylene by shear mixing suggests a
possibility of in situ direct covalent bonding between the nanotubes and the matrix which

ultimately results in mechanical reinforcement of the composite.

93



Zhao et al. [24] used MWCNT grafted with alkyl chain for reinforcement of PP. For
achieving excellent tensile properties, the as-prepared PP/MWCNTSs composites were
subjected to a dynamic packing injection molding, to induce a highly oriented structure
with both PP chains and MWCNTSs aligned along the shear flow direction. Not only
Young's modulus and tensile strength were enhanced, as expected for oriented materials,
but also more importantly composites containing only 0.1-0.3 wt% MWCNTSs were much
ductile compared with the polymer matrix. The addition of PP-g-MMA made a drop in
the elongation at break to only 15%; however, it could be improved to 80-100% after
incorporation of small amount of MWCNTSs. The authors attribute this enhancement in
toughness to: (1) the increased mobility of both the PP chains due to the addition of
MWCNTSs, as they are oriented along tensile deformation direction (plasticization) and
(2) the bridging effect of the oriented MWCNTSs on the crack development during tensile

failure.

Wang et al. [29] utilized a combination of solution blending and gel spinning methods to
prepare UHMWPE-CNTs composite fibers. Functionalization of CNTs was also carried
out by oxidation followed by mixing of CNT with titanate coupling agent in ethanol, to
introduce COOH group. TEM, SEM, XRD, IR were used to characterize the CNTs, their
dispersion in the matrix and the functional group changes on the surface of the CNTSs.
The results showed that there was no obvious agglomeration of CNTSs in the obtained
composite fibers up to 2 wt% CNT loading and consequently a good interaction between
CNTs and UHMWPE matrix was established. Furthermore, it was reported that the

addition of CNTs resulted in a peculiar structure, a more regular alignment of the
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UHMWPE morphology. The mechanical properties of UHMWPE-CNTSs were improved
compared with that of pure UHMWPE fiber. However, above 2 wt% CNT the

mechanical properties decreased, likely because of poor dispersion.

It can be observed from the above literature review that the effects of CNT loading and
different CNT surface modifications were examined. However, the influence of aspect
ratio on the mechanical and thermal properties is yet to be studied experimentally, while
its impact on elastic modulus and tensile strength was stated in theoretical models [28,
46-47]. Our principal focus in this paper is to study the effect of varying the aspect ratio,
surface modification, compatibilizer and MWCNT loading on the mechanical and
thermal properties, primarily using the melt blending process for producing the LDPE-
MWCNT composites. The choice of a film grade LDPE for this research is to assess the

possibility of producing a thinner and stronger film by adding CNTSs.

4.2.3. Experimental Section

4.2.3.1. Materials and Sample Preparation

MWCNTSs with different aspect ratios and surface modification were supplied by Cheap
Tubes Inc, USA. Table 4.2.1. shows energy dispersive x-ray spectroscopy data provided
by the supplier. In Table 4.2.2, details of the three different CNTs used in the study are
given. The three different types are selected to study one parameter at a time. The long
and the short CNTs have the same ID and OD; however, the length of the long CNT is 12
times greater than that of the short CNTs. The aspect ratio is defined as the ratio of length
/ OD. Therefore a comparison of the long and short MWCNT will reveal the impact of

aspect ratio. On the other hand, a comparison of MWCNT and COOH-MWCNT will
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highlight the influence of chemical modification since both CNTs have the same ID, OD

and length.

In all of the MWCNT used, 95% percent of the total weight is MWCNT and
approximately 1.5% of the weight was ash, and the rest was by products from MWCNT
production. MWCNTSs used were not washed or purified. As stated by the producing
company, COOH-MWCNT contains 0.7% -COOH groups. The LDPE with a melt index
of 0.75 g/10 min has a weight average molecular weight of 99.5 kg/mol and a MWD of
6.5 and a total short branch content of 22 branches/1000 C as determined by GPC and
NMR, respectively, as reported earlier [48]. Maleic anhydride modified polyethylene
(MAPE) used in the study was acquired from Aldrich. MAPE contained ~3wt.% maleic
anhydride, its viscosity is 1700-4500 cP and melt temperature is 105°C. The LDPE resin
and MWCNT-LDPE composites were conditioned (or blended) in a Haake PolyDrive
melt blender. The blending temperature was 190°C. The rpm was 50 and time of
blending was 10 min. From here onwards the long, short, and COOH modified MWCNT
will be named LCNT, SCNT, and MCNT, respectively. Carver press was used to prepare
samples at 190°C. The prepared samples were then used for SEM analysis and

mechanical testing.
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Table 4.2.1. Elementary compositions of MWCNT used in this study.

Components | Contents (%)
C 97.34

Cl 0.21

Fe 0.56

Ni 1.87

S 0.02

Table 4.2.2. Dimensions of the multi-walled carbon nano tubes (MWCNT).

Name OoD* ID** Length Aspect ratio,
(L/D)
Long MWCNT 95 wt% 30-50nm | 5-15nm | 10-20pm 375
Short MWCNT 95 wt% 30-50nm | 5-15nm | 0.5-2.0um 31
COOH-MWCNT 95 wt% 30-50nm | 5-15nm | 10-20um 375

*outer diameter, ** inner diameter
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4.2.3.2. Scanning Electron Microscopy

Samples were dipped in liquid nitrogen for approximately 5 minutes to render them
brittle and then shattered to reveal the cryo-fractured surfaces. A thin layer of gold was
evaporated on the exposed fracture surfaces to make them electrically conducting to
avoid charge build-up during examination within SEM. Field emission scanning electron
microscope (FE-SEM) Model FEI Nova Nano SEM 230 having a probe resolution of 1.0
nm (at 15 keV) and accelerating voltage range of 50 V to 30 keV was used to observe the
surface morphology of samples. Backscattered electron images were obtained using a low
voltage high contrast detector (VCD). The samples were placed at a working distance of
approximately 6 mm and scanned with an electron beam of spot size 3 operated at an

accelerating voltage of 5 keV during SEM analysis.

4.2.3.3. Mechanical Testing

The samples were tested using an Instron 5560 Mechanical Testing Machine according to
ASTM test standard D-638. All tests were conducted at constant strain rate of 50
mm/min. The measured stress / strain data was used to find all the mechanical properties.
Maximum of five samples were tested for each composition. The maximum standard
deviation for yield strength, ultimate strength, Young’s modulus, percent Elongation and

t oughness were 0.6, 1.7, 33.8, 1.35 and 17.6 respectively.

4.2.3.4. Differential Scanning Calorimetry
All DSC measurements were performed using a TA Q1000 instrument equipped with a
liquid nitrogen cooling system and auto sampler. Nitrogen at a flow rate 50 ml/min was

used to purge the instrument to prevent degradation of the samples upon thermal
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treatments. The DSC was calibrated in terms of melting temperature and heat of fusion
using a high purity indium standard (156.6°C and 28.45 J/g). The absolute crystallinity

was calculated using the heat of fusion of a perfect polyethylene crystal of 290 J/g.

Composite samples (5-10 mg) were sliced and compressed into a non-hermetic
aluminum pans. To minimize the thermal lag between the sample and the pan, samples
with flat surface were used. An empty aluminum pan was used as reference. First, the
baseline was calibrated using empty crimped aluminum pans. All testing was performed
in the standard DSC mode. Initially the samples were heated from room temperature to
200°C at a rate of 10°C/min; followed by a hold up at 200°C for 2 min. All samples were
cooled to sub ambient temperatures for complete evaluation of crystallinity. The samples
were cooled from 200° to -10°C at a rate of 10°C/min. After that the sample was heated

from -10°C to 200°C at 10°C/min.

4.2.4. Results & Discussion

4.2.4.1. Morphology of the LDPE/MWCNT composites

The surface morphology of SCNT-LDPE composite at 0.5% and 5.0% loading without
compatibilizer (control sample) is shown in the backscattered FE-SEM images of Fig.
4.2.1.aand 4.2.1.b. Images show agglomeration of MWCNT within the matrix of LDPE.
Evidence of dispersion was not found in this group of composites. Agglomeration was
also observed for LCNT-LDPE composite with 0.5% and 5.0% loading, as seen in the
FE-SEM image of Fig. 4.2.1.c. A higher magnification image clearly shows that the
agglomerated region is composed of a large number of MCNTs present within the

composite matrix (Fig. 4.2.1.d). This agglomeration was not localized at a particular
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region but was seen to be distributed across the matrix of the composite, as shown in the
FE-SEM images of Fig. 4.2.1.e and 4.2.1.f. Evidence of dispersion was not found in this

group of composites produced without the addition of a compatibilizer.

Also, FE-SEM images show that the addition of compatibilizer to both LCNT and MCNT
nanocomposites improved their dispersion, as seen in the micrographs of Fig. 4.2.2.a-d.
The degree of dispersion of MCNT in LDPE matrix was seen to be higher in MCNT
compared to LCNT composites. Greater improvement in dispersion within MCNT could
be attributed to the synergistic effect of compatibilizer with COOH modification present
within this group of composites. A similar effect was also observed by Jin et al [31] while

using maleic anhydride grafted polypropylene.

It is clear that the addition of a compatibilizer and COOH modification of CNT has
improved the dispersion of MCNT. In the following sections we will assess the impact of
this improvement in dispersion on the mechanical and thermal properties of PE

composites with low and high aspect ratio.
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Figure 4.2.1.a. FE-SEM image of SCNT-LDPE nanocomposite with 0.5% loading.
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Figure 4.2.1.b. FE-SEM image of SCNT-LDPE nanocomposite with 5.0% loading.
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Figure 4.2.1.c. FE-SEM image of LCNT-LDPE nanocomposite with 0.5% loading.
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Figure 4.2.1.d. FE-SEM image of LCNT-LDPE nanocomposite with 0.5% loading.
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Figure 4.2.1.e. FE-SEM image of LCNT-LDPE nanocomposite with 5.0% loading.
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Figure 4.2.1.f. FE-SEM image of LCNT-LDPE nanocomposite with 5.0% loading.
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Figure 4.2.2.a. FE-SEM image of LCNT-LDPE nanocomposite with 5.0% loading
coupled with 2.0% MAPE.
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Figure 4.2.2.b. FE-SEM image of LCNT-LDPE nanocomposite with 5.0% loading
coupled with 2.0% MAPE.
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Figure 4.2.2.c. FE-SEM image of MCNT-LDPE nanocomposite with 5.0% loading
coupled with 2.0% MAPE.
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Figure 4.2.2.d. FE-SEM image of MCNT-LDPE nanocomposite with 5.0% loading
coupled with 2.0% MAPE.
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4.2.4.2. Mechanical Testing

Fig. 4.2.3. shows the stress-strain response for pure LDPE and LDPE nanocomposites
with MCNT at various loadings. It can be observed that pure LDPE shows significant
strain hardening at high elongation, which is expected. When MCNT is added at 0.5
weight %, still almost the same strain hardening effect is observed as the pure LDPE.
However, as the loading is increased to 2.0 % we barely see any strain hardening and it
disappears at 5.0 % loading of MCNT. A similar trend was obtained for LCNT and
SCNT based composites. These results suggest that at 0.5 % loading the CNT acts as a
plasticizer to increase chain mobility. These findings are in agreement with the previous
reports that showed similar behavior for UHMWPE at 1 % CNT loading. Also, our
results that composites with 2 % MCNT and higher concentrations show a behavior that
is similar to that of fillers is in agreement with previous literature reports [49-50]. Similar

trends were obtained for SCNT and LCNT.
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Figure 4.2.3. Tensile stress-strain diagram for Pure LDPE & various loadings of MCNT.
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The results of yield strength of pure LDPE and its composites at various loadings are
shown in Fig. 4.2.4.a. Fitting lines are shown for LCNT nanocomposites only and other
results are left without fitting to improve clarity of the figure. First, almost all loadings
produce yield strength higher than that of pure LDPE. Second, as the loading is increased
the yield strength is also increased. Both LCNT and MCNT, having the same high aspect
ratio, show higher values of yield strength at all loadings. MCNT produces a high yield
strength of 11.9 MPa at 5.0% loading compared to 9.2 MPa for pure LDPE. So, both the
high aspect ratio and chemical modification increase the yield strength. Also, MCNT at
5.0 weight % loading produces an increase of 30% in the yield strength. Despite the
variation in the degree of dispersion present within different types of nanocomposites
studied here, an increase in yield strength was observed for all samples with increased

loading.

Addition of 2.0% MAPE resulted in an increase in yield strength for both LCNT and
MCNT composites (Fig. 4.2.4.b). This increase depends on the loading of MWCNT.
LCNT-MAPE composite with 5.0% loading produced a high yield strength of 13.4 MPa,
which is an increase of approximately 46% compared to pure LDPE. MCNT-MAPE
composite produced a maximum vyield strength of 13.3 MPa. So, there is no significant
difference in the yield strength obtained from composites of MCNT and LCNT with
MAPE. Therefore, it can be concluded that high aspect ratio is responsible for the high
yield strength at all loadings. In addition, in the presence of MAPE the effect of chemical
modification is not significant. The improved distribution of MWCNT in the PE matrix is

likely responsible for these improvements in the yield strength as well as the other
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mechanical properties. The effect of COOH modification of MCNT, although it is of low
concentration, is weak at 0.5% loadings, but some improvement was detected at 2 and 5
% loadings. However, the impact of MAPE is noticeable at all loadings. Results of
MCNT vs MCNT-MAPE nanocomposites support this observation. Furthermore,
addition of MAPE improved the dispersion of CNT; hence improved the yield strength at
all loadings for both LCNT and MCNT composites. Improvement in dispersion was

supported by the results of FE-SEM discussed earlier.
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Figure 4.2.4.a. Yield strength at various loading for LDPE and its composites.
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Figure 4.2.4.b. Yield strength at various loading for LDPE and its LCNT, MCNT

composites with and without 2.0% MAPE.
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Fig. 4.2.5.a displays the ultimate strength of pure LDPE and its nanocomposites at
various loadings. Pure LDPE has the highest ultimate strength (13.9 MPa) as compared to
all composites at various loadings. For 0.5 and 2.0 weight % loadings, the ultimate
strength tends to drop. We know that ultimate strength is the maximum stress on the
stress-strain curve. The reason for this reduction is the complete loss of strain hardening
behavior from 0.5% to 2.0% loading. But, as the loading is further increased to 5.0
weight %, the maximum stress of the material is increased. Hence ultimate strength is
increased for the three types of nanocomposites, however aspect ratio and MAPE tend to

increase the ultimate strength.

In general, addition of 2.0% MAPE to LCNT and MCNT nanocomposites show ultimate
strength that is higher than pure LDPE (Fig. 4.2.5.b). On the other hand, the ultimate
strength for the same samples without MAPE is lower than that of pure LDPE. This
behavior is suggested to be due to agglomeration of CNTs and weak interfacial bonding
with LDPE. The trend of decreasing ultimate strength with increased loading still holds
for composites with MAPE. The highest ultimate strength was 16.1 MPa and achieved
for LCNT with MAPE at 2.0% loading. This represents an increase of 16% in ultimate
strength over that of pure LDPE. Hence, the high aspect ratio resulted in high ultimate
strength at all loadings covered in this study. Decrease in ultimate strength with increased
loading holds for all aspect ratios, with and without MAPE. The use of 2% MAPE has
increased the ultimate strength for LCNT and MCNT at all loadings. Again, the addition
of MAPE improved the dispersion in the nanocomposite material; hence increased the
ultimate strength for both LCNT and MCNT composites at all loadings.
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Figure 4.2.5.a. Ultimate strength for pure LDPE and its various composites.
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Figure 4.2.5.b. Ultimate strength for pure LDPE and various loading for LDPE and its
LCNT, MCNT composites with and without 2.0% MAPE.
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Results of Young’s modulus for pure LDPE and its composites at various loadings are
given in Fig. 4.2.6.a. Generally, as the MWCNT loading is increased, the Young’s
modulus is also increased. The highest modulus is observed for 5.0 weight % of MCNT.
Pure LDPE has a modulus of 112 MPa while 5.0 weight % of MCNT produced a
modulus of 144 MPa. This represents an increase of 28 % in modulus. Fig. 4.2.6.b shows
Young’s modulus for pure LDPE and its LCNT and MCNT composites at various
loadings in the presence of 2.0% MAPE. Young’s modulus increased with CNT loading
and it increased even further with the addition of MAPE. The highest value was achieved
for 5.0% loading of MCNT with 2.0% MAPE. This represents an increase of 48% when
compared to pure LDPE. So, composites with high aspect ratio CNTs have high Young’s
moduli at all loadings. This finding is in agreement with theoretical predictions of
Young’s modulus by the modified form of rule of mixtures discussed in previous
literature [46-47]. Addition of 2.0% of MAPE increases the Young’s modulus to higher

values.

Regarding the percent elongation (Fig. 4.2.7.a), the addition of unmodified MWNCT
tends to reduce the percent elongation of pure LDPE. Elongation drops with the addition
of 0.5% CNT from 735% for pure LDPE, to 551, 445 and 357 % for composites of
MCNT, LCNT and SCNT, respectively. The elongation at break drops down to less than
100%, for all three types of composites at 5.0% loading. A comparison of the results of
SCNT and LCNT at 0.5% loading suggests that high aspect ratio resulted in a higher
elongation at break. This observation is in line with our previous results that showed at

such low concentrations the CNT is playing the role of a plasticizer. It is evident that
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CNT with high aspect ratio creates more free volume in the polymer composite. On the
other hand, the chemical modification of MCNT is responsible for improving the
interfacial bonding between the CNT and the polymer leading to a higher elongation at
break over LCNT of the same aspect ratio. Addition of 2.0% MAPE to the
nanocomposites tends to improve other properties, but in the case of elongation (Fig.
4.2.7.b), its presence did not have the same effect. LCNT and MCNT nanocomposites
with and without 2.0% MAPE and at 5.0% loading tend to show elongation values
between 88 and 118%. The lower aspect ratio is showing the lowest elongation at all
loadings. For all different types of LCNT and MCNT, with and without the addition of
2.0% MAPE, the elongation at break decrease significantly with increased loading of the
CNT. No significant influence for aspect ratio or chemical modification can be detected

at high loadings.

121



140  .
120 M
® X
E 100
= @ Pure LDPE
E - m LCNT
g & MCNT
£ 60 X SCNT
[
=)
IS
40
20
0
0 1 2 3 4 5

MWCNT Weight (%)

Figure 4.2.6.a. Young’s Modulus for pure LDPE and its composites at various loadings.
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Figure 4.2.6.b. Young’s Modulus for pure LDPE and its composites for LCNT, MCNT at

various loadings with 2% MAPE.
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Figure 4.2.7.a. Percent elongation of pure LDPE and its composites at various loadings.
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Figure 4.2.7.b. Percent elongation of pure LDPE and its composites of LCNT, MCNT at
various loadings with 2.0% of MAPE.
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Figure 4.2.8.a displays the toughness for pure LDPE and its nanocomposites at various
loadings. Again, since the toughness is related to percent elongation of the material so we
also observe that as the amount of loading for various MWCNT is increased the
toughness of the produced composite is decreased. Figure 4.2.8.b shows that the addition
of 2.0% MAPE did not increase the toughness of the material. All nanocomposites

showed similar values of toughness at 5.0% loading, with and without MAPE.

126



©
o

® Pure LDPE
70 m LCNT
. & MCNT
60 X SCNT

Toughness (MPa)
N a1
o o

w
o

20
10
0
0 1 2 3 4 5 6
MWCNT Weight (%)

Figure 4.2.8.a. Toughness of pure LDPE and its composites at various loadings.
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Figure 4.2.8.b. Toughness of pure LDPE and its composites at various loadings of LCNT,
MCNT with and without 2.0% MAPE.
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4.2.4.3. DSC Analysis

Figures 4.2.9.a and 4.2.9.b show the melting and crystallization curves for pure LDPE
and its composites at various loadings. Different thermal properties of the said
composites are shown in Table 4.2.3. Pure LDPE and its nanocomposites showed
crystallization exotherms that were fairly similar. They showed a distinct high-
temperature peak followed by a broad long tail. However, it can distinctly be observed
from data in Table 4.2.3. that as the amount of MWCNT in the composite is increased,
early onset of crystallization takes place. For example, for pure LDPE Tonst Starts at
98.2°C and subsequently increases for MCNT at 0.5% to 101.5°C, at 2.0% and 5.0% it
increases to 101.6°C and 103.6°C, respectively. Also, at all loadings of MCNT and in the
presence of 2.0% MAPE, the onset has increased even further from 101.8°C at 0.5%
MCNT loading to 104°C at 5.0% loading. However, the effect of both the aspect ratio
and COOH modification is much less as given by the data shown in Table 4.2.3. For each
exotherm, the peak and onset crystallization were calculated. Similarly, the influence of

aspect ratio or COOH modification on Tpeax is weak.

Also, a comparison of LCNT and MCNT (both have the same aspect ratio) and the LCNT
and SCNT suggests that aspect ratio has influenced Tonset but not Tpea With weak
influence of surface modification on Tpex as Well as Tonset. This observation can be
explained, tentatively, as follows: CNT with high aspect ratio (LCNT & MCNT)
promotes nucleation due to its large surface area per tube. However, for T peax the surface
area of CNT is no longer a factor in enhancing crystallization since crystallization is

already at its peak. Therefore, the increase in MWCNT concentration shifts Topset tO
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higher values and promotes nucleation with almost no effect on Tpea. The influence of
chemical modification on the onset temperature is similar to that of the aspect ratio. In
both cases, higher aspect ratio and surface modification tend to improve the nucleation by

increasing the surface area.
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Figure 4.2.9.a. Melting curves for pure LDPE and its composites at various loadings.
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Figure 4.2.9.b. Crystallization curves for pure LDPE and its composites at various
loadings.
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Table 4.2.3. Various thermal properties of Pure LDPE and its composites at various

loadings.
MWCNT % | MWOCNT Type | Tmeiting,°C | Tonset,°C | Tpeak°C | Xc,%
Pure LDPE 111.5 98.2 94.3 35.2
0.5 Long 109.8 100.7 96.7 40.2
Long + MAPE 109.2 103.9 98.8 40.1
Short 110.1 100.3 96.8 38.8
Modified 109.6 100.5 97.0 40.7
Modified + MAPE 110.2 101.8 97.4 40.8
2.0 Long 109.2 101.6 96.8 40.7
Long + MAPE 109.7 103.7 98.1 40.6
Short 109.9 100.8 97.3 38.9
Modified 109.7 101.6 97.5 40.9
Modified + MAPE 110.1 103.0 98.3 40.8
5.0 Long 108.9 102.9 97.7 40.8
Long + MAPE 110.47 103.7 97.3 40.9
Short 108.9 101.3 97.3 40.1
Modified 109.4 103.6 97.6 41.4
Modified + MAPE 109.6 104.0 99.0 41.5
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Further, we tried to assess the impact of aspect ratio and surface modification on the total
crystallinity since it is an important property and it impacts mechanical properties. Table
4.2.3 shows the percent crystallinity, X., that was calculated using the TA Q1000
software. The initial point for the integration was chosen as 2°C above the onset
temperature for each exotherm and the final point was room temperature. It is observed
that both LCNT and MCNT composites show higher values of X in comparison with the
SCNT at all loadings. It is clear that at higher concentrations, -COOH modification is not
significantly influencing total crystallinity but aspect ratio is a factor with high aspect
ratio yielding higher total crystallinity. These values of crystallinity correlate with
Young’s modulus. Both, Young’s modulus and total crystallinity increase with increased
loading of MWNCT, and that SCNT showed lower values of Young’s modulus as
compared to LCNT and MCNT at all loadings, a trend that was seen in percent
crystallinity as well. Furthermore, the melting temperature is reduced with the
incorporation of the MWCNTs. As the amount of MWCNT increases, the melting
temperature decreases. A more detailed study of non isothermal crystallization kinetics
for these nanocomposites that explains this behavior at various rates was published

elsewhere [51].

4.2.5. Conclusion

LDPE / MWCNTs nanocomposites were prepared using melt blending. Samples were
prepared using different MWCNT (LCNT, MCNT & SCNT). The surface morphology of
SCNT-LDPE composites without the addition of a compatibilizer show agglomeration of

MWCNT within the LDPE matrix. Evidence of dispersion was not found in this group of
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nanocomposites. Agglomeration was also observed for LCNT-LDPE. Higher
magnification shows that agglomeration was not localized at a particular region but was
observed to spread across the matrix. The addition of a compatibilizer to both LCNT and
MCNT nanocomposites improved the dispersion of CNTs. The degree of dispersion of
MCNT in LDPE matrix was seen to be higher in MCNT when compared to LCNT
nanocomposites. Greater improvement in dispersion within MCNT could be attributed to
the synergistic effect of compatibilizer with COOH modification present within this
group of composites. It is evident that both surface modification and the compatibilizer

have a positive influence on the dispersion.

Yield strength and modulus increased with increased loading of various MWCNTS.
However, ultimate strength, percent elongation and toughness were reduced for 2%
loading and higher. Addition of compatibilizer improved most of the mechanical
properties as compared to pure LDPE and nanocomposites without compatibilizer at all
loadings studied. With the increase in properties being 46% and 48% for yield strength,
Young’s modulus at 5.0% loading respectively. Also, 16% increase for ultimate strength
at 2.0 % loading was observed for LCNT nanocomposite in the presence of MAPE.
However, percent elongation and toughness did not show any improvement, with or

without the compatibilizer.

Addition of MWCNT induced early onset of crystallization. However, aspect ratio and
COOH modification did not show any effect. LCNT and MCNT composites show higher
values of percent crystallinity in comparison with the SCNT at all loadings. The results of

crystallinity correlate to the values of Young’s modulus at various loadings of the
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produced nanocomposites. Addition of compatibilizer did not affect the percent

crystallinity of the nanocomposites.

Finally, high aspect ratio has increased yield strength, ultimate strength, and Young’s
modulus, at all loadings. However it did not influence any improvement in percent
elongation and toughness. The presence of MAPE improved all mechanical properties,

apart from percent elongation and toughness.
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4.3. Rheology, mechanical and thermal properties of LDPE-
C15-CNT nanocomposites.

4.3.1. Abstract

Nanocomposites of low density polyethylene (LDPE)/Cis modified multi wall carbon
nanotubes (Ci1s-CNT) were prepared by melt blending. The effect of loading and
compatibilizer on the morphology, mechanical, thermal and rheological properties was
studied. FE-SEM images of nanocomposites showed reduced agglomeration of the Cig-
CNT / with LDPE in comparison with unmodified CNT. For uncompatibilized
nanocomposites, yield strength and Young’s modulus increased with loading of various
C1s-CNT. Ultimate strength, showed improvement up to 2 wt% loading. However,
percent elongation and toughness were reduced for C13-CNT at all loadings. Apart from
elongation and toughness, addition of compatibilizer improved all mechanical properties
as compared to pure LDPE and nanocomposites without compatibilizer. Percent
crystallinity showed a correlation with Young’s modulus. Both, Young’s modulus and
total crystallinity increased with Cis-CNT loading and further increase with the
incorporation of compatibilizer was observed. Results of phase angle suggest no presence
of network. Also, addition of C;s-CNT did not increase strain hardening, maintained
extensional viscosity and time of break up to 1.5 s henky rate. The Cig modifier is
viewed to act similar to a long chain branching on linear polymers. The C1g modification
of CNT resulted in reduced viscous and elastic properties of the composites. In turn, this
is expected to lead to enhancement in the processing of these composites. Overall, the Cyg

modification of CNT resulted in improved mechanical and rheological properties.
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4.3.2. Introduction

New millennium has witnessed ever increasing research in carbon nanotubes (CNTS).
This research interest is not misplaced, as CNTs show phenomenal properties. Their
compressive strength has been reported as high as ~150 GPa [1]. Tensile strength and
Young’s moduli have been reported as 5-63 GPa [2-6] and 1-5 TPa [5-11], respectively.
There has been exponential increase in polymer / CNT nanocomposite research [12],
clearly indicating a growing interest among researchers around the world in this topic.
The properties of polymer / CNT nanocomposite depend on several factors; the process
used to produce CNTSs and its effect on their purity, loading of CNT [13-16], the length of
CNT, outer diameter of CNT, aspect ratio of CNT, alignment of CNT [17-18] and matrix
of the polymer. Theoretical predictions point towards increase in the elastic modulus and
tensile strength of the composite as either the volume fraction of the reinforcing fibers
increases [19-20], or the aspect ratio of the fibers increases [20]. It is well known that
tensile strength of the composites is strongly influenced by the magnitude of interfacial

matrix-fiber stress [20-26].

A look at the literature available on this topic shows a wide variety of results, from very
high improvements in properties to even drop in properties. There are many reasons for
this discrepancy. Primary reason is inadequate dispersion of the CNTs within the polymer
matrix. Dispersion of the CNTs within the matrix is considered the most critical factor in
improvement of properties [27-36]. Tang et al. [22] reported increase in stiffness and
peak load for the composite films with increasing multi wall carbon nanotubes

(MWCNT) content in HDPE nanocomposite. Bin et al. [37] used solvent blending to
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prepare ultrahigh molecular weight (UHMWPE) and MWCNT composites. Decalin and
paraffin was used as solvent. SEM observations revealed that the MWCNTS within the
composite prepared in decalin were covered by UHMWPE, and their diameters were
much greater than those of the original MWCNTSs. The composites prepared in decalin
had high drawability. Significant increase in elastic modulus was observed. Ruan et al
[38] demonstrated a drastic enhancement in toughness of UHMWPE films prepared by
solution blending due to the addition of 1% MWCNT. Increase of approximately 140%
in ductility was observed. Authors attributed this increase in ductility to the enhancement
of chain mobility in UHMWPE induced by the MWCNTS. So, in our view Raun et al.

[38] view CNTs as plasticizers.

McNally et al. [39] prepared composites of PE and MWCNTs by melt blending with
MWCNT varied from 0 to 10%. The yield strength showed slight increase with the
addition of CNT. However, ultimate tensile strength and elongation at break decreased
with the addition of MWCNTSs. They attributed this drop to poor dispersion of CNTs
which led to poor stress transfer between the polymer and the filler. In general, two
strategies were used by various researchers to improve dispersion of the CNT in the
polymer matrix. One is the use of compatibilizer and the other is the functionalization of
the CNT. Polypropylene (PP) grafted maleic anhydride (PP-g-MA) has been used in PP
matrix with MWCNT [24, 28, 34]. The influence of various functionalized CNTs on the
properties of poly(ethylene terephthalate), polyimide, polyamide 6, epoxy and poly

(methyl methacrylate) were studied [40-46].
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Apart from mechanical properties, rheology of polymer / CNT has been studied as well.
The most peculiar result has been reported by Kharchenko et al [47] in nature materials.
They observed negative normal stresses in MWCNT/PP nanocomposite, which until their
work was only sometimes observed in liquid crystalline polymers. Also, Xu et al [48]
measured the normal forces of MWCNT/PP composites but did not observe any negative

normal forces even though they used functionalized CNT.

Lee et al [49] utilized chemically functionalized MWCNTs with PP. Acid and amine
treatment were used for the functionalization and a decrease in complex viscosity (")
with increasing frequency was observed in dynamic shear tests. Storage modulus
increased with increasing frequency. Similar trend for n~ was observed by Potschke et al.
[50] for MWCNT / polycarbonate composite. However, concentrations above 2 wt% of
MWCNT in the matrix tend to show a plateau behavior at low frequency. Mcnally et al
[39] also studied the rheological properties and reported an increase in n* with the
increase of the concentration of MWCNT. The magnitude of increase is more
pronounced at low ®. However, n* decreases with increasing @ for all nanocomposites
and pure PE. Also, G' for the nanocomposites showed a monotonic increase with
increasing MWCNT content and approached a plateau at low w. It was suggested that the
low o response is indicative of ‘pseudo-solid-like’ behavior. Lee et al [49] also studied
the elongational flow properties of PP / MWCNT nanocomposite. The acid treated and
heat treated MWCNT / PP nanocomposites showed elongational viscosity higher than
pure PP. Amine treated MWCNT / PP showed weak strain hardening. Also, MA-g-PP

has negative effects on strain hardening due to low molecular weight. However, the

144



literature on rheology of polyolefin / CNT is very limited, rheology of modified CNT /

polyolefin is even less.

In our present study, both chemical modification of CNT and a compatibilizer were used
to enhance the dispersion. The effect of C;3 modified CNT and maleic anhydride grafted
polyethylene (PE-g-MA) on LDPE/MWCNT nanocomposite was studied. The produced
nanocomposites were thoroughly characterized by analyzing mechanical, thermal and

rheological properties. Film grade LDPE is used.

4.3.3. Experimental

The LDPE is supplied by ExxonMobil as pellets. This resin has weight average molecular
weight of 99.5 kg/mol and a MWD of 6.5 and a melt index of 0.75 g/10 min and a total
short branch content of 22 branches/1000 C as determined by GPC and NMR,
respectively [51]. Maleic anhydride modified polyethylene (MAPE) used in the study
was acquired from Aldrich. MAPE contained ~3 wt.% maleic anhydride, its viscosity is

1700-4500 cP and melt temperature is 105°C.

The MWCNTSs was supplied by Cheap Tubes Inc, USA. MWNCTSs had an outer diameter
of 30-50 nm and inner diameter of 5-15 nm. The length for COOH-MWCNT (MCNT),
short MWCNT (SCNT) and long MWCNT (LCNT) was 10-20 pm, 0.5-2.0 um and 10-
20 um, respectively. As stated by the producing company, COOH-MWCNT contains
0.7% -COOH groups. MCNT was then reacted with 1-Octadecanol. Here, the Ficher
esterification process was followed. This was achieved by heating 1-Octadecanol to its

melting point in a reaction flask and maintaining the temperature slightly below its
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boiling point (65°C). MCNT was introduced into the reaction flask containing 1-
Octadecanol in a ratio of 1g: 10g of 1-Octadecanol. The mixture was stirred for few
minutes before few drops of sulfuric acid were added to initiate the reaction. The reaction
was left for 2 hours after which the resulting CNT was washed with toluene several times
to remove any unreacted 1-octadecanol and then followed by washing with deionized
water to remove any traces of acid. The resulting CNT is referred to as C15-CNT. This
procedure was implemented for functionalization of CNT with different functional

groups [52].

The FT-IR spectrum for Cy5-CNT is given in Figure 4.3.1. There are two new broad
peaks existing at 2346.3 cm™ and 2917 cm™. The peak at 2346.3 cm™ is characteristic of
long chain alkyl molecule which can be linked to the presence of the 1-Octadecanol while
that at 2917 cm™ is due to the symmetric C-H stretching respectively. Traces of hydroxyl

groups are also evident in C15-CNT as indicated by the peaks at 3398.9 cm™.

The LDPE resin and modified and unmodified MWCNT/LDPE nanocomposites were
conditioned (or blended) in a Haake PolyDrive melt blender. The temperature used was
190°C at 50 rpm and time of blending was 10 minutes. Carver press was used to prepare

samples to be used in mechanical and rheological equipment.
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Figure 4.3.1. FTIR of C13-CNT showing the evidence of long carbon alkyl chain on the

MWCNT.
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4.3.3.1. Mechanical Testing

The samples were tested using an Instron 5560 Mechanical Testing Machine according to
ASTM test D-638. All tests were conducted at constant strain rate of 50 mm/min. The
measured stress / strain data was used to calculate mechanical properties. Maximum of
five samples were tested for each composition. The maximum standard deviation for
yield strength, ultimate strength, Young’s modulus, percent Elongation and toughness

were 0.6, 1.7, 33.8, 1.35 and 17.6 respectively.

4.3.3.2. Differential Scanning Calorimetry

All DSC measurements were performed using a TA Q1000 instrument equipped with a
liquid nitrogen cooling system and auto sampler. Nitrogen at a flow rate 50 ml/min was
used to purge the instrument to prevent degradation of the samples upon thermal
treatments. The DSC was calibrated in terms of melting temperature and heat of fusion
using a high purity indium standard (156.6°C and 28.45 J/g). The absolute crystallinity

was calculated using the heat of fusion of a perfect polyethylene crystal of 290 J/g.

Composite samples (5-10 mg) were sliced and compressed into a non-hermetic
aluminum pans. To minimize the thermal lag between the sample and the pan, samples
with flat surface were used. An empty aluminum pan was used as reference. First, the
baseline was calibrated using empty crimped aluminum pans. All testing was performed
in the standard DSC mode. Initially the samples were heated from room temperature to
200°C at a rate of 10°C/min; followed by a hold up at 200°C for 2 min. All samples were

cooled to sub ambient temperatures for complete evaluation of crystallinity. The samples
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were cooled from 200° to -10°C at a rate of 10°C/min. After that the sample was heated

from -10°C to 200°C at 10°C/min.

4.3.3.3. Rheology

Rheological measurements were carried out in an ARES constant strain rheometer.
Dynamic shear tests were carried out using cone-and-plate geometry of 25 mm diameter
and a cone angle of 0.1 radians. A 15% strain, selected to be in the linear viscoelastic
range, and a temperature of 190°C and a frequency in the range 100 rad/s to 0.01 rad/s
were applied. For extensional rheology, SER Extensional viscosity fixture was used. Test
temperature was 120°C. Sample dimensions were as follows: length, 17-19 mm; width,
6.5-6.7 mm and thickness, 0.48-0.62 mm. Henky rates in the range 0.5 -1.5 s* were

employed.

4.3.4. Results & Discussion

4.3.4.1. Morphology of the LDPE/Cg-CNT composites

The surface morphology of Cig modified Ci5-CNT/LDPE nanocomposites with and
without 2% MAPE is shown in the backscattered FE-SEM images of Figure 4.3.2.a-b.
Both images clearly show agglomeration of C;s-CNT within the matrix of LDPE. No
clear evidence of these agglomerations to be well distributed in the matrix was found.
However, a comparison of the agglormeration size shown in Figure 4.3.2.b for
unmodified MWCNT with LDPE matrix (Figure 4.3.2.c) suggests that even without the
addition of a compatibilizer the C;5 modification has reduced the size of agglomerations.
The reduction in the size of the LCNT agglomeration due to the addition of Cyg is in the

order of 2-3 times.
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Figure 4.3.2.a. FE-SEM image of C1s-CNT/LDPE nanocomposite with 5.0% loading and
2.0% MAPE.
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Figure 4.3.2.b. FE-SEM image of C15-CNT/LDPE nanocomposite with 0.5% loading.
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Figure 4.3.2.c. FE-SEM image of LCNT-LDPE nanocomposite with 0.5% loading.
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4.3.4.2. Mechanical Testing

Mechanical properties of C;s-CNT/LDPE nanocomposite are shown in Table 4.3.1.
Percent increase in yield strength; ultimate strength and Young’s modulus are given in
Figure 4.3.3.a whereas, percent decrease in elongation and toughness are presented in
Figure 4.3.3.b. In general, incorporation of C;g-CNT at various CNT loadings with and
without compatibilizer increased the yield strength of the produced nanocomposites at all
loadings covered in this study. In the absence of the compatibilizer, the increase in
loading of C1g-CNT from 0.5 to 5.0 wt% resulted in an increase in a 23-36% increase in
the yield strength. The increase reaches up to 41% with the addition of 2.0% MAPE as
compatibilizer at 5.0 wt% loading. This percent increase in yield strength can be
attributed to the observed enhancement in dispersion with the addition of the
compatibilizer. This is expected result since a 19% [39] and a 35% [13] increase in
tensile strength was reported for unmodified MWCNT/PE nanocomposites. Addition of 2
wt% of compatibilizer resulted in increase in tensile strength of 50-70% for MWCNT/PP

nanocomposite [24].

The ultimate strength of pure LDPE and its nanocomposites at various loadings show a
different trend. Addition of 0.5 wt% of C13-CNT to LDPE matrix with and without a
compatibilizer results in an increase of 18 and 16%, respectively. However, further
increase in C1g-CNT loading reduces the ultimate strength. The reason is that typical
strain hardening behavior of pure LDPE, usually seen in the stress/strain curve, is still
observed with the addition of 0.5 wt% Ci5-CNT (Figure 4.3.3.c). Also, we know that

ultimate strength represents the maximum value of stress at any point on the stress / strain
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curve. But as the loading is increased from 0.5%, the nanocomposite subsequently loses
this strain hardening behavior due to the reduction in the amorphous part [53]. Hence,
with the addition of 5.0 wt% Ci5-CNT the ultimate strength becomes less than that of
pure LDPE. A 4% drop in ultimate strength of the composite was observed at 5.0 wt%
loading in the presence of a compatibilizer. A drop of 38% in ultimate strength at 5.0
wt% loading has been reported in literature for PE/MWCNT system [39]. Therefore, C18
modified CNT shows much less drop in ultimate strength in comparison with published

literature.

As observed before for yield strength, incorporation of C,g-CNT at various loadings with
and without compatibilizer increases the Young’s modulus of the produced
nanocomposites at all loadings covered in this study. Although there is slight decrease in
Young’s modulus at 0.5 wt% loading. Addition of compatibilizer increases the Young’s
modulus from 7 % at 0.5 wt% loading up to 60% with 5.0 wt% loading of C15-CNT. An
increase of 40% was achieved with 5.0 wt% loading without adding any compatibilizer.
So, presence of compatibilizer seems to enhance the Young’s modulus even further. This

enhancement is attributed to the improvement of dispersion which is supported by SEM.

With Regard to the percent elongation, the addition of C15-CNT has reduced the percent
elongation of C;s-CNT/LDPE nanocomposites, in the presence and absence of a
compatibilizer. The percent decrease in the produced nanocomposites ranges from 40 to
44% at 0.5 wt% loading of C15-CNT. The percent decrease goes up to 63 and 70% at 5.0
wt% C15-CNT. However, this drop is not surprising as a percent drop of 96% at 5.0 wt%

loading was observed previously for CNT/PP even in the presence of compatibilizer [24].
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Again, the drop in elongation has improved with the addition of C;3 modified CNT. With
increasing amount of C;3-CNT loading in LDPE a decreases in the toughness was
observed regardless of the presence or absence of the compatibilizer. Percent drop of
64% and 53% in toughness were observed for 5.0 wt% loading of C18-CNT with and
without 2.0% MAPE compatibilizer. It can be concluded that the addition of C18-CNT to
LDPE matrix through melt blending increases the yield strength and Young’s modulus.
An increase in ultimate strength is also observed upto 2.0 wt% loading of C18-CNT, but
this improvement is lost at 5.0 wt% loading. Addition of 2.0 wt% MAPE causes further
improvement in these properties. Percent elongation and toughness generally decrease
with increased loading of Ci3-CNT regardless of the presence of the compatibilizer.
However, the drop in these properties has shown improvement in comparison with

similar unmodified systems.
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Table 4.3.1. Mechanical properties of LDPE and its nanocomposites

MWCNT, %w

0%
C15-CNT 0.5%
C15-CNT +2.0%
C15-CNT 5.0%
C15-CNT 0.5% +MAPE

C15-CNT 2.0% +MAPE

C15-CNT 5.0% +MAPE

Yield Strength Ultimate Strength Modulus

MPa

9.2

11.3

11.7

12.5

114

12.5

13.0

MPa

13.8

16.1

15.3

13.7

16.3

15.3

13.2

MPa

112.5

110.5

122.1

161.9

120.4

134.2

179.0

Elongation

(%)
735
409
394
268
440

356

220

Toughness

MJ/m®
75.3
53.8
52.9
35.4
58.2

47.8

27.0
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Figure 4.3.3.a. Percent increase in yield strength, ultimate strength and Young’s modulus
for various C1sCNT/LDPE nanocomposites.
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Figure 4.3.3.b. Percent decrease in elongation and toughness for various C1sCNT/LDPE
nanocomposites.
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4.3.4.3. Thermal Characterization
Thermal properties of C1g-CNT composites are reported in Table 4.3.2. The addition of
C1s-CNT shifts the onset of crystallization. As the loading of C1s-CNT is increased, the

onset temperature(Tonset) increases from 98.2°C to 101.1°C and 102.3°C with the

addition of 0.5 and 5.0 wt% C15-CNT, respectively. A similar trend is observed when 2.0
wt% MAPE is added at all loadings, the onset temperature is slightly increased from
102.3 to 102.9°C at 5.0 wt% loading of Cis-CNT due to the addition of the
compatibilizer. The effect of loading on peak crystallization temperature (T peax) IS Weak
since at this point the crystallization process is very fast. It initially shifts from 94.3°C to
97.7° with the addition of 0.5 wt% loading of C15-CNT. Further addition of C15-CNT and
compatibilizer causes only limited increase to 98.0°C. The percent crystallinity, (Xc), was
calculated using the Q1000 software. The initial point for the integration was chosen to
be 2°C above the onset temperature for each exotherm and the final point was room

temperature.

The percent crystallinity results were corrected for added weight of MWCNTSs. It is
observed that the increase in loading slightly increases the percent crystallinity of all
nanocomposites. Addition of compatibilizer has little influence on the percent
crystallinity. These values of crystallinity correlate with Young’s modulus. Both,
Young’s modulus and total crystallinity increase with increased loading of C15-CNT. The
addition of compatibilizer also increases both Young’s modulus and total crystallinity.
Furthermore, the melting temperature (Ty,) is slightly reduced with the addition of Cig-
CNT. The melting temperature increased with the increase in the amount of C15-CNT.
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Table 4.3.2. Thermal properties of C15-CNT/LDPE nanocomposites at various loadings.

C18CNT % Tmeltinq (OC) Tonset, (OC) Tpeak,(oc) Xc,%
0.0 111.5 98.2 94.3 35.2
0.5 110.5 101.1 97.7 35.7
2.0 111.1 101.6 97.3 36.5
5.0 111.7 102.3 96.5 38.0
0.5+ 2.0 MAPE 110.3 102.3 98.0 36.9
2.0+ 2.0 MAPE 110.0 102.8 98.0 37.9
5.0 + 2.0 MAPE 110.7 102.9 97.8 39.0
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4.3.4.4. Rheological Characterization

The dynamic viscosity (1) and storage modulus (G') vs frequency (w) for Cis-
CNT/LDPE nanocomposites at various loadings are shown in Figures 4.3.4.a and 4.3.4.b.
The most remarkable result that stands out is the fact that the addition of C1g-CNT in the
LDPE matrix resulted in a drop in " which is more prominent at low . As the loading is
increased, 1’ increases. Pure LDPE shows a shear thinning behavior with increasing o;
the addition C1g-CNT maintains that behavior. Over the whole range of ®, n' of the
nanocomposites is less or just equal to n' of pure LDPE. This trend is true for

nanocomposite with and without a compatibilizer.

Figures 4.3.4.c and 4.3.4.d show the effect of compatibilizer at a fixed loading of Cys-
CNT. For both 0.5% and 5.0% loading of C15-CNT, the compatibilizer seems to have
little influence on the rheology of nanocomposites unlike Cig-CNT. This result is very
interesting because until now the majority of the published literature has reported an
increase in viscosity (1) with the addition of CNT only [13, 29, 34, 39, 48, 50] and CNT
with compatibilizer [49]. Only few publications have reported a drop in n with the
addition of nanomaterial at low loadings of less than 1.0 wt% [54-56]. Our explanation
for this behavior is that the C;g modification on the CNT acts more or less like a long
chain branching (LCB) on linear polymers and eases the flow. In addition, the presence
of Cig improves the compatibility of CNT/LDPE blends by improving the interfacial
bonding with LDPE which has similar branches. Therefore, C1g in CNT acts as an insitu

compatibilizer. Hence, the presence of this modification has reduced the n' at all
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loadings, more pronounced at low . It is expected that further increase in loading would

eventually increase the " beyond that of pure LDPE.

Storage modulus (G’) behavior is similar to that witnessed for n'. Addition of C1g-CNT
has reduced G’ at 0.5 wt% loading. Further addition in loading increases G’ but values are
still below that of pure LDPE. G’ increases with increasing o but it remains below that of
pure LDPE. Only at 5.0 wt% loading and high ® the value of G’ becomes equal to that of
pure LDPE (Figure 4.3.4.c). Plots of phase angle (8) versus ® are used to observe the
transition from liquid-like to solid-like. Tan (&) usually becomes independent of ® once
interconnected network is formed [24]. In a system without network, the value of tan ()
is high at low ® and decreases with increasing ®. For nanocomposites of C1g-CNT/LDPE
(Figure 4.3.4.¢) the value of tan (8) decreases with increasing . None of the loadings
show network formation behavior. In addition, at all C15-CNT loadings and o, the value
of tan () is higher than that of pure LDPE. This suggests that C1g-CNT increases the
fluidity of LDPE especially at low shear. It points towards the fact that all
nanocomposites show more liquid-like behavior at all loadings and ® compared to pure
LDPE. This result of tan (d) supports the previous results of 1" and G’ that showed a drop

in both " and G'.
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Figure 4.3.4.a. Dynamic viscosity & Storage modulus versus frequency plots for Cys-
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Figure 4.3.5.a shows the extensional viscosity (mg) vs time (s) for Cis-CNT/LDPE
nanocomposites. The loading was varied from 0.5 to 5.0 wt%. A very interesting
observation is that as the loading is increased the nanocomposites showed almost the
same me and strain hardening up to 5.0 wt% loading of Cis-CNT. In general, as the
loading of the nanomaterial is increased the strain hardening increases and so does the ne
and time of break decreases [49]. Here, even though the loading in increased from 0.5
wit% to 5.0 wt% of C1s-CNT. Still the same ne was maintained with no increase in strain
hardening and without appreciable reduction in the time of break. This again can be
explained by the fact that modification on the Ci3-CNT plays the role of long chain
branching. This modification is suggested to increase the free volume and helps in
maintaining similar strain hardening levels up to 5.0 wt% loading of Cj5-CNT.
Interestingly, as the henky rate is increased from 0.5 s™* to 1.5 s™* (Figure 4.3.5.b), almost

the same behavior of ne as discussed above is obtained by the three nanocomposites.

So, it can be concluded from the rheological characterization that the addition of Cig-
CNT to LDPE matrix lowers both 1" and G’ in the melt throughout the frequency range
covered in this study. Results of phase angle suggest that all nanocomposites are more
liquid-like at all frequencies and none of them have shown interconnected network
behavior. For extensional viscosity the addition of up to 5.0 wt% of C1s-CNT did not
increase strain hardening with little impact on ne and time of break. This finding suggests
that the processing of the C13-CNT/LDPE would be improved due to the presence of the

C1s modification on the CNT.
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4.3.5. Conclusion

Nanocomposites of C13-CNT and LDPE were prepared using the melt blending process.
The objective was to improve the mechanical and rheological properties. It was expected
that addition of CNT would enhance the mechanical properties. CNT was chemically
modified by introducing Cis. The addition of C15-CNT to LDPE matrix improves the
yield strength and Young’s modulus. Ultimate strength was also improved up to 2.0 wt%
loading of CNT, but a drop in ultimate strength was observed at 5.0 wt% loading of Cys-
CNT. However, the C18 modification resulted in major reduction in the drop in ultimate
strength in comparison with similar systems that did not incorporate Ci;g on CNT.
Addition of 2.0 wt% MAPE into these nanocomposites further improved these properties
while, percent elongation and toughness for the nanocomposite showed a decrease with
increased loading. The use of MAPE did not have much effect on the two properties. The
increase in Ci3-CNT loading decreased the melt temperature. Percent crystallinity
showed a correlation with Young’s modulus. Both, Young’s modulus and total
crystallinity increased as loading of Cis-CNT is increased. Incorporation of
compatibilizer increases both the Young’s modulus and total crystallinity. Onset
temperature increased with increasing loading of C1g-CNT in the LDPE matrix.

Usually the increase in mechanical properties tends to have adverse effect on rheological
properties of the produced polymer nanocomposite. But the modification of CNT with
Cis proved to be useful as it effectively reduced dynamic viscosity at all frequencies and
up to 5.0 wt% loadings. Storage modulus showed a similar behavior in the same range.
Results of phase angle suggest no presence of network and nanocomposites that showed

more liquid-like behavior in the range of 0.01-100 rad/s. Also, addition of C15-CNT did
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not increase strain hardening and maintained similar levels of extensional viscosity and
time of break, up to henky rate of 1.5 s™. Effectively, there is an improvement in both
mechanical and rheological properties. Ci5 on CNT is suggested to act as an insitu
compatibilizer. It is likely that the modifier type and content play a major role on the
mechanical and rheological properties of nanocomposites. This in turn opens the door for
further research in this direction that takes into consideration the compatibility of the
functional groups attached to CNT with the polymer matrix to improve the interfacial

bonding between the CNT and the matrix.
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4.4 Non-isothermal crystallization kinetics study of LDPE /
MWCNT nanocomposites: Effect of Aspect ratio and surface
modification.

4.4.1. Abstract

In this paper, the effect of aspect ratio and chemical modification of multiwall carbon
nanotubes (MWCNT) on the non-isothermal crystallization kinetics of LDPE/MWCNT
nanocomposites was studied. Nine different samples were prepared using different
MWCNT to study both effects. The cooling rate (R) was varied in the range 2—10°C/min,
and it significantly affected the crystallization behavior. In this paper, the effect of CNT
loading, surface modification and aspect ratio were studied. For the same MWCNT
concentration, aspect ratio and -COOH modification had weak influence on both the peak
crystallization temperature and the crystallization onset temperature. However,
crystallization onset temperature was significantly affected by the amount of MWCNT.
The rate parameters in the modified Avrami method and Mo method [F(T)] of analyses
show a very good fit of data. The Vyazovkin and Shirrazzuoli method of analysis, which
is based on Hoffman-Lauritzen theory for secondary crystallization, was also used.
Temperature dependency of activation energy was obtained for 30-75% relative
crystallinity of the produced nanocomposites. Activation energy based on calculations of
Hoffman-Lauritzen theory showed a decrease with the increase in the concentration of
MWCNT and crystallization temperature. A proposed model of the form E = a exp (-b
XT) which relates the activation energy, E, to relative crystallinity, X, and crystallization

temperature, T, was able to fit the whole set of data. Incorporation of MWCNT in
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nanocomposites lowers the activation energy; hence enhances the initial crystallization

process as suggested by the different methods of data analyses.

4.4.2. Introduction

The microstructure of the polymer and nano materials play an important role in
determining the polymer nanocomposite mechanical, optical, rheological, and thermal
properties. In this study, the influence of structure of carbon nanotubes (CNT) and its
loading on the thermal properties of polyethylene/CNT nanocomposites is investigated.
The study of polymer crystallization kinetics is significant from theoretical and practical
points of view [1-9]. Many researchers have investigated the crystallization behavior of

different polyethylenes [10-15].

The previous research has primarily focused on the study of the influence of molecular
weight (Mw), molecular weight distribution (MWD), branch type, branch content (BC),
and crystallization conditions on the crystallization behavior of ethylene/a-olefin
copolymers [16-28]. Most of these studies used Ziegler—Natta linear low density
polyethylenes (ZN-LLDPES). Due to the random comonomer composition and sequence
distribution, and intermolecular heterogeneity of ZN-LLDPEs, the effects of the
individual factors on the crystallization phenomenon is difficult to separate. For example,
increase in BC, a lamella first becomes shorter, then segmented, and eventually
disintegrates into small crystallites [28]. Also, the previous studies used primarily

fractions of conventional heterogeneous ZN-LLDPEs [16,18,21,25,30].
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Several studies on the thermal properties and molecular structure of metallocene LLDPE
(m-LLDPES) have been reported by different authors [26,29,31-42]. Most of these studies
focused on the influence of short chain branch distribution [26,31-33,37,40-42] on
melting and crystallization Kkinetics, particularly of a single polymer and its fractions
using different fractionation techniques [34,35,37-39]. Bensason et al. [29] classified
homo geneous ethylene/1-octene copolymers based on comonomer content and reported
the melting phenomena and crystal morphology by relating their results to the tensile and
dynamic mechanical properties. Seo et al. [43] reinforced Polypropylene (PP) with
multiwalled carbon nanotubes (MWCNTS), varying the weight fraction from 1 to 5%.
They studied the crystallization kinetics and evaluated the isothermal crystallization
parameters (n and k) for avrami. They deduced that the addition of 1% MWCNTSs
increases the crystallization rate by as much as an order of magnitude or higher and is

attributed to enhanced nucleation, resulting from the presence of MWCNTS.

Funck et al. [44] produced PP / MWCNT composites by in situ polymerization. They
studied the half time of crystallization for the produced composites using Avrami plots.
They observed that crystallization rate increased with decreasing isothermal
crystallization temperature and higher loadings with MWCNT for all materials that they

investigated.

Vega et al. [45] produced nanocomposite samples by melt mixing a high density
polyethylene (HDPE) with an in situ polymerized HDPE/MWCNT masterbatch. They
also conclude that crystallization kinetics studied through DSC suggest that the

MWCNTSs act as nucleating agents for polymeric chains. The length of the MWCNTSs
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(short vs long) would likely affect the nucleation of polymeric chains. Therefore, we
would like to investigate the effect of aspect ratio and chemical modification of CNT on
the non isothermal crystallization kinetics which has not been reported in the literature. In
this study, we will use LDPE and MWCNT to investigate these parameters. In addition,

the effect of CNT loading will be studied.

4.4.3. Experimental
4.4.3.1. Materials and Sample Preparation

MWCNTSs with different aspect ratios and surface modification were supplied by Cheap
Tubes Inc, USA. Table 4.4.1. shows energy dispersive x-ray spectroscopy data provided
by the supplier. In Table 4.4.2., details of the three different CNTs used in the study are
given. The three different types are selected to study one parameter at a time. The long
and the short CNTs have the same ID and OD; however, the length of the long CNT is 12
times higher than the short CNTs. The aspect ratio is defined as the length / OD.
Therefore a comparison of the long and short MWCNT will reveal the impact of aspect
ratio. On the other hand, a comparison of MWCNT and COOH-MWCNT will highlight
the influence of chemical modification since both CNTs are having the same ID, OD and

length.

In all of the MWCNT used, 95% percent of the total weight is MWCNT and
approximately 1.5% of the weight was ash and the rest was by products from MWCNT
production. MWCNT used were not washed or purified. As stated by the producing
company, COOH-MWCNT contains 0.7% -COOH groups. The LDPE has a weight

average molecular weight of 99.5 kg/mol and a MWD of 6.5 and a melt index of 0.75
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g/10 min and a total short branch content of 22 branches/1000 C as determined by GPC
and NMR, respectively Hussein and Williams [46]. The LDPE resin and MWCNT-
LDPE composites were conditioned (or blended) in a Haake PolyDrive melt blender. The
blending temperature used was 190°C. The rpm was 50 and time of blending was 10
minutes. From here onwards the long, short and COOH modified MWCNT will be

named LCNT, SCNT and MCNT, respectively.
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Table 4.4.1. Energy dispersive X-ray spectroscopy of MWCNTS.

Components | Contents (%)
C 97.34

Cl 0.21

Fe 0.56

Ni 1.87

S 0.02

Table 4.4.2. Dimensions of the multi-walled carbon nano tubes (MWCNT).

Name OD* ID** Length Aspect ratio,
(L/D)
Long MWCNT 95 wt% 30-50nm | 5-15nm | 10-20pm 375
Short MWCNT 95 wt% 30-50nm | 5-15nm | 0.5-2.0um 31
COOH-MWCNT 95 wt% 30-50nm | 5-15nm | 10-20um 375

*outer diameter, ** inner diameter
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4.4.3.2 Differential Scanning Calorimetery (DSC)

All measurements were performed using a TA Q1000 instrument equipped with a liquid
nitrogen cooling system and auto sampler. Nitrogen at a flow rate 50 ml/min was used to
purge the instrument to prevent degradation of the samples upon thermal treatments. The
DSC was calibrated in terms of melting temperature and heat of fusion using a high
purity Indium standard (156.6°C and 28.45 J/g). The absolute crystallinity was calculated

using the heat of fusion of a perfect polyethylene crystal, 290 J/g [47].

Composite samples (7.5-10 mg) were sliced and compressed into a non-hermetic
aluminum pans. To minimize the thermal lag between the sample and the pan, samples
with flat surface were used. An empty aluminum pan was used as reference. The previous
thermal effects were removed by heating the samples from room temperature to 140°C;
followed by a hold up at 140°C for 5 min. All samples were cooled to sub ambient
temperatures for complete evaluation of crystallization [25]. The samples were cooled
from 140° to 5°C at a rate of 2 °C/min, 6°C/min and 10°C/min. First, the baseline was
calibrated using empty crimped aluminum pans. All testing was performed in the

standard DSC mode.

4.4.4. Theory & Calculation

4.4.4.1. Non-isothermal crystallization kinetics

Several analytical methods have been developed to describe the non-isothermal
crystallization kinetics of polymers: (1) modified Avrami analysis, [2,48-50] (2) Ozawa
analysis, [2] (3) Ziabicki analysis,[51-52] and other methods [53-54]. In this study, the

modified Avrami analysis proposed by Jeziorny [3] and the Mo method suggested by Liu
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et al. [55] were used to describe the non-isothermal crystallization kinetics of LDPE /
MWCNT composites. Because of the variation in the range of crystallization
temperatures, the Ozawa model [2] was not suitable for this study. The Avrami equation

is defined as follows: [48-50]
1— X, = exp(—k,t") (1)

where n is the Avrami crystallization exponent, which is dependent on the nucleation
mechanism and growth dimensions; t is the crystallization time; k; is the growth rate
constant, which depends on nucleation and crystal growth; and X; is the relative

crystallinity [50]. X; is defined as follows:

ot rdHgy
_ 'tl:ll'~ dt / de (2)
X = Tood)
“tg \dr /

where dH/dt is the rate of heat evolution and t, and t,, are the onset and completion times
of the crystallization process, respectively. The Avrami equation was developed on the
basis of the assumption that the crystallization temperature is constant. Jeziorny [3]
modified the equation to describe non-isothermal crystallization. At a chosen cooling rate
(R), the relative crystallinity is a function of the crystallization temperature (T). That is,

equation (2) can be formulated as

Tefdie’ 4p
“lp*% dT 4
X =m0
Iy (e ®
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where Xy is the relative crystallinity as a function of crystallization temperature, T,
denotes the crystallization onset temperature, and T, and T., represent the crystallization
temperatures at time t and after the completion of the crystallization process, respectively.

Also, time t can be calculated from T, using the following equation: [2,51]

a (@)

where R is the cooling rate (°C/min). The double- logarithmic form of Eq. (1) yields
In[—In(1—X.)] =Ink, +nlInt (5)

Thus, n and the crystallization rate constant (k;) can be obtained from the slope and
intercept of the plot of In[-In(1-Xt)] versus In t, respectively, for each R. The physical
meaning of k; and n cannot be related to the non-isothermal case in a simple way; they
provide further insight into the kinetics of non-isothermal crystallization. The rate of non-
isothermal crystallization depends on R. Therefore, ki can be corrected to obtain the

corresponding primary rate constant (kg). [2]

Ink, = = (6)

A method modified by Mo, which combines the Avrami equation with the Ozawa
equation, was also used to describe the non-isothermal crystallization. Its final form is

given as follows: [55]
InR = InF(T) — alnt @)
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1/m

where Mo modified crystallization rate parameter (F(T)) = [k(T)/k]™"™" represents the

value of R and a is the ratio of n to the Ozawa exponent (m; o=n/m).

Furthermore, the effective activation energy (AEx) was calculated theoretically with the
method proposed by Vyazovkin and Shirrazzuoli [56]. In this method, the coefficient of

the growth rate (G) and the overall crystallization rate (dX/dt) are related by

—E _ dlnE _ dfﬂi%}
i (8)

R 4ar-* P

G is given as a function of T, by the Hoffman—Lauritzen equation in the context of the
Hoffman-Lauritzen secondary nucleation theory [57]. Vyazovkin and Shirrazzuoli [56]
modified the Hoffman-Lauritzen equation to calculate AEx at a given conversion (X)

from the following relationship:

+ KR Tt )

where U” denotes the activation energy per segment, which characterizes the molecular
diffusion across the interfacial boundary between melt and crystals; T, is usually set
equal to Ty - 30 K, where Ty is the glass-transition temperature of the polymer; Kq is a
nucleation constant; T°, is the equilibrium melting point for the polymer, and R is the gas
constant. The Vyazovkin and Sbirrazzuoli method and Hoffman— Lauritzen theory have

been widely used in recent literature to calculate U” and Kq [58-61].

188



4.4.5. Results & Discussion

The non-isothermal crystallization MDSC traces (non-reversing curves) of pure LDPE
and its nanocomposites at low and high R values (2, 6 and 10°C/min) are shown in Figure
4.4.1.(a-c). For all the samples with varying nanocomposite amount, the DSC
thermograms showed no change in the baseline above 120°C and below 30°C. So, these
values are used as the initial and final values for all of the DSC calculations, if applicable.
The LDPE nanocomposites crystallization exotherms were fairly similar. They showed a
distinct high-temperature peak followed by a broad long tail. However, it can distinctly
be observed from Figure 4.4.1. (a-c) that as the amount of MWCNT in the composite is
increased, early onset of crystallization takes place. For example, at the low cooling rate
(2°C/min) Tonset increases from an average value of 105.38 for 0.5 wt% MWCNT to
106.85°C for the 5.0 wt% MWCNT. However, the effect of both the aspect ratio and
COOH modification at this low cooling rate is much less as given by the data shown in
Table 4.4.3. Table 4.4.3. was prepared using the TA analysis software. For each
exotherm, the peak and onset crystallization were found using the software options.

Similarly, the influence of aspect ratio or COOH modification on T peax is weak.
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Table 4.4.3. Peak and onset crystallization temperatures for different nanocomposites.

Cooling Rate | Weight % | MWCNT Type | Tpeak (°C) | Tonset (°C)
2°C/min 0.5 Long 100.85 105.34
Short 100.66 105.08
Modified 100.75 105.71
2.0 Long 100.95 105.84
Short 100.61 106.21
Modified 101.05 106.08
5.0 Long 101.14 106.82
Short 100.61 106.88
Modified 101.50 106.86
10°C/min 0.5 Long 97.10 105.81
Short 97.50 104.94
Modified 97.2 104.64
2.0 Long 97.95 107.10
Short 97.25 105.12
Modified 97.45 105.94
5.0 Long 97.90 108.01
Short 97.50 106.69
Modified 98.2 107.12
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At high cooling rate (10°C/min), LCNT showed higher Tonst Values that increase with
MWCNT concentration. A comparison of LCNT and MCNT (both have the same aspect
ratio) and the LCNT and SCNT suggests that aspect ratio has influenced Tonset but not
Toea With weak influence of surface modification on Tpeax as well as Tonser. This suggests
that the effect of aspect ratio on Tt IS cOoling rate dependent and it is more pronounced
at high cooling rate. On the other hand, the impact of aspect ratio or surface modification
of MWCNT on Tpea IS very weak. This observation can be explained, tentatively, as
follows: CNT with high aspect ratio (LCNT) promotes nucleation due to its large surface
area per tube. However, for Tpex the surface area of CNT is no longer a factor in
enhancing crystallization since crystallization is already at its peak. Therefore, the
increase in MWCNT concentration shifts Tonset to higher values and promotes nucleation
with almost no effect on Tpeak. Nevertheless, we observed that at low cooling rates
surface modification and aspect ratio did not affect Tonset OF Tpeax. IN general, there was a
decrease in total crystallinity due to the addition of MWCNT which is a direct result of

the decrease of the polymer portion in the nanocomposite.

The relative crystallinity Xt was calculated using Eg. (3) and shown in Figure 4.4.2.(a-c)
for the different cooling rates. Xt was then converted into X; using Eq. (4). X; versus t is
plotted in Figure 4.4.3.(a-c). The whole data of LDPE nanocomposites was used to fit
Avrami model but it is known that it will not fit the entire crystallization range [see ref.
62 and references therein]. Avrami equation was used to fit data in the range of X+=0-
40% crystallization. But we encountered the problem getting n greater than 4 which has

no physical meaning [53]. Figure 4.4.4. represents sample Avrami plots for all LDPE
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nanocomposites obtained at 2°C/min. Avrami equation was used to fit data in the range of
X1=0-40%. The rest of the results and extracted parameters are shown in Table 4.4.4,

Table 4.4.5 shows the comparison of Avrami parameter and fit quality at 40% and 95%

crystallinity.
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Table 4.4.4. Avrami Parameters for LDPE / MWCNT nanocomposites.

Cooling Regression Coefficient
Rate, °C/min | Sample N4o ke K r?
2 LDPE 3.974 | 0.0094 0.0971 0.998
LCNT 0.5% | 8.299 | 3.1E-08 0.0001 0.997
LCNT 2.0% | 8.556 | 5.6E-09 | 7.49E-05 0.999
LCNT 5.0% | 9.255 | 4.26E-11 | 6.52E-06 0.984
MCNT 0.5% | 6.846 | 1.34E-06 | 0.001159 0.982
MCNT 2.0% | 6.992 | 3.77E-07 | 0.000614 0.999
MCNT 5.0% | 8.985 | 3.21E-10 | 1.79E-05 0.995
SCNT 0.5% | 4.625 | 0.000499 | 0.022348 0.984
SCNT 2.0% | 4.988 | 8.12E-05 | 0.009014 0.999
SCNT5.0% | 6.619 | 8.65E-07 | 0.00093 0.996
10 LDPE 3.349 | 0.315373 | 0.89101 0.997
LCNT 0.5% | 3.143 | 0.315373 | 0.89101 0.997
LCNT 2.0% | 3.663 | 0.266602 | 0.876166 0.997
LCNT 5.0% | 6.853 | 0.000338 | 0.449734 0.974
MCNT 0.5% | 7.166 | 0.000444 | 0.462088 0.99
MCNT 2.0% | 4.749 | 0.081268 | 0.778022 0.998
MCNT 5.0% | 4.805 | 0.038504 | 0.722022 0.997
SCNT 0.5% | 4.916 | 0.036589 | 0.718349 0.999
SCNT 2.0% | 3.54 | 0.188624 | 0.846369 0.991
SCNT 5.0% | 3.772 | 0.191666 | 0.847724 0.999
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Table 4.4.5. Avrami Parameters for LDPE / MWCNT nanocomposites at 40 and 95 %

crystallinity.
Cooling
Regression Regression
Rate, Coefficient Coefficient
°C/min | Sample N4o r? Ngs r?
2 LDPE 3.974 0.998 1.063 0.903
LCNT 0.5% 8.299 0.997 2.007 0.901
LCNT 2.0% 8.556 0.999 1.977 0.897
LCNT 5.0% 9.255 0.984 2.584 0.876
MCNT 0.5% 6.846 0.982 1.632 0.887
MCNT 2.0% 6.992 0.999 1.846 0.903
MCNT 5.0% 8.985 0.995 2.355 0.886
SCNT 0.5% 4.625 0.984 1.341 0.907
SCNT 2.0% 4,988 0.999 1.596 0.921
SCNT 5.0% 6.619 0.996 2.007 0.901
Sample n r2 n r2
10 LDPE 3.143 0.997 1.572 0.911
LCNT 0.5% 3.663 0.997 1.595 0.93
LCNT 2.0% 6.853 0.974 2.893 0.896
LCNT 5.0% 7.166 0.99 3.02 0.908
MCNT 0.5% 4,749 0.998 1.834 0.904
MCNT 2.0% 4.805 0.997 2.059 0.92
MCNT 5.0% 4,916 0.999 2.194 0.924
SCNT 0.5% 3.54 0.991 1.675 0.917
SCNT 2.0% 3.772 0.999 1.758 0.932
SCNT 5.0% 4.053 0.999 1.999 0.934
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It is observed that if the whole data is fitted the values of Avrami parameter make sense
but the data fit is very poor as reflected in the regression coefficient. But if selective
fitting for upto 40% crystallization is done, the Avrami parameter loses its physical
meaning. Hence, no attempt was made to discuss the results obtained by Avrami method

in this paper.

The kinetic model proposed by Mo [55] was used [see eq. (7)]. Sample plots of In R
versus In t for LDPE nanocomposite with 5 wt% MWCNT are shown in Figure 4.4.5.(a-
c). Plots for the rest of nanocomposites are not shown here; however, the Mo parameters
for all samples are given in Table 4.4.6. From these plots, values of a and F(T) were
obtained at different crystallinities in the range 20-80%. All plots were linear, as
predicted by eq. (7). F(T) increased with the increase in percentage crystallinity. In
general, the higher the MWCNT loading, the higher the value of F(T) for the same
crystallinity. Also, for the same MWCNT loading F(T) increases with crystallinity. This
observation was valid at all levels of crystallization. These two observations suggest the
increased difficulty of polymer crystallization at high crystallinity and with the addition
of CNT. The results of Mo method of analysis are in agreement with the previous Avrami
analysis where k, was observed to decrease with increasing MWCNT loading. So,
MWCNT promotes initial crystallization but at the expense of slower secondary

crystallization process.
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Figure 4.4.5.a. In R versus In t at each given relative crystallization for LCNT 5.0%.
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Table 4.4.6. Values of the Mo Parameters, o and F(T), at a fixed value of the Relative
Degree of Crystallinity [X(t)] for All of the LDPE/Nanocomposites.

X (t) %
Sample Variable 20 40 60 80

A 1.749 | 1.661 | 1.019 | 0.952

LDPE F(T) 2.069 | 2531 | 2.777 | 3.387

r? 0.997 | 0.996 | 0.999 | 0.999

A 0.817 | 0.859 | 0.813 | 0.856

LCNT 0.5 F(T) 2.342 | 2585 | 2.858 | 3.382

r? 0.959 | 0.97 | 0979 | 0.992

A 0.938 | 0.98 | 0.988 | 0.982

LCNT 2.0 F(T) 2719 | 2948 | 331 | 3.757

r? 0.742 | 0.793 | 0912 | 0.972

A 1.013 | 1.01 | 0.956 | 0.944

LCNT 5.0 F(T) 3.131 | 3.273 | 3.445 | 3.788

r? 0.994 | 0.994 | 0.998 | 0.999

A 0.968 | 0.989 | 0.903 | 0.913

MCNT 0.5 F(T) 2.358 2.6 2.909 | 3.452

r? 0.961 | 0.968 | 0.992 | 0.998

A 1.033 | 1.036 | 0.941 | 0.933

MCNT 2.0 F(T) 2.644 | 2.874 | 3.114 | 3.574
r? 0.997 | 0.998 | 0.999 1

A 0.854 | 0.881 | 0.86 | 0.879

MCNT 5.0 F(T) 2.632 | 2.846 | 3.106 | 3.535

r? 1 0.999 | 0.999 | 0.999

A 1.217 | 1.184 | 0974 | 0.95

SCNT 0.5 F(T) 2251 | 2568 | 2.904 | 3.468
r? 0.985 | 0.986 | 0.998 1

A 1.039 | 1.029 | 0.923 | 0.93

SCNT 2.0 F(T) 234 | 2607 | 2.923 | 3.471

r? 0.999 | 0.999 1 0.999

A 0.958 | 0.979 | 0.907 | 0.917

SCNT 5.0 F(T) 2554 | 279 | 3.051 | 3.535

r? 0.981 | 0.99 | 0.992 | 0.996
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The Vyazovkin and Sbhirrazzuoli [56] method of analysis [eq. (9)], which is based on
Hoffman-Lauritzen theory for secondary crystallization, [57] was used for the analysis of
the activation energy data. Temperature is plotted against Activation energy for 30 to
75% relative crystallinity of the nanocomposites. We can clearly observe in Figure
4.4.6.a that the activation energy is decreasing as the amount of MWCNT is increased in
the bulk from 0.5% to 5.0 % weight. This suggests that the incorporation of CNT
promotes the initial crystallization process by lowering the activation energy. In Figure
4.4.6.b, Temperature is plotted against activation energy for different kinds of MWCNT
at a fixed loading of 5 weight %. In general, the presence of MWCNT resulted in
significant reduction in activation energy for short, long and modified MWCNT. Also,
both LCNT and MCNT (both have same aspect ratio) showed similar reduction in
activation energy over the whole temperature range. Nevertheless, the long CNT resulted
in more drop in activation energy in comparison with short CNT. This suggests that CNT
with long aspect ratio are enhancing the crystallization process as compared to CNT with
short aspect ratio. However, for the same long aspect ratio the —-COOH modification did
not result in a reduction of the activation energy. These results are in agreement with

findings from previous methods of analysis.
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Figure 4.4.6.a. Activation energy versus crystallization temperature for LDPE with
varying loadings of SCNT. Continuous lines show predictions of the proposed model.
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Figure 4.4.6.b. Activation energy versus crystallization temperature for LDPE with
different MWCNT at 5 wt%. Continuous lines show predictions of the proposed model.
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A model was proposed for fitting the above activation energy; crystallization temperature

and relative crystallinity. The proposed model is given below:

E = ae b&T (10)

where E is the activation energy, a and b are constants. X is relative crystallinity and T is
absolute temperature. After linearization of the above equation In E was plotted against
X: T to obtain a straight line. A very good fit was obtained. Model parameters are given
in Table 4.4.7. 1t was observed that constant b is almost independent of concentration. In
fact b was in the range 0.15 to 0.18. Therefore an average value of 0.165 was used for
fitting the whole data. Therefore constant b is unique and reflects the specific
crystallization process. Further, the value of b is almost the same for long, short or
modified MWCNT at the same MWCNT concentration. However, the constant a is
concentration dependent and it decreases with increasing concentration. Therefore, the
activation energy function is separable into two terms: a concentration dependent term

(constant a) and a temperature dependent term (exponential term).
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Table 4.4.7. Parameter values for the proposed model.

Regression
coefficient
a b r?

LDPE 1283 0.023 0.986
MCNT, 5.0 | 2008 0.016 0.940
LCNT, 5.0 | 1815 0.015 0.959
SCNT, 5.0 | 2273 0.016 0.966
SCNT,2.0 | 2813 0.017 0.960
SCNT, 0.5 | 3782 0.018 0.970
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4.4.6. Conclusion

In this paper, the effect of CNT loading surface modification and aspect ratio was
studied. The presence of long MWCNT promotes initial crystallization and it impacts
both the onset as well as peak crystallization temperatures. The effect is more pronounced
at high cooling rates. Also, -COOH modified MWCNT behaved in a very similar fashion
like unmodified MWCNT with the same length. On the other hand, the increased
MWCNT loading helps in initiating the crystallization process but it slows the secondary
crystallization. The surface modification with short group such as -COOH did not make
any noticeable difference on the crystallization process. Three different methods of data
analyses were used: The Avrami approach, Mo method and Hoffman-Lauritzen theory.
However nothing was deduced from the avrami method. The other two methods agree
that the addition of MWCNT promoted the initial crystallization by shifting the onset
crystallization temperature to higher values. However, the crystallization process is
slowed after that. For example with increasing MWCNT concentration, long
crystallization tails following the peak crystallization temperature were obtained. On the
other hand, F(T) obtained from Mo model increased with the increase in MWCNT
concentration and percent crystallinity indicating the increased difficulty in
crystallization. Further, the Hoffman- Lauritzen theory showed that the activation energy
decreased with the increase in MWCNT concentration which supports the observed
promotion of the initial crystallization. A model was proposed to correlate the effect of
MWCNT concentration, crystallization temperature and crystallinity on the activation

energy (E = ae~®****%T). The model was able to fit the whole set of data obtained at

different cooling rates and for short and long MWCNT.
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CHAPTER FIVE

CONCLUSIONS

Nanocomposites of LDPE / MWCNTSs were prepared using melt blending. Samples were
prepared using different MWCNT (LCNT, MCNT & SCNT). The effect of surface
modification and aspect ratio on dynamic, steady shear and extensional rheology were
studied. Morphology of these nanocomposites showed agglomerations present at all
loadings and that these agglomerations were distributed into the LDPE matrix of LDPE.
Both 1, 1, G" and N increased with increasing loading and aspect ratio at low frequency,
tending towards solid-like behavior. At low loadings, n’, n, G’ and N; values became
lower than that of pure LDPE at low frequency, a tentative explanation was suggested
that MWCNT at low loadings act as plasticizer while at high loadings they play the role

of a filler.

Results of extensional viscosity show more pronounced differences between the
nanocomposites with different aspect ratios. LCNT nanocomposite showed the most
strain hardening. MCNT showed less strain hardening than LCNT, possibly due to
COOH acting as short branching. Time of break for all three types of nanocomposite

decreases with increasing aspect ratio and henky rate.

In general, the rheological tools used in this study revealed a possible plasticization effect
for MWCNT with high aspect ratio at low loadings (<1.0 wt%) and a filler effect at

higher loadings (>1.0 wt%). The effect COOH modification was more apparent in
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extensional viscosity and N; to some extent. Aspect ratio has influenced both viscous and

elastic shear properties as well as strain hardening.

Analysis of Mechanical properties revealed that yield strength and modulus increased
with increased loading of various MWCNTs. However, ultimate strength, percent
elongation and toughness were reduced for 2% loading and higher. Addition of
compatibilizer improved most of the mechanical. With the increase in properties being
46% and 48% for yield strength, Young’s modulus at 5.0% loading respectively. Also,
16% increase for ultimate strength at 2.0 % loading was observed for LCNT
nanocomposite in the presence of MAPE. On the other hand, percent elongation and

toughness did not show any improvement, with or without the compatibilizer.

Addition of MWCNT induced early onset of crystallization. However, aspect ratio and
COOH modification did not show any effect. LCNT and MCNT composites show higher
values of percent crystallinity in comparison with the SCNT at all loadings. High aspect
ratio increased yield strength, ultimate strength, and Young’s modulus, at all loadings.
But it did not result in any improvement in percent elongation and toughness. The
presence of MAPE improved all mechanical properties, apart from percent elongation

and toughness.

MCNT was further modified to produce Cis-CNT. Nanocomposites of Ci5-CNT and
LDPE were prepared using the melt blending process. The addition of C15-CNT to LDPE
matrix improves the yield strength and Young’s modulus. Ultimate strength was also

improved upto 2.0 wt% loading of CNT, but a drop in ultimate strength was observed at
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5.0 wt% loading of C1s-CNT. Addition of 2.0 wt% MAPE into these nanocomposites
further improved these properties. Percent elongation and toughness showed a decrease in
value with increased loading. The use of MAPE did not have much effect on the two
properties. The use of Cig as modification of CNT proved useful as it effectively reduced
dynamic viscosity at all frequencies with the addition of C15-CNT at loading up to 5.0
wt%. Storage modulus showed a similar behavior to dynamic viscosity, as its values were
lower than that of pure LDPE even at 5.0 wt% loading. Results of phase angle show no
presence of network and that produced nanocomposite showed liquid-like behavior. Also,
addition of Ci5-CNT did not increase strain hardening and maintained extensional
viscosity and time of break, even at high henky rate of 1.5 s™. So, effectively there is an
improvement in both mechanical and rheological properties and C;3 on CNT acts as an
insitu compatibilizer. The modifier type and content play a major role on the mechanical

and rheological properties of nanocomposites.

The effect of CNT loading surface modification and aspect ratio on non isothermal
crystallization kinetics were then studied. The presence of long MWCNT promotes initial
crystallization and it impacts both the onset as well as peak crystallization temperatures.
The surface modification with short group such as -COOH did not make any noticeable
difference on the crystallization process. The addition of MWCNT promoted the initial
crystallization by shifting the onset crystallization temperature to higher values. The
Hoffman-Lauritzen theory showed that the activation energy decreased with the increase
in MWCNT concentration which supports the observed promotion of the initial

crystallization. A model was proposed to correlate the effect of MWCNT concentration,
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crystallization temperature, and crystallinity on the activation energy (E = ae~%1%5%T),

The model was able to fit the whole set of data obtained at different cooling rates and for

short and long MWCNT.

In summary, the aspect ratio of MWCNT proved to influence many melt and solid-state
properties of nanocomposites. This use of maleated polyethylene improved the dispersion
of MWCNT and the surface modification of MWCNT with C18 showed improved
mechanical and rheological properties of MWCNT/LDPE nanocomposites. Further
research in this area should focus on incorporation of other selected long groups on

MWCNT to enhance the properties of polymer nanocomposites.
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CHAPTER SIX

RECOMMENDATIONS

The results achieved thus far are promising. A lot of research still needs to be done to
fully utilize the ultimate properties of CNTs. The use of FE-SEM only made possible, the
two dimensional analysis of the dispersion of the produced nanocomposite. The use of
cryo sectioning machine, coupled with TEM (transmission electron microscopy) would
enable three dimensional evaluation of the dispersion in the matrix of the nonmaterial. As

of now, this machine is not available in Saudi Arabia.

The size of the chain length on the modified CNT should also be further studied.
Particularly how changing the length of modifications of the CNTs affects both the
mechanical and rheological properties in various polymer matrix. Even though CNTSs are
promising material, not a lot of research has been done on CNFs. CNFs have good
mechanical properties and are cheaper than CNTs. So evaluation of mechanical and
rheological properties using various CNFs would be an exciting avenue of research.
Further the surface of the CNFs can also be modified to see how that would affect the

bulk properties.
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Complex viscosity
Dynamic viscosity
Extensional viscosity
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Shear rate

Steady shear viscosity
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