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Abstract

Rotational molding (RM) is a high-temperature, low-pressure, thermo-plastic
processing method for the production of hollow or double-walled parts, usually of
large dimensions. Polyolifines like linear low density poly ethylene (LLDPE) are
commonly used as raw materials for the process. Rotationally molded parts find
applications in many engineering and domestic outdoor applications requiring
improved mechanical properties, which is limited by the choice of materials and
the process itself as it demands high thermal stability of the polymer over a
large temperature range. The normal trend of researchers is to focus on process
parameters and new polymer blends with micro scale additives to improve the
mechanical properties of the product. However, the use of nanocomposites for RM
have not been adequately addressed. In this research work, nanocomposites of
fumed silica (F'S) have been used along with LLDPE. Detailed investigation is
required to understand the alteration of rheological and mechanical properties
of the polymer with the addition of nano particles. This work is focused on
experimental investigations of RM of LLDPE - F'S nano composites to improve the
melt flow characteristics of the polymer as well as mechanical properties of the
product.

Melt flow index (MFT) is commonly used to ascertain the melt characteristics of
thermoplastic polymers. For RM using LLDPE, MFI values between 3.5 to 5 g/10
min (at 2.16 kg/190°C) are preferred. The MFI values of LLDPE and F'S blends
were measured and proper blends for RM were identified. RM being a low shear
process, parallel plate rheometry studies were conducted to study the melt rheology
of LLDPE - FS blends and zero shear viscosity was found out. Based on the zero
shear viscosity inferences were drawn about the interaction between the nano
particles and LLDPE chains. In order to analyze the variations in melt torque

during compounding of LLDPE, torque rheometry studies were performed.

The effect of FS on the mechanical and visco elastic properties of LLDPE
has been further investigated. It included the effect of F'S on static mechanical
properties of RM product like tensile, flexural, and impact strengths. The effect of
FS on crystallinity of LLDPE is studied by conducting X-ray diffraction studies.
The micro structural studies using scanning electron microscopy were conducted to
study the dispersion of F'S in LLDPE and correlated with the mechanical properties
of the nano composites. Dynamic mechanical analysis (DMA) was also carried
out to find the time — temperature dependent mechanical properties viz. storage
modulus (E/), loss modulus (E”), and tan delta for LLDPE - FS blends. DMA
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Abstract

studies were extended to perform accelerated stepped isothermal creep studies to

find out the influence of F'S on creep strains.

As RM suffers a drawback of longer cycle times, the effect of F'S on the
processibility was also studied apart from the material properties and attempts
were made to reduce the cycle time. This was done by preparing an innovative
fixture with internal heating and temperature monitoring capabilities, that can
be used on a standard universal testing machine. The mold release force was
measured for both steel and aluminum molds at different temperatures and pulling
rates. The cycle time reduction was achieved by finding minimal pulling force for

successful demolding at higher temperatures than (currently) used in industry.

Having arrived at a suitable LLDPE - F'S composition at laboratory scale, the
same was tested for an engineered product at industrial scale. The industry trials
were conducted using a three arm bi-axial rotational molding machine by carefully
monitoring the internal air temperature within the mold at GMI Zarahak Moulders
Pvt. Ltd, Goa. The effect of 4% FS on powder flow quality (dry flow and bulk
density), MFI, static mechanical properties (tensile strength, modulus, toughness,
flexural strength and impact strength) as well as dynamic mechanical properties
(storage and loss modulus), along with creep and relaxation were investigated.
Morphological studies were conducted to correlate the above findings with the
dispersion of the nano particles within LLDPE matrix. Finally, the comparative
studies between the laboratory findings and scaled up industry trials have been
carried out.

Since rotational molding industry is looking for alternative and newer materials
with improved properties, the proposed research work is expected to be beneficial to
industry as well as the society as majority of the rotationally molded products are

used in infrastructural applications.
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Chapter 1

Introduction

Rotational molding (RM) is a zero or low shear polymer processing method
that uses rotation of mold in a heated chamber for producing hollow seamless
products. Unlike other polymer processing technologies, RM uses no pressure,
resulting in products with no residual stress [1]. This also makes the design and
manufacturing of the molds simple and inexpensive. Being free from the residual
stresses (due to the zero or low shear), rotationally molded products are used in
a wide variety of domestic and engineering applications like water storage tanks,
storage tanks for chemicals, automotive parts like fuel tanks, recreational equipment
like kayaks, toys, etc. The process has the capability of producing objects having
complex shapes and sizes with ease at lesser costs. It can also accommodate the
variation in product thickness with ease. Globally RM industry is steadily growing
with an annual consumption of 1.3 million tonnes in 2012 and is expected to consume
1.8 million tonnes by 2017 [2]. Out of the global market North America accounts
for 33% of total consumption while Asia Pacific and Europe accounts for 29% and
15% respectively. The total consumption by Indian RM stood at 135 Kilo tonnes in
2012 with around 300 manufacturers. The estimated yearly growth in the sector
stands at 8% annually with a predicted consumption of 160 kilo tonnes by 2017 [2].
In Indian RM industry water tanks accounts for 80% of production volume while
other applications like automotive parts, sanitary equipment, recreation are on rise.
Government focus on sanitation and telecommunication sector is providing wide
opportunities for products like inspection / telecommunication manholes, portable
toilets, etc. This research is aimed to get better insight and control of sintering
process and to investigate the potential of nano-scale reinforcement of fumed silica
(FS) in RM.



Chapter 1. Introduction

C_,l rotation
1. Moeld Charging 2. Mold Heating
Em— [
1
3. Cooling 4. Demolding

Figure 1.1: Principle of rotational molding
1.1 Rotational Molding of Plastics

Rotational molding of plastics has different activities and can be explained

in four principal steps as shown in Figure 1.1 [1].

1. Mold Charging
2. Mold Heating
3. Mold Cooling

4. Demolding or Part Ejection

Mold charging involves application of mold release agents to mold and
loading of a measured quantity of rotationally moldable polymer in the form of
powder (500 pm), into a hollow mold as shown in Figure 1.1a. The mold is then
rotated bi-axially or uni-axially and rocked about two principal axes at lower speeds
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Chapter 1. Introduction

as it is heated in a heating chamber. The loaded powder material tumbles within
the mold and melts to form layers by adhering to the mold surface for achieving
desired thickness. The heating is stopped once proper sintering of material is
achieved. The mold rotation is continued during the cooling process for the polymer
to retain the desired shape of the mold as it solidifies. When the polymer is
sufficiently rigid, external cooling and rotation of the mold is stopped for facilitating

product removal from the mold.

The RM cycle time is generally large as the polymer powder is melted,
sintered and cooled in the mold during the process. The heating cycle is the longest
part of RM and therefore need to be controlled for lowering cycle times. Though
the process of heating the polymer and fusing the particles normally take 7 to 15
minutes, 30 minute cycles are also not uncommon. Larger parts with thick walls
take even longer times. Effective cooling is important in RM as the rate of cooling
affect the crystallinity of polymer and changes the mechanical properties. Higher
rate of cooling causes the part to be more amorphous with lesser shrinkage. Higher
cooling rates are achieved by using spraying cold water over mold surface. Higher
rate of cooling lowers the cycle time but results in warpage of the part. The molded
part is then removed manually or with mechanical assistance during the part

ejection stage.

Rotational molding is generally done at near atmospheric pressure and
produces nearly stress free parts. Owing to the large heating cycle to melt the
powder and to form the required shape, the polymer has to withstand temperature
in excess of its melting point for relatively long time. This requires polymers with
broad processing temperature range. Since RM is a non pressurized process, the
molds usually have thin walls and are relatively simple to design and fabricate at
low costs. Mostly steel and aluminum are used as mold materials. Mold design is
very important in RM for making complex shapes and large volume products. With
proper molding complex stress free products with uniform wall thickness can be

easily produced unlike other processing methods like blow molding.

Rotational molding uses rotation of mold to distribute the molten polymer
along the mold surface. This rotation is generally bi-axial at low speeds. Molds
may have 360° rotation on both axis or have partial rocking on secondary axis. The
powder undergoes a regular tumbling and mixing action in the mold without relying
on the centrifugal force to throw powder against the mold surface. The powder
usually lies at bottom of the mold and the mold surface make contact with the
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powder pool during rotation. The frequency of this coating of mold surface depends
on the speed ratio of the major axis and minor axis or rocking axis. Generally a
speed ratio of 4:1 is used to ensure uniform thickness in RM [1]. Depending on
the shape and design requirements the speed ratio may be altered to achieve the
required results. When the mold rotates in oven, the powder melts and sticks to
mold surface due to its tackiness building up a loose powdery mass against the
wall. The major portion of heating cycle is then taken up for sintering of these lose
powder to form a homogeneous melt. The irregular pockets of entrapped gasses
formed during the initial build up is removed over a period of time and vanishes
almost completely when optimum cure is obtained. These pockets of gasses are
referred as pin holes or bubbles in the finished product. Prolonged heating tend to
oxidize the polymer material in contact with air. If the final product is devoid of any
pin holes in the cross section,then the product is likely to be over cooked indicating
degradation on inner surface. If excess of pin holes are visible in cross section the
product is likely to be under cooked. To obtain optimum mechanical properties and
desired quality of final product a small number of bubbles on inner free surface
is desired. To achieve this an optimum peak internal air temperature (PIAT) for
the polymer need to be maintained. Mold pressurization also helps in removal of
bubbles [3, 4]. To check the product quality for optimum curing an inspection of
inner surface is done. If the inner surface is rough and powdery, the product is
under cooked. It will also show a large number of pin holes. On the other hand if
the inner surface is very glossy with an acrid smell, the product is likely to be over
cooked.

To obtain a good quality finished product, cooling stage is also very
important like the heating stage. In RM cooling is done from outside the mold
leading to differential cooling of the product. This reduces the rate of cooling and
the unsymmetrical nature of cooling results in warpage and distortion of finished
product [5, 6]. The outer surface of product in contact with mold is cooled at faster
rate there by having a higher degree of crystallinity. For products with larger
thickness the cooling rate of inner surface will be significantly lesser than the outer
surface leading to an increased amorphous structure. Thus the crystalline outer
half will shrink more than the inner surface causing tensile stress at the interface.
This will distort the product leading to warped surfaces . As a general rule, the
warped section will curve towards the cooler surface (mold). For parts with larger
thickness to reduce the effects of warping it is desirable to cool both inner and outer
surfaces at same rates. if inside cooling is not possible slow cooling of outer surface
is preferred to reduce the effects of warping. Use of jigs and fixtures to counter
warping induce undesirable residual stresses in parts and need to be avoided if
possible.
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The major advantages of RM in comparison with other polymer processing
methods like injection molding, blow molding, etc. includes production of seamless
large and complex stress free hollow parts at low costs. The molds are also made
at relatively low costs at shorter manufacturing lead time. RM allows to produce
multi layered parts for better aesthetics and product performance. The efficiency
of the process is close to 100% as there is no wastage or minimum wastage of
raw material in manufacturing the final product. Several improvements in RM
industry is carried out to improve productivity of process focusing on improved
materials, process monitoring, development of improved mold release agents mold
coatings. Mold release agents reduce the cycle time, defects and browning of
finished products. The sacrificial mold coatings are primarily silicone based and
is applied each time to mold prior to molding. This was the most commonly used
mold coatings due to its price advantage. Semi permanent coatings will last for
a number of cycles before requiring to be reapplied. These coatings are based on
polysiloxane. Currently this type of coating is most widely used in RM industry.
Permanent coatings are mostly based on Teflon (Poly tetra fluro ethylene) and
is directly applied to mold. This is rather expensive and care has to be taken to
prevent damage to mold coating while demolding.

The improvements in RM machine also ensures improved productivity and
better quality control. Currently various types of RM machines like rock and roll,
clam-shell, shuttle, carousel, swing arm, vertical, etc. are available for the required
product size and production rate. The improvements in product design and mold
has ensured RM process to produce a wide variety of products for varying domestic
and engineering applications. The improvements in colorants and anti oxidants
has ensured better aesthetics to RM products.

There are several challenges faced by both industrialists and researchers
in RM. The availability of materials for RM is one amongst a few. The choice
of materials often restrict the use of rotationally molded products in many
applications due to the inferior mechanical properties. Generally, linear low
density polyethylene (LLDPE) is used for RM due to its good thermal stability
during processing, good mechanical properties and low cost. Even though it
has good mechanical properties for domestic applications, several engineering
applications calls for enhanced mechanical properties. Polymers like polypropylene
(PP), nylon, acrylonitrile butadiene styrene (ABS), etc. provide improved mechanical
properties but are less commonly used and for unique applications due to its
increased cost, lower thermal stability, ultra violet (UV) resistance, etc. Along
with the materials, larger cycle time hampers the production rate. The cycle time
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reduction may be achieved by developing proper materials, mold release agents,
efficient heating and cooling systems and process monitoring devices. The available
wireless temperature monitoring devices do help in process monitoring but requires
refinement for improving cycle times. The warpage, shrinkage, presence of pin
holes, non uniformity in color and surface finish are few defects normally observed
in rotationally molded products. The study of powder quality, melt characteristics
and flow characteristics of powder provide some insights to these problems along
with the product and mold design.

1.2 Need for Nanocomposites in Rotational Molding

More than 90% of the material used for RM is from the polyethylene
(PE) family. PE (density 0.93 to 0.94 g/cc) is primarily used in RM due to its
ability to withstand high processing temperatures (greater than melting point)
for longer period of time along with its chemical and UV resistance and relatively
lower material cost. However, it cannot provide thermal stability, creep resistance,
surface hardness, impact resistance and high strength, restricting its use in many
engineering applications. Currently researchers are working on methods for
synthesizing RM powders that will withstand the aggressive working conditions.
The use of additives, nano scale reinforcement of polymer chains, reactive mixtures,
co-polymers, cross linked polymers, etc. along with new polymers are tried in RM
for improving the product performance in various environmental conditions. PP
do have higher melting point and higher chemical resistance than PE but are
susceptible to higher oxidation at temperatures above 100°C. With the use of
antioxidants PP provides a choice of material were temperatures are higher and
provide much needed chemical resistance. However, it has poor UV resistance. Use
of co-polymers of high density PE and PP is preferred but is substantially more
expensive than the homo polymer.

Other polymers used for RM includes poly vinyl chloride (PVC), nylon,
polycarbonate(PC), acrylics, polystyrene liquid polymers. etc. These polymers are
used for unique applications due to their specific properties. PVC in the form of
plasticized drysols are used to produce semi flexible products due to its higher
tensile and tear strengths. Nylons are used at higher temperature and have good
chemical resistance to hydro carbons making it suitable for producing fuel tanks.
PC and acrylics show good weather resistance and is suited for out door applications
but has lower chemical resistance and increased cost. RM of polystyrene like ABS

were done commercially in 1960s and 1970s. Since the improvements in styrenes
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for obtaining high impact strength it is rarely rotationally molded in recent times.
During molding the impact resistant styrenes are oxidized and is degraded. With
the reduction in cycle time and improved styrenes for RM it is used in low volumes
for RM. Polymers in powder form with average particle size of 500 um (35 mesh)
are used in RM.

Generally different additives are mixed with the base polymer during
the compounding of rotationally moldable polymers. These additives include
antioxidants, colorants, UV stabilizers, fillers, environment resistors, etc. The
additives are selected based on the product requirements such as aesthetics, reduced
cost, environment resistance, etc. These micro scale additives may adversely affect
the mechanical properties owing to its size and hardness. However, elastomeric
additives improves the toughness and impact resistance but compromises on the
strength. Nano scale additives on other hand provide reinforcement to polymer
chains owing to its relative size enhancing the mechanical properties of the natural
polymer.

With the limited availability of polymers other than polyolefines, use of
nano particles for polymer reinforcement is preferred. Nano particles of metals,
metal oxides, inorganic and materials along with carbon and other non metallic and
semi conducting materials are used with polymers. These nano particles adhere to
the polymer chains and alter the mechanical,rheological, optical and many other
intrinsic properties of the natural polymer. Use of nano particles can improve the
existing materials and provide a different grade of rotationally moldable materials.
Nano particles of silica, titanium dioxide, calcium carbonate, etc. can be used as
potential nano scale reinforcement for RM.

The removal of bubbles without overheating of molds is still a challenge in
RM. The use of fine particles in RM has reduced the presence of pin holes in the
finished product [7]. The use of nano particles in polymer matrix further reduces
the size of pin holes as it aids in nucleation during polymer crystallization on cooling.
The presence of nano particles also changes the free flow of powder during tumbling
and the melt viscosity of polymer melt. These changes not only alters the surface
finish of the product but also makes an impact on cycle time, rheological properties

and mechanical properties of the finished product.
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1.3 Scope and Objectives of the Present Study

This study focuses on the synthesis and characterization of nanocomposites
based on rotationally moldable LLDPE and F'S for RM applications. The composition
of the LLDPE - FS blends, and appropriate processing conditions along with their
suitability for industrial use is identified through this research. The scope of this
research work includes producing rotationally moldable nanocomposite of LLDPE -
F'S with improved mechanical properties for industrial application. The objectives
of this research work are as follows:

1. To investigate the effects of F'S in rotationally moldabe LLDPE on melt
and rheological characteristics using melt flow index (MFI), parallel plate
rheometry and torque rheometry studies.

2. To investigate the dynamic mechanical (viscoelastic)and thermo-mechanical
properties of LLDPE with the addition of F'S.

3. To investigate the mechanical properties and crystallinity of LLDPE - FS

nanocomposites.

4. To study the creep and stress relaxation behavior of LLDPE - FS

nanocomposites.

5. To study the morphology of LLDPE - FS nanocomposites to examine the
dispersion of F'S in LLDPE and correlate with mechanical properties.

6. To study the effect of F'S in LLDPE on cycle time reduction and the pulling
force requirement during mold release.

7. To test LLDPE - F'S nanocomposite at industry scale and to compare the

results with the laboratory scale findings.

1.4 Organization of Thesis

To achieve the stated objectives in a logical order , the thesis is organized
into following chapters:

Chapter 1 introduces the RM process along with its potential applications
and the need of using nano scale reinforcements to improve the process
characteristics. The advantages of RM and its disadvantages in comparison
with other polymer processing methods are also discussed. The need of using
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nanocomposites with LLDPE as a principal raw material in RM has been specified
and the scope and objectives of the research work have been delineated.

In Chapter 2 the scope and objectives are supported by a detailed literature
survey showing the progress of research in RM along with the use of FS as a
potential nano scale additive. The visco elastic properties, rheological properties,
mechanical properties, creep, stress relaxation, etc. with the addition of nano
particles and particularly of F'S in polymers are researched. The important results
obtained by different researchers in this field have been discussed in detail and
research gaps in terms of use of nano scale reinforcements for improving the
processibility as well as mechanical properties of rotationally molded products have
been found out.

Chapter 3 discusses the rheological characteristics of LLDPE - FS
nanocomposites. The influence of FS and blending methods in melt flow
characteristics of LLDPE are studied by measuring the MFI of LLDPE - FS
blends. Thermal transitions in the LLDPE - F'S nanocomposites were investigated
and correlated with their melt flow characteristics. The dynamic viscosity of
molten LLDPE and LLDPE - FS blends were measured by conducting dynamic
rheological studies and was correlated with the MFI studies. The effect on melt
processing during RM and compounding, were analyzed by torque rheometry studies.

Chapter 4 presents the visco elastic properties of LLDPE - FS
nanocomposites. The response of the LLDPE - FS nanocomposites to dynamic
sinusoidal oscillations are studied to evaluate the effects of F'S in natural LLDPE.
The response of material to varying frequencies are also studied. Creep studies
were also conducted on LLDPE - FS nanocomposites to ascertain their time
dependent behavior under stress.

Chapter 5 represents the study of mechanical properties of LLDPE
- FS nanocomposites. Different mechanical properties like tensile modulus,
tensile strength, elongation at break, flexural modulus, tensile toughness, impact
toughness are investigated. This chapter also includes X ray diffraction studies
to determine the effect of F'S in the crystallinity of LLDPE. To correlate the visco
elastic properties of LLDPE - FS nanocomposites, morphological studies using
scanning electron microscope (SEM) were performed.
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Chapter 6 studies the effect of F'S on mold release time. A special fixture
with internal heating and provisions to monitor polymer melt temperature, mold
temperature and heating rate was developed for this purpose to be mounted on a
conventional UTM. The mold release force was studied in the regime of mold release
temperature, rate of pulling, etc. apart from FS composition. The suitability of
mold release at higher temperature for LLDPE - F'S nanocomposite is investigated
for reduction in RM cycle time.

Chapter 7 shows the scaled up the findings form laboratory to industrial
scale. LLDPE - FS blend was melt mixed, pulverized and rotationally molded in a
3 arm bi axial RM machine (CACCIA RT 2203B). The internal air temperature
during RM was monitored carefully using wireless temperature monitoring system
for proper process control. The powder characteristics and melt flow characteristics
of powder were documented along with the mechanical and visco elastic properties.
A comparative study between laboratory scale and industry scale finding has been
carried out.

Chapter 8 includes major conclusions of the work carried out, the salient
features, final outcomes and contributions of the work. Scope for the future work is
also projected in this chapter.

The research methodology followed in the research is given in next section.

10
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Chapter 2

Literature Survey

2.1 Introduction

Rotational molding of polymers begun in 1930s using highly plasticized
liquid polyvinyl chloride. The earlier RM equipment consisted of hollow metal
molds rotating over open flame. In 1950s hot air ovens were introduced. The
advent of polyethylene powders in 1950 revolutionized RM industry. The tailored
polyethylene powders for RM expanded the scope and application of RM products.
Currently RM products are used in various application sectors like water and waste
management, solid waste management, infrastructure, recreation, automotive,
retail, industrial, telecommunication manholes, etc. In the 1980s new plastics
like PC, polyester and nylon were introduced to RM. In late 1980s more precise
monitoring equipment for the control of heating and cooling process was developed.
Wireless temperature monitoring systems were developed to monitor the internal
air temperature (IAT) and PIAT of 200°C was considered the optimum curing point
of LLDPE. Currently commercial wireless temperature monitoring systems like
ROTOLOG™ TEMPLOGGER, K-PAQ™ are available and is used independently
or being integrated with the RM machine [8].

The research studies in RM mainly focus on reducing cycle time, improving
product quality and improved materials for RM. Even though RM is traditionally a
zero shear process, mold pressurization is attempted to accelerate the coalescence of
polymer particles during melting [9, 10]. Mold pressurization reduces the number
of bubbles due to the faster bubble shrinkage under pressure leading to fewer pin
holes in the final product. Mold pressure also delays the separation of part from the
mold surface during cooling process. However, the molds are to be re-engineered to
handle the excess pressure leading to increased mold cost and possible explosion of
the pressurized part. This has prevented RM manufacturers from adopting mold

pressurization on large scale.
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Another improvement in RM industry is the development of improved
mold release agent and mold coatings [11]. Mold release agents reduce the cycle
time, defects and browning of finished products. The mold coatings are primarily
silicone based and is applied each time to mold prior to molding. This was the most
commonly used mold coatings due to its price advantage. Semi permanent coatings
will last for a number of cycles before requiring to be reapplied. These coatings are
based on polysiloxane. Currently this type of coating is most widely used in RM
industry. Permanent coatings are mostly based on Teflon (Poly tetra fluro ethylene)
and is directly applied to mold. This is rather expensive and care has to be taken to
prevent damage to mold coating while demolding.

Generally, additives like antioxidants, colorants, UV, stabilizers, organic
and inorganic fillers, etc. are blended with naive polymers to obtain the desired
product performance. These additives are usually micro sized or nano sized
particles having specific properties. They are usually blended to natural polymers
either by melt mixing or dry mixing depending on the applications. In RM, these
additives are melt-mixed in an extruder before pulverized to fine powder. These
additives have a profound influence on melt characteristics and thermo-mechanical
properties of natural polymer.

This chapter provides an in-depth literature survey of F'S nano particle
used as nano scale reinforcement for LLDPE and its significance in RM.

2.2 Nano Particles and its Advantage in Polymer
Composites

The term nano particle covers a wide range of materials which can be
metallic, non metallic, mineral and polymer-based or a combination of materials.
Nano particles include metal (Cu, Au, Pd, Pt, etc.), semiconductor (ZnS, CdSe, CdS,
etc.), metal oxides (FeOy, Al;O3, ZnO, TiO,, etc.), organic and inorganic particles
like organo clays, carbon nano tubes,calcium carbonate, F'S (SiOy), etc. [12—-17].
Nano materials and particles have attracted a great deal of attention as they enhance
the performance of materials. Some unique properties, such as magnetic, optical,
mechanical and electronic properties changes abruptly at the nano scale. They
have wide range of uses such as mechanical reinforcement, catalysts, drug delivery
mechanisms, dyes, sunscreens, filters and much more.

13
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The nano size material can be generally any particle or collection of
particles having at least one dimension (length, width, thickness) in nano scale (1
to about 30 nm). If one dimension is in the nano meter range, the nano particle
is present in the form of sheets of one to a few nano meters thick to hundreds
or thousands nano meters long, such as platelet clays and layered silicates
(phylo-silicates) [18]. Thin (nano) films used in computer chips and fuel cell
applications represent one-dimensional nano materials. When the two dimensions
are in the nano meter scale and the third is larger, the material forms an elongated
structure, for example carbon nano tubes, oxide-based nano tubes, nano wires made
of silicone, gallium nitride and indium phosphide, cellulose whiskers, etc. When
the three dimensions are in the order of nano meters, the material is present in
the form of spherical nano particles, such as silica or zeolite, or even can include
semi conductory nano clusters. Nano particles exist in three dimensions having
diameters less than 100 nm. This includes engineered particles such as the
fullerenes and quantum dots [19-23].

Among numerous applications of nano materials, reinforcement of polymer
matrix is also gaining significant interest among researchers. Traditionally micro
sized additives are blended with polymer to enhance its mechanical properties,
aesthetics, anti-oxidation characteristics, UV protection, etc. along with reduced
overall cost [24—26]. These additives, apart from giving the desired effect, may
also tend to deteriorate the mechanical properties owing to their size, shape
and hardness. The elastomeric additives provide better impact resistance but
tend to reduce the tensile strength. For example, the addition of butadiene in
polystyrene (PS), increased the stiffness and tensile strength while reducing the
impact toughness and elongation at break [27]. However, at concentrations above
10 wt% of butadiene the tensile strength and modulus were reduced. The increase
in mechanical properties such as tensile strength, impact toughness, creep, stress
relaxation, etc. were reported with addition of various nano fillers. Literature
studies show the evidence of improvement in the thermo mechanical properties of
molded products when reinforced with nanocomposites like metal nano particles,
metal oxides, organo clays, calcium carbonate, F'S, etc. Sahebian et al. showed that
the addition of calcium carbonate nano particles to high density polyethylene and
polypropylene has increased the heat capacity, sensible heat and crystallinity index
along with the dimensional stability of the natural polymer [15]. The addition of
copper nano particles (up to 25 vol.%) by Molefi et al in low density polyethylene
(LDPE) and high density polyethylene (HDPE) matrix showed an increase of
tensile modulus, loss and storage modulus, while decreasing its elongation at
break[28]. Similarly, Esthapan et. al demonstrated that the mechanical properties
like modulus, elongation at break and time to rupture for polypropylene fiber
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was enhanced with the addition of nano titanium dioxide up to a concentration
of 3% [29]. The tensile modulus showed a significant improvement of 45% at 3%
concentration of titanium dioxide concentration whereas, elongation at break and
time to rupture showed an increase of 15% at a concentration of 1.5%.Cassagnau
and M¢élis also showed a substantial increase in shear elastic and loss modulii
with the addition of F'S in molten ethylene vinyl acetate, PS and PP. By adding F'S
in thermoplastic poly (dimethylsiloxane-urea) tensile and viscoelastic properties
were significantly improved as demonstrated by Yilgor et. al [30]. An increase
of storage modulus from 2 MPa for poly (dimethylsiloxane-urea) to 6 MPa for
the composite was observed. Addition of nano particles also affected the optical
properties, electrical conductivity, gas and solvent transport and many other
intrinsic and extrinsic properties with relatively low level of dispersion in polymers
like phenyl C61-butyric acid methyl ester, poly(p-phenylene-vinylene), PS, poly
methyl methacrylate (PMMA), etc. [24]. In contrast to the micro scale additives,
nano scale additives have Brunauer—Emmett-Teller (BET) surface area in the
range of 50 - 400 m?%/g. For a comparison, the size of micro scale additive, individual
polymer chain and nano particles are shown in Figure 2.1. The large polymer chain
- nano particle interface area in the case of nanocomposites in comparison to micro
composites, makes the effects appearing significant in nanocomposites [31]. These
chain - particle interactions provide hindrance to polymer chain movements altering
the rheological, viscoelastic and mechanical properties of the nanocomposites.

Figure 2.1: Relative sizes of polymer chain and nano particle
a) Polymer chain with Rg = 5nm and particle with diameter D = 1m
b) Polymer chain with Rg = 5nm and particle with diameter D = 10nm

The addition of nano particles with large surface area (BET surface area)

15



Chapter 2. Literature Survey

to thermoplastic polymer matrices like LLDPE, led to the change in material
properties like viscosity, melt strength, resistance to shear, etc. resulting from
interactions between chains and nano particles. Nano particles in polymer
matrices like PE and epoxy composites have the tendency to associate into
extended structures with polymer chains that can alter the rheological, and
viscoelastic properties of the polymer matrix [24]. In polypropylene- calcium
carbonate nanocomposites the shear modulus increased by 20% with increase
in nano filler concentration [32]. However, this increase was greater in the high
frequency region. There was also a significant increase in complex viscosity
of the nanocomposites with increasing calcium carbonate concentration. The
rheological behavior of the nanocomposites was more sensitive to nano particle
concentrations at low frequencies below 1 Hz. This increase in complex viscosity
(10 times increase for a concentration of 5 to 15% calcium carbonate in PP) of
was attributed to the frictional interactions between the nano particles and also
between the polymer chains and nano particles [33]. The rheological properties of
polymer composites are thus attributed to the adhesion of filler material to the
polymer matrix [34]. Large increase in the storage modulus at lower frequencies,
exhibiting as a secondary plateau and a drop in storage modulus at larger strain
are commonly observed with the addition of nano particles in polymer matrix [35, 36]

The rheology of filled thermoplastics is affected by the presence of nano
fillers and its dispersion in the polymer matrix. The dispersion of nano particles,
further depends on the extent of filler/filler and polymer/nano particle interactions.
Dispersion in polymer matrix is further facilitated by improving the stress transfer
between polymer and nano particles during melt compounding. [37]. The
improvements seen in the viscoelastic properties with the incorporation of nano
particles, are attributed to the hydrodynamic effect caused by the nano particles, and
at higher concentrations (above 5 wt %, or 2 vol %) to the propensity of the particle
aggregation leading to brittleness [38]. Thus a direct consequence of incorporation
of nano fillers in polymers was seen as change in steady state shear viscosity and
viscoelastic properties [14, 35].

2.3 Fumed Silica in Polymer Processing

Fumed Silica is a preferred nano scale nano reinforcement used in polymer
composites owing to its easy availability, particle size and shape [39]. F'S particles
are formed by the pyrolisis of chlorosilanes, like silicon tetra chloride, in a flame
of air an hydrogen resulting in F'S and hydrogen chloride. F'S nano particles are
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industrially available in a wide range of sizes and with surface treatments from
hydrophilic to hydrophobic. Strong polymer/nano particle interactions may occur
between hydrophilic nano silica with a high specific surface area and a polar matrix
[40]. Similar interactions are also seen when bi functional coupling agents are
used to modify nano silica in order to form covalent bonds with the functional
groups present in the polymer matrix [41, 42]. These interactions may lead to
the formation of an immobilized layer or “bound” polymer surrounding the filler
particles. FS is available as individual particles ranging from 5-50 nm and if
dispersed properly it attains an aggregate size of 10-50 nm in polymer matrix. Due
to this, F'S is able to self-aggregate when dispersed in polymer matrices, forming
an interconnected network of interacting particles and polymer chain. This results
in altering the melt viscosity, dynamic mechanical properties, glass transition
temperatures, etc. of the naive polymer [43]. Recent investigations in morphological
studies of nano silica filled LDPE using atomic force microscopy revealed suppression
of spherulitic formation in comparison with natural LDPE. These studies also
revealed the presence of F'S in the sandwiched amorphous areas between crystalline
lamellae of LDPE. These existed as strips with varying thickness from 10 to 30 nm
[44]. These spherulites grew during the solidification of the molten polymer until
they collide with adjacent ones. The spherulitic boundary thus formed, by adjacent
spherulites, in large numbers result in lower mechanical properties. The addition
of F'S in low concentrations induces well organized lamellar stacks and reduces the
spherulitic formation. The decreased spherulitic growth rate is attributed due to
the dispersion and size of nano particles in LDPE matrix. These structures of FS
formed with LDPE, causes increased adhesion and melt viscosity in comparison
with natural LDPE.

2.3.1 Effect of FS Nano Particles on Mechanical Properties

Researchers had shown F'S nano particles, when blended with polymers
provide high rigidity, impact toughness and increased tensile strength. The
mechanical properties such as impact strength, tensile strength, and elongation at
break of the poly amide-6 - silica nanocomposites showed a tendency to increase,
with the addition of the nano silica up to 5% and declined thereafter [45, 46].
The incorporation of F'S in polyethylene terephthalate (PET) has increased the
mechanical properties like toughness and tangent modulus at low filler content [47].
It also increased the intrinsic viscosity of the blends. Further, the Young’s modulus
showed increase from 1316 MPa to 1522 MPa for addition of 0.5% F'S. However,
the Yield strength reduced from 33.7 KPa to 30.9 KPa. Mechanical behaviors of
FS - poly carbonate blends in uni-axial tension and three point bending revealed

increased yield strength and enhancement of strain at break [48]. The tensile
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strength and modulus of 3-aminopropyl triethoxysilane functionalized silica nano
particles attached graphene oxide (ATGO) in epoxy were reported to be significantly
higher in cryogenic temperature in comparison with room temperature [49]. Also,
the fracture toughness (K;C) obtained from the single edge notched bending test
increased sharply with an increase in ATGO loading in the epoxy up to 1%. In
epoxy nanocomposites using nano-silica (upto 30%), the visco elastic properties
such dynamic storage modulus and tensile modulus were reported to increase
with silica content showing a max. of 30% increase [50]. However, at 20% of silica
content dynamic storage modulus decreased to 1380 MPa from 1410 MPa for epoxy
with no silica content. The behavior could be explained by considering the polymer
— filler interactions limiting the degree of cross-linking attained by the polymer
matrix during curing. This can be due to the large viscosity increase due to FS
particles during composite preparation. Scanning electron microscopy (SEM) of the
fractured surfaces and dynamic mechanical multi-frequency tests suggested the
presence of strong polymer — filler interactions in case of 30% filled samples.

It was generally observed from linear viscoelastic measurements that the
filler structure was not stable upon the cessation of the flow. In the case of platelet
nano-composite (organo-clays, graphite oxide) a two-step process of recovery was
generally reported: the first one was the disorientation of the fillers followed by a
second phenomenon of aggregation / clustering [35]. The non-linear viscoelastic
behavior and modulus recovery studies in F'S filled ethylene vinyl acetate, PP and
PS, mentioned the filler network breakdown in describing the strain-dependence of
viscoelastic properties of composites. The strain / creep recovery tests performed
by subsequent strain sweep or time sweep experiments showed that the initial
equilibrium network structure was unable to completely restore even after several
hours [51].

In HDPE nanocomposites containing up to 5 wt% of F'S, both tensile
strength and tensile modulus were increased [52]. Also, the thermal stability
of HDPE was enhanced by the addition of F'S nano particles. Effect of F'S nano
filler on deformation response and morphology of LDPE, HDPE and isotactic
PP was investigated by Kalfus et al [31]. It was established that the degree of
polymer matrix reinforcement was significantly affected by the extent of polymer
matrix crystallinity. Kalfus et. al also reported that by adding F'S to the molten
polymer, mobility of polymer chains in contact with F'S particles was hampered,
causing significant changes in morphology of these semi crystalline nanocomposites.
In nano silica filled PP, isothermal and non-isothermal crystallization kinetics
were reported [53]. Analysis of the isothermal crystallization showed that the
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crystallization phenomenon was characterized by faster rate, as the amount of silica
was increased. The nucleation activity of the F'S nano-particles on the polymer
matrix showed good nucleation up to a filler concentration of 7.5 wt%.

Polymeric composites with high mechanical strength tend to lose their
properties on constant loading and exhibit a time-dependent behavior in modulus
(creep) and strength (creep rupture), at temperatures greater than glass transition
temperature (Tg) [54-56]. Creep studies are often conducted to predict the
time-dependent mechanical properties and are also quite useful in designing
the product. Typically short isothermal creep tests are conducted at various
temperatures above Tg, to create the master curves at a specified reference
temperature using time temperature superposition principle [57, 58]. During
testing, the test specimen is normally subjected to a tensile stress and the strain
variations are measured with precise extensometers over a period of time in
isothermal conditions [59-66]. Recently, combination of tensile and compressive
creep tests are being conducted using constant stress in cantilever orientations [67],
three point bending orientation [55] using dynamic mechanical analyzer. Stepped
isothermal method (SIM) creep tests are considered as an enhancement to the
traditional creep tests owing to its reduced test time and use of single specimen
to minimize the scattering effects [68]. SIM is a well-established method for the
accelerated product testing of geosynthetics [69-72]. It was successfully applied
for creep studies in polypropylene (PP) [68], aramid fibers [73], and high density
polyethylene pipes [56]. The effect of nano particles in creep behavior of polymer
composites deserves attention as significant improvements in mechanical properties
are observed. F'S nano particles, used as a coupling agent for PP-glass composites,
significantly increased the creep strength in matrix. Creep compliance reduced by
around 20% when untreated PP was blended with 5% F'S [74].

2.3.2 Effect of FS nano Particles on Rheological Properties

The addition of nano silica also affected the rheological characteristic of
polymer melt . Reviews on melt rheology of F'S and organo-clays nanocomposites
showed a solid-like rheological response, which include a non-terminal relaxation
zone, an apparent yield stress and a strong non linearity behavior (Payne effect)
[75, 76]. In the F'S nanocomposites, both percolation threshold and limit of linearity
increased with the addition of F'S by surface grafting of end-tethered chains. In
the case of FS nano-composites, filler inter-particle interactions dominate the
viscoelastic behaviors. As a consequence, the rupture of the filler network was the
first-order mechanism in the Payne effect. On the contrary, the polymer - particle
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interactions, which lead to a strong modification of the chain relaxation process,
was the dominant mechanism with colloidal silica at identical filler concentrations
[77, 78]. Transient shear experiments proved, the network breakdown mechanism
between the clay platelet domains (inter-particle interactions) were the driving
force of the structural evolution, particularly for the network recovery during rest
time [75].

An increasing trend of dynamic viscosity was observed with rising
concentrations of silica nano particles in several nanocomposites blends. With
the addition of F'S in polyester based polyurethane resin showed an increase from
1100 mPa.s to 3100 mPa.s at 10% concentration. The rate of increase of viscosity
increased with the nano silica content and was attributed to the increased hydrogen
bond between the hydroxyl group in polyester and silica nano particles[79]. Similar
increase in viscosity was observed with the addition of nano silica in PS. [80]. The
MFT shown a reduction from 81.3 g/10 min for neat PS to 17.5 g/10 min for PS-10%
nano silica, measured at 200°C /5 kg. This increased viscosity was attributed
to good chain - nano particle surface interaction leading to limited polymer
chain mobility in the melt. This was related to polymer chain — nano particle
surface interaction and partial adsorption of fillers on polymer chains, causing
their entanglement. For polyolefin-F'S blends [81], the degree of reinforcement
between matrix and filler got substantially affected by the extent of polymer matrix
crystallinity. The addition of F'S suppressed spherulitic growth rate caused by
the increased melt viscosity of nanocomposites in comparison with natural PE
[44]. While most of the research studies have shown an increase in melt viscosity
of polymer blends, a few have observed reduction in melt viscosity. With small
concentration of F'S in Polyethylene naphthalite (PEN), a reduction of 20% in melt
viscosity was observed [82]. This was due to the increase in the nucleation effect
with increasing silica content in PEN. Similar trend was also observed in PET [83].
The viscosity measured at 107! rad/s using dynamic oscillatory viscometer showed
a decrease from 60 Pa.s for PET to 20 Pa.s for PET-2% F'S concentration. Nylon-6
when blended with organo clays also resulted reduction in melt viscosity [45].
Further, the addition of nano silica into in-situ composites of PC and a thermotropic
liquid crystalline polymer (TLCP) reduced the viscosity upto a concentration of
9% FS at relatively high shear rates [84]. The addition of 10.7 wt% TLCP and
1 wt% FS led to a 48% viscosity reduction of PC melts, while 9 wt% FS led to
further viscosity reduction of 60%. These were attributed to the degradation of the
polymer during melt processing and the slip between the polymer chains and filler.
With the addition of hydrophobic and hydrophilic F'S of different surface area and
particle size in solvent based polyurethane additives, a noticeable increase in the
viscosity, negative thixotropy and increase in storage modulus was seen [85]. These
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modifications were pronounced in the adhesives that contained hydrophilic F'S.

Many researchers have formulated various empirical relations to represent
the rheological behavior of polymer melts and colloids [81, 86-91]. Molecular
dynamics simulations were used to explain the variation of viscosity and glass
transition temperature (Tg) with addition of nano particles. The simulation
results too suggested that the nano particles increase the entanglement without
significantly affecting the bonding in polymer chains [92-97]. In composite micro
mechanics, the assumption of statistical homogeneity is used allowing usage of
classical continuum mechanics to formulate constitutive equations. Classical
continuum mechanics cannot be applied when heterogeneity length scale is below
20 nm, whereas, molecular dynamics simulations are limited to nano-scale and
cannot be applied to micro-scale particles. A simple micro mechanics-informed
model was developed by Andrea Dorigato et al. [98] for predicting the anomalous
increase in the nano-composite modulus of LLDPE, assessed as a function of F'S
composition (1-4 wt%). The model was able to predict the nanocomposite’s behavior
by using a new structural parameter, o, with a physical interpretation. Since,
nano particles are prone to agglomerate, their primary or secondary agglomerates
may exist in many nano-composite systems. These interactions and the possible
reinforcement mechanism may be responsible for the changes in various properties

of nanocomposites reported in literature.

The interaction of F'S and polyethylene oxide (PEO) lead to a diminution
of the specific surface area and contributions of micro pores (pore radius R < 1
nm) and meso pores (1 < R < 25 nm) to the pore volume [99]. Quantum chemical
calculations of a complex PEO fragment with a =SiOH group of a silica cluster
in the gas phase and with consideration for the solvent (water) effect showed a
reduction of interaction energy in the aqueous medium. However, the complex
remained strong enough to provide durability of the PEO adsorption complexes
on FS; i.e., PEO-FS nanocomposites could be stable in both gaseous and liquid
media. The addition of PEO in polymer matrix like PC increased the processability
by reducing the viscosity with increased concentrations of PEO [100]. The
viscosity values as recorded by capillary rheometer reduced from order of 108
poise to 10° poise at a true shear rate of 1 s™1 for a 30% concentration of PEO in
PC.In the case of melt-filled polymers, the viscous forces were dominant and the
nano-particles were subjected to strong alignment under flow. It was generally
observed from linear viscoelastic measurements that the network structure was
broken under flow and rebuilt upon the cessation of flow under static conditions
(annealing or rest time experiments). The linear viscoelasticity has been used to
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characterize the viscoelastic properties of polymer melts filled with nano-sized
fillers (nanocomposites). One of the direct consequences of filler incorporation
in molten polymers is the notable change in viscoelastic behavior since they are
sensitive to the concentration, particle size and shape (aspect ratio) along with its
structure and surface treatment of the fillers.

Along with the rheological characteristics, torque rheometry studies are
used to determine the variation of melt shear with time to ascertain the degradation
and cross linking of polymers in the presence of additives. It measures the effect
on torque increase along with the processing temperatures, due to the usage of
filler particles in polymer blend for enhancing mechanical properties, environment
resistance and aesthetics. Torque rheometry measures the viscosity-related torque
generated by the resistance of a material to the shearing action of the plasticizing
process [101]. The addition of nano particles in polymer blend is associated with
increase in viscosity and hence increased torque is required for polymer processing.
Typical torque rheometry analyses include the study of polymer processing behavior,
effect of added fillers, thermal and shear sensitivity during compounding, and others.
PVC - nano CaCOg blend torque rheometry carried out by Gulsen [102] revealed
increased torque value during cross linking for decreased particle size of CaCOg.
During torque rheometry of PVC-CaCOg blend at 30 - 90 rpm at a processing temp
of 190° C, the torque values initially dropped owing to polymer melt. The torque
value stabilized at 2.5 Nm for pure PVC and increased rapidly once the cross linking
initiates. It increased to approx 11 Nm at maximum after which degradation of PVC
took place. While blending with CaCOg of varying particle size from 3um to 25 nm,
the max torque value was observed to increase from approx 11 Nm to 14 Nm [103].
Parallel plate and torque rheometry were used to study the chemical cross linking
of PVC induced by metallic mercaptides (Ba and Mg salts of 2-dibutylamino-4,
6-dithio-1,3,5-triazine) combined with various thermal stabilizer combinations
(calcium / zinc and barium / zinc stearates) [101]. The extent of cross-linking
was determined by measuring the solvent (tetrahydrofuran) insoluble gel content.
The cross linking reaction measured by torque and parallel plate rheometry, showed
that the magnesium salt of the 2-dibutylamino-4, 6-dithio-1,3,5-triazine was more
effective than the barium salt in cross-linking the PVC. Hale et al. investigated
effects of cross-linking reactions and order of mixing on properties of compatibilized
Poly Butelene Terephthalate / ABS blends and its impact on mechanical properties
using a single screw extruder [104]. The blend viscosity was much higher than that
of the individual components indicating the possibility of chemical reaction. The
impact strength of ABS-45 / PMMA 30/5 was slightly lower than ABS-45 / Styrene
acrylonitrile (SAN) 30/5 blends, indicating that the presence of an acrylic polymer
with no epoxy groups, which is miscible with the SAN matrix, did have a small effect
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on ABS impact properties. Similar studies on PET / PC blends were carried out using
elongation rheometry by Robinson et al. [105]. Addition of PC at low levels (10-20%)
permitted the thermo elastic processing of PET over a wider temperature range, and
suggested that uni-axial orientation and significant strain-induced crystallization

in the PET -phase can be achieved at lower strain levels.

2.4 Nano scale Reinforcements in RM

Currently PE, in its many forms, represents about 80% of rotationally
molded polymers in industry [1]. Cross linked grades of PE are also commonly used
in RM [78]. PVC plastisols [106] make up about 12% of the world consumption, and
PC, nylon, PP[107], unsaturated polyesters, ABS [108], acrylics [109], polybutylenes,
PS, polyurethanes [110], etc. make up the rest. Use of reinforced plastic composites
has been accomplished by researchers and industrialists for RM, providing
materials with much improved properties over pure polymers [107, 111-113]. The
micro scale reinforcements in RM do have its advantages and limitations as in
other polymer processing technology. The micro scale additives may adversely affect
the mechanical properties owing to their hardness, while elastomeric particles
may increase toughness but result in reduction of stiffness. Greco et al. showed
that selective reinforcement using HDPE matrix pultruded tapes increased the
stiffness of LLDPE parts during plate bending and pressurization tests [114].
Glass particulate reinforcement of various sizes in LLDPE for RM also showed
improvements in tensile modulus up to 20% as reported by Yan et al.[115]. O.
Kulikov et al. found that the use of FS as an additive, at concentrations from
100 to 500 ppm, reduced the number of bubbles formed by entrapped gasses and
worked as densification aid [116]. Similarly Spence and Crawford also observed
that by increasing the number of fine particles more physically smaller bubbles
were produced, while larger particles increased the porous area in the product
[7]. However, a balanced mix of these two particles size distributions reduced the
porous area significantly. They have also showed that melt viscosity had substantial
influence on the powder flow during tumbling inside the mold. This will eventually
affect uniformity and variations in product thickness. The nature of powder flow
and its effect on the melt deposition of powder materials in rotationally molded
parts was examined by Olinek et al[112]. The study showed the importance of
particle size, flow and shape geometry of LLDPE. He had developed an experimental
set-up that allowed analysis of particle deposition pattern in RM process especially
to address the problems of thickness distribution, fabricating composites and
multi-layered products.Addition of F'S nano particles is speculated to increase the
flow of the powder in early stages of melting. They have also revealed that viscosity
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of melt had significant influence on the flow of powder inside the mold which in
turn will affect uniformity in thickness. Pick et. al. found that higher number of
bubbles result in lower impact toughness [117]. They established a quantitative
relationship between the impact performance and thermal transition of LLDPE. In
addition to the particle sizes the pressurization of polymer melt during RM resulted
in fast bubble shrinkage [9]. The entrapment of bubbles of gasses trapped during
sintering of the PE, was prevented by the use of reacting mixtures of polyethylene
glycols (PEG) with citric acid as processing additive [116, 118]. The processing
additives accelerated sintering of the PE particulates, and greatly reduced the
number of bubbles in the melt. However, it was found that its high concentrations
impede flow of the particles which is not desired during the processing. The use of
PEG as well as PEG-based esters at concentrations from 0.1 to 0.5 wt% reduced the
sintering time of the polymer melt but affected free-flow properties of the LLDPE
powders [119]. A combination of the PEG and PEG-based esters with FS reduced
the amount of trapped gasses, decreased the sintering time while preserving the
good free-flow behavior of the LLDPE powders [120, 121].

Rotational molding suffers from a relatively longer cycle time for the
removal of entrapped gasses (bubble)and ineffective heating/cooling of mold. The
importance of internal cooling of mold was emphasized by Tan et al. [122], and
suggested rapid and symmetrical cooling across the mold for smaller spherulite size,
increased the mechanical properties and less potential warpage or distortion in
moldings. The existence of an optimum sintering temperature had been predicted
at which the density of the sintered product was maximum for a good quality
rotationally molded product [118].

Along with the improvements in materials used for RM, the RM industry
has seen rapid technological advances in the past few decades in process control
and cycle time reduction. Until recently, the RM process was relying on both
trial and error and the experience of the operator to judge the curing of product
and hence product quality. This imposed a serious quality control issue when
automotive and industrial products were molded. The monitoring of IAT in the
mold provided a better control of the process eliminating much of the guess work
from the process.Monitoring the IAT and pressure in molds has provided significant
improvements in product quality and repeatability [10]. Since, the monitoring of IAT
in a bi-axially rotating closed mold in an oven imposed practical difficulties, wireless
temperature monitoring systems like ROTOLOG™, TEMPLOGGER, K-PAQ™
[8] were developed. The design of molds and choice of mold material along with
internal mold coating [8] for quick release of parts ensured reduced cycle time for
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the RM process. The quality of polymer powder and aesthetics were improved by
the use of mixing colorants in sophisticated pulverizer to obtain the proper powder
size and shape. The use of improved process control and adopting variations in
materials by use of micro scale and nano scale reinforcements for desired properties
make the RM process one of the most important polymer processing method.

2.5 Patent Search on Reinforcements for Polymer
Processing

A notable amount of polymer processing patents were dedicated to
reinforcement of molded shape and bubble removal: Maziers [123] in his patent
mentioned that the micro-pellets exhibited a better bubble removal as a function
of temperature in comparison with the powdered products. Swain [124] proposed
to use a combination of resin pellets and resin powder ( 20 to 40 wt%) to make
rotationally molded products having improved strength, environmental stress
cracking resistance (ESCR) and other strength characteristics. It was proposed
by Sowa [125] to use about 0.01 to 0.04 wt% of fatty acid salt such as calcium
stearate and lithium stearate per 100 parts by weight of olefin polymer based RM
compositions to provide parts with pinhole free surfaces and bubble free product.
Needham [126] proposed addition of zinc stearate into RM compositions containing
cross linking agents to prevent the formation of voids in the final rotationally
molded article. He also proposed to use nucleating, like calcium carbonate, zinc
oxide, pigments such as carbon black and titanium dioxide to improve resistance
of rotational molded containers to puncture. The supposed nucleating agents had
a particle size in the range from about 0.05 to 20 microns, preferably from about
0.1 to 10 microns. Densification aids were proposed recently by Maziers [127]. One
densification aid comprised fluro polymer as a major component and in addition
comprised a minor component selected from the group consisting of a polyether block
co-polymer, thermoplastic polyurethane, a polyester and PEG. Other densification
aid comprised a polyether ester, optionally consisting essentially of a mixture of a
polyether ester as a major component with a minor component selected from the
group consisting of polyether block polyamide (PA), thermoplastic polyurethane, a
polyester, PEG and fluro polymer. The PEG used in two referred inventions usually
have an average molecular weight from 100 to 2000 g/mol and more preferably from
150 to 700 g/mol.
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2.6 Assessment of Literature

It is thus evident that there is a growing interest to use F'S in polymer
matrix for improving the process and mechanical properties of the product. Also,
it can be seen that there is deficiency of studies towards use of nano scale
reinforcements for improving the processibility as well as mechanical properties
of rotationally molded products. Apart from this, melt compounding using the
extruders poses significant problems like agglomeration, separation, etc. It may be
due to the fact that control of this process is difficult mainly due to the biaxial
rotation of mold in aggressive heating environment which makes the use of
conventional temperature measuring devices very difficult. Also, it is speculated
that incorporation of such nanocomposites may adversely affect the powder flow
characteristics within the mold thus producing a defective mold. Based on the

literature survey, following gaps in research are identified:

1. Even though FS nanocomposites were discussed in great detail for
enhancement of mechanical properties and nucleation kinetics, it was not
reported extensively in LLDPE blends so as to use them in RM process. The
normal trend of researchers is to study RM process after powder formulation
and once the powder is poured in the mold. The powder formulation to
get the desired properties is often overlooked. It had been indicated that
during nucleation nano pores were formed when blended with F'S which was

speculated for easy bubble removal in RM process.

2. Rotational molding being a very low shear process, the changes in zero shear
viscosity of melt during molding is critical. With the addition of F'S in LLDPE,
zero shear viscosity may be altered due to the entanglement of polymer
chains. However, studies correlating zero shear viscosity for RM with nano
particles are very less. Further torque rheometric studies of rotationally
moldable LLDPE have not been adequately emphasized in the literature.
Since LLDPE granules are compounded in an extruder before pulverizing, the
torque rheometric studies can provide important insights with respect to its
processibility.

3. In RM industry, more than 80% of all the material used is from the PE family
and few other polymers like PP, nylon, PVC, etc. are proved commercially
successful. The enhanced mechanical properties in terms of higher modulus,
uni axial strength and impact toughness are much desired in rotational molded
components due to the lack of choice of materials available at present. The
mechanical properties were improved by addition of additives in micro scale
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and controlling the process parameters in commercially proven polymers. The
uses of nano sized reinforcements were not investigated in detail for RM.

4. The effect of F'S on cycle time reduction is not addressed at length in literature.
The cycle time reduction with reinforced LLDPE is quantum leap in RM and
has significant commercial implications. Similarly, PIAT studies on FS-LLDPE
blends to monitor cycle time and proper sintering is proposed as the same is
not available in the surveyed literature.

5. LLDPE being a viscoelastic material, the dynamic mechanical analysis
for determining the storage modulus, Loss modulus, creep modulus and
thermo-mechanical properties of LLDPE - F'S blends are yet to be addressed.

6. The studies of F'S in other polymer blends showed positive reinforcement
effects at lower concentrations.Morphological studies provide valuable insights
into the understanding of mechanical properties of polymer along with
the dispersion of nano particles. However, the correlation between the
morphological proprieties and mechanical properties for rotationally moldable
LLDPE has not been emphasized in literature.

7. Most of the studies have reported the findings at laboratory scale. Since the
application of the F'S nanocomposites in industrial scale is difficult mainly
due to the difficulty in process control, the scaling up of the laboratory scale
findings in a RM industry is lacking in existing literature.

This research work is an attempt to bridge the above gaps in literature.
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Rheological Characteristics of LLDPE
- FS Nanocomposites

3.1 Introduction

Rheology is defined as the study of the deformation and flow of a fluid. It
is a semi-quantitative tool to study the deformation and flow behavior under stress.
An important property of a molten polymer is its shear viscosity and the dependence
of the viscosity on temperature and deformation rate. Most polymer melts are
classified as shear thinning fluids (also known as pseudo-plastics). Shear thinning
refers to the reduction of viscosity at increased rate of shearing. At higher shear
rates, the polymer molecules orient themselves and the number of entanglements
between the polymer chains decreases. This helps the polymer chains to slide
and flow past one another resulting in large scale movement and reduction of
viscosity. The viscosity also decreases with increasing temperature due to the
increase in the kinetic energy of the molecules. A rigorous study must be performed
on polymer materials in order to better understand the rheological behavior. The
quantitative methods involving polymer structure and measurable properties
like viscosity, strain rate and viscoelastic properties are currently investigated by
many researchers and remain a challenge to address the commercially available
polymers [81, 128]. During the past two decades precise, reliable, economic in-line
and on-line rheometers are made to address the needs of commercial and research
interests [129].

In a fluid under stress, the ratio of shear stress (7) to the shear strain
rate (%—Z) is called shear viscosity (1) and is analogous to the modulus of a solid. In
ideal (Newtonian) fluid, the shear viscosity is a material constant. However, for
plastics (molten state) the viscosity varies depending on the stress, strain rate,
time, temperature, etc. and is no longer a constant for the material. The viscosity of
polymer melt reduces with increased shear rate for constant temperature as given
in Figure 3.1 [130]. The dynamic viscosity is independent of shear rate at very low
shear rates and the limiting value of viscosity is called zero shear viscosity (7g) .
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This is an important material constant and serves as an indicator of molecular

weight of polymer.
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Figure 3.1: Viscosity coefficients tan o = Dynamic viscosity,
tan 8 = Apparent viscosity

As almost all the polymer processing methods involve melt processing,
the study of polymer melt flow is very crucial. RM also being not an exception
for this, the rheological characterization of the material is extremely important.
In this chapter, the effect of adding F'S in rotationally moldable LLDPE, on melt
and rheological characteristics are investigated. For this purpose, three different

approaches have been followed . These are:

1. MFI Studies
2. Dynamic rheological studies
3. Torque Rheometry
The effect of blending methods for F'S in LLDPE, ie dry mixing and melt mixing,

in rheological properties are also studied to ascertain proper mixing method for
rotationally molding LLDPE - F'S nanocomposite.
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3.2 Material and Methods

To study the rheological characteristics blends of of LLDPE - FS
nanocomposites are prepared. Rotationally moldable grade of natural LLDPE
(G-Lene R35A042) having MFTI of 4.2 g/10min and density of 935 kg/m? was supplied
by GAIL India Limited.Detailed specification of R35A042 is given in Appendix
A.1. The natural LLDPE is devoid of any additives as per the manufacturer, and
the terminology "natural” is used throughout in this thesis to represent the same.
Hydrophilic FS of grade Aerosil-200 with a BET surface area of 200 m?%/g and
tapped density of 50 g/l was used as for nano reinforcement (Evonik industries).
Detailed specification of Aerosil-200 is given in Appendix A.2. The primary particle
size was 5 — 50 nm. A few key important material properties are given in Table 3.1.

Table 3.1: Summary of material specifications

Specifications Unit Value
Natural LLDPE

Melt Flow Index g/10min 4.2
Density @ 23°C g/cc 0.935
Vicat Softening Point °C 115

Fumed Silica

Specific Surface Area (BET) m?/g 200+ 25
Tapped Density g/l ~ 50
SiOy Content wt.% > 99.8

LLDPE - FS nanocomposite blends (1 — 8 wt% FS) were prepared by dry mixing and
melt mixing using high speed mixer and lab scale single screw extruder. F'S was
dried at 105°C in a temperature controlled oven for 2 hours to ensure the removal of
entrapped moisture. Dry mixing was carried out in a high speed mixer running at
3000 rpm with fixed intervals of 30 seconds mixing time and 30 seconds cooling time
repeated for 4 to 5 times to ensure proper mixing. Melt mixing was done in a three
stage single screw extruder as shown in Figure 3.2 running at 25 rpm to obtain the
extrudate. These were pelletized using a cutter running at 8 rpm. The pellets were
dried at 60°C in a temperature controlled oven for 1 hour. The specifications of the
single screw extruder are given in Appendix A.4.
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Figure 3.2: Lab scale single screw extruder

3.2.1 MFI Studies

Being a stress free process, in RM, proper MF1 (and hence viscosity of the
melt) is very crucial. MFI values of 3.5 to 5 g/10 min are ideal for the process. If
the viscosity is very low, the polymer melt will not adhere to the mold causing
annulled casting. A high melt viscosity causes inadequate mold flow, increasing
the processing time and the amount of entrapped gasses, resulting in defective
part. MFI studies were performed using a Dynisco LMI 4000 melt flow indexer
with digital encoder as shown in Figure 3.3a. The specifications of Dynisco LMI
4000 are given in Appendix A.5. MFI was measured at 190°C/2.16 kg, according
to ASTM-D1238 [131], method A . The melt density and melt volume rate for the
blends were found according to ASTM-D1238, method B. The melt flow indexer is
essentially an extrusion plastometer which consists of a chamber for melting the
polymer along with a die and dead weight piston arrangement. The melt chamber
is cylindrical in shape and thermostatically controlled to ensure a constant set
temperature during the testing. According to ASTM-D1238 the steel cylinder is
50.8 mm in diameter, 162 mm in length with a smooth straight hole of 9.5504 +
0.0076 mm in diameter, displaced 4.8 mm from the central axis to accommodate
thermal sensors. The piston compresses the polymer melt inside this thermally
controlled cylindrical melt chamber which has a steel die of 2.0955 + 0.0051 mm
at the bottom through which the extrudate flows. The load is applied on piston
by mounting weights directly on piston or by hydraulic or pneumatic means. The

31



Chapter 3. Rheological Characteristics

essential features of the melt flow indexer are given in Figure 3.3b

+
l— <— Die D
/ D =2.095 mm, L =8 mm
(a) Melt flow indexer (b) Schematic of melt flow indexer

Figure 3.3: Melt flow indexer and its schematic

There exists both manual (Method A) and automatic (Method B) operation
modes for determining the melt flow rates. In manual operation the extrudate is
cut at specified time (cut time, usually 20 s) and is weighed in a precision balance
to calculate the melt flow rate. In the automatic mode the weighing of extrudate is
avoided by specifying the melt density of the polymer as an input in the melt flow
indexer. The melt flow indexer measures the melt volume rate (MVR) as the ratio
between volume (V) of polymer melt passed through the die at constant temperature
and pressure to the time taken and can be calculated by Equation 3.1 [130].

MVR(ce/10min) = V.s/t 3.1)

Where s - The factor of standard time (10 min , s=600)
The weight (W) of polymer melt can be measured separately using a precision
balance for obtaining the MFI using Equation 3.2.

MFI(g/10min) = W.s/t (3.2)

The ratio of MFI to MVR thus gives the polymer melt density. In a melt
flow indexer, normally the piston moves at a constant velocity to give a constant melt
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volume rate (Q). At low shear rates the flow through the die in melt flow indexer
can be approximated as steady flow. Assuming Newtonian flow, the apparent shear
rate can be expressed as given in Equation 3.3.

dy 4Q

Where R is the radius of the die.

The shear stress (7) can be calculated by knowing the pressure drop (A P) across
the die from Equation 3.4.

_APR

oL, (3.4)

T

Where L is the length of the die.
Hence apparent viscosity expressed as the ratio of shear stress to apparent shear
rate is given by Equation 3.5.

rAP.R*
n= W (3.5)

This is known as Hagen-Poiseuille equation [85, 137], which can be regarded as the
basis of rheological measurements, as it is very easy to measure the volume flow
rate, and thus viscosity can be calculated by the above equation. The pressure drop

across the die can be approximated by the pressure exerted by piston as given by
Equation 3.6.

AP=— (3.6)

Where F is the load exerted by the piston.

The dynamic viscosity and shear rate at various temperature for the LLDPE
- FS blends were calculated along with the MFI using the melt flow indexer. The
MFI was measured using Method A (ASTM-D1238) while dynamic viscosity and
shear rate calculation was done using Method A/B and Method B.

33



Chapter 3. Rheological Characteristics

3.2.2 Dynamic Rheological Measurements

Zero shear viscosity for natural LLDPE and LLDPE - FS blends were
measured using an Anton Paar MCR 102 rheometer . The specifications of MCR 102
are given in section A.6. Parallel plate configuration was used for measuring the
rheological characteristics. This rheometer allows precise control of gap between
the plates and isothermal conditions at desired temperature during the testing. In
this study, the tests were done at 5% strain (amplitude) with 1 mm gap between the
parallel plates. The temperature was varied from 140°C to 220°C in increments
of 20°C. The angular frequency (w) was varied from 100 to 0.1 rad/s for every
temperature step. The experimental set up is shown in Figure 3.4.

Figure 3.4: Parallel plate rheometer MCR 102 set up

3.2.3 Torque Rheometry

Torque rheometric studies were conducted using a twin screw torque
rheometer. It is used as an attachment to the single screw extruder and is shown
in Figure 3.5. The torque rheometer simulates the melt mixing of polymer blends
in extruder and records the reactive torque on rotors as a function of time. The
studies were done at 60 rpm at temperatures of 210°C and 150°C for 40 minutes.
The blends of LLDPE - F'S powder was loaded to fill the rheometer roller chamber

34



Chapter 3. Rheological Characteristics

upto 70% by volume. A 5 kg weight was used for forcing down the loading ram to

close the mixing chamber.

Figure 3.5: Torque rheometer attachment

3.3 Results and Discussions

3.3.1 MFI of LLDPE - FS Nanocomposite

The variations in MFI due to the addition of F'S in LLDPE, in dry and
melt mixing conditions are shown in Figure 3.6. From the plot, a decreasing trend
of MFI was observed with the addition of F'S and is summarized in Table 3.2.
From Table 3.2 it is clear that the MFI decreases with increasing FS content.
This indicates that the viscosity of the polymer melt increases. Further, it was
observed that the MFI did not vary significantly for dry as well as melt mixing
till 2% F'S composition. Thus, with lower F'S composition a proper dispersion was
achieved with high speed mixing. With increased F'S content beyond 2%, the proper
dispersion of F'S could be possible only through melt mixing using screw extruder.
Generally, MFI values between 3.5 to 5 g/10 min are acceptable for RM (for LLDPE
at 190°C/2.16 kg). Thus, LLDPE - FS blends up to a limiting value of 4% FS which
resulted in MFT of 3.65 g/10 min can be considered suitable for RM. The variation
of MFT for different temperatures is shown in Figure 3.7. With this plot, it is easier
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to ensure the proper temperature for the processing of these nanocomposites. It can
be seen that the increasing F'S content reduces the MFI at any given temperature.
This is due to restricted movement of polymer chains in the melt. The mobility
of polymer chains is affected by the partial entanglement and adhesion of FS
to polymer chains. Figure 3.7 shows a consistent trend of increase in MFI with

temperature for all the compositions.
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Figure 3.6: Variation of MFI for natural LLDPE and LLDPE - FS
blends

Table 3.2: Variation of MFI

MFI (g/10 min)

Melt mixing Dry Mixing
Natural LLDPE 4.49 451
LLDPE + 1% FS 4.23 4.16
LLDPE + 2% FS 3.99 3.76
LLDPE + 3% FS 3.75 3.43
LLDPE + 4% FS 3.65 2.96
LLDPE + 5% FS 3.53 2.78
LLDPE + 8% FS 3.14 1.73

The dynamic viscosity and shear rates for LLDPE - F'S blends at various
temperatures calculated using Hagen-Poiseuille equations (Equation 3.5) are
summarized in Table 3.3. The dynamic viscosity so obtained was used to compare
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the flow behavior of LLDPE - F'S blends and is plotted in Figure 3.8. As expected,
the viscosity of the melt increased with F'S content but reduced with temperature.
Natural LLDPE at 180°C had a dynamic viscosity of 2178 Pa.s while as LLDPE -
5% FS had a dynamic viscosity of 2877 Pa.s. The melt viscosity reduced to 1205
Pa.s and 1550 Pa.s for LLDPE and LLDPE - 5% FS at 210°C. Similarly, the effect of
varying shear rates with change in F'S composition and temperature was studied by
varying the loads used in MF1I testing. The variation of shear rate with temperature
is shown in Figure 3.9. It can be seen that due to the reduction in viscosity, the
shear rate increases for a constant load. Natural LLDPE at 180°C had a shear rate
of 9.04 s~1 while as LLDPE - 5% FS had a shear rate of 6.84 s~1. The shear rate
increased to 16.3 s™! and 12.7 s7! for LLDPE and LLDPE - 5% FS at 210°C. Since
LLDPE with increasing F'S has shown lowest shear rate, increased resistance to
melt shear could be seen. This can also be attributed to increased viscosity with
the addition of F'S in LLDPE.
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Figure 3.7: Variation of MFI vs. temperature for natural LLDPE and
LLDPE - FS blends
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Table 3.3: Variation of dynamic viscosity and shear rate

Temperature MVR Dynamic Viscosity Shear Rate

oC ¢c/10 min Pa.s g1
Natural LLDPE 180 4.89 2177.89 9.04
200 6.75 1578.71 12.47
220 8.85 1205.57 16.33
LLDPE + 1% FS 180 4.66 2287.20 8.61
200 6.51 1637.04 12.02
220 8.58 1243.29 15.83
LLDPE + 2% FS 180 4.48 2378.51 8.28
200 6.15 1733.56 11.35
220 8.13 1311.16 15.01
LLDPE + 3% FS 180 4.33 2460.09 8.00
200 5.96 1790.31 10.99
220 7.78 1371.01 14.35
LLDPE + 4% FS 180 4.11 2593.73 7.59
200 5.56 1919.65 10.25
220 7.52 1418.36 13.88
LLDPE + 5% FS 180 3.71 2877.15 6.84
200 5.09 2094.06 9.40
220 6.88 1550.32 12.69

3.3.2 Dynamic Rheological Studies

Though the MFI studies provide necessary information needed to assess
the flow of molten polymer within mold, dynamic rheological studies are needed to
get an insight of melt flow particularly in the zero state regime as RM is a very low
shear stress process. This is found by dynamic viscoelastic measurements. In the
controlled stress measurements shear rate is measured by the angular deflections
of the plate using an optical encoder. The shear viscosity is defined by relating the
shear stress and the shear rate in a simple power law model [86]. The model can
be used to represent the variation of viscosity with shear rate at sufficiently high
shear rates. This can be expressed as given in Equation 3.7 [132, 133],

n-1
n=K <iz> 3.7)

Where (n) known as flow index is defined as the slope of the shear thinning region
(at high shear rate) which is often used to quantify the degree of shear thinning
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for different polymers. ’K’ is known as the flow consistency. At very low shear
rates in log - log scale, plateau region is exhibited by viscosity plot and is referred
as zero-shear viscosity or Newtonian plateau. This can be determined from the
modified Cross fit model (Equation 3.8) . This model approach power-law behavior
at high shear rate, and the dimensionless material constants (m) is simply related
to the power law exponent.

o (3.8)

nN=——">"737<m
dy
1+ <t0dt>

Where (t() represents the characteristic relaxation time , and (m) characterizes the
slope of the line over the pseudo plastic region in the logarithmic plot. Similarly

viscosity is represented as complex viscosity n* and is given in Equation 3.9

1

n=n —in (3.9)

Where the real (77/) and imaginary (77//) components, which are functions of frequency,
are related to the storage modulus (G ) and loss modulus (G ) under shear is given
in Equation 3.10 and Equation 3.11:

(3.10)

(3.11)

Further the tangent of phase angle (tan ) is defined as the ratio between the loss
modulus and storage modulus and is given in Equation 3.12

"

tan J = G—, (3.12)
G

For many polymeric systems, comparison of the steady state shear flow viscosity

(n) taken as the absolute value of the complex viscosity (|n*|), at some shear rate
d

(d—Z) and at an angular frequency (w) which is equal to the same shear rate, has

shown relation to each other. A useful empirical relationship is first stated by Cox
and Merz [134, 135] which is expressed by Equation 3.13

dy *
Ui (dt) = In (w)|w=@ (3.13)

dt
Where, |n*(w)| is the absolute value of the complex viscosity at angular frequency
w. Cox - Merz equation thus provides a method to correlate dynamic and steady
state data. When the shear rate tends to reach zero, it is termed as zero shear

viscosity.
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The experimentally determined complex viscosity (*) and its real (77/) and
imaginary components (77//) are given in Table 3.4.

Table 3.4: Dynamic rheological measurements - viscosity

Material T Angular Complex Imaginary Real
frequency  Viscosity Viscosity Viscosity

(w) () 0" )

°C rad/s Pa.s Pa.s Pa.s
Natural LLDPE 220 100 593.47 290 517.79
220 10 1026.4 281.68 987.03
220 1 1346 172.06 1335
220 0.1 1569.6 97.164 1566.6
180 100 742.01 397.73 626.41
180 10 1428.9 525.24 1328.9
180 1 2207.8 493.36 2152
180 0.1 2730 307.68 2712.6
140 100 981.93 578.68 793.29
140 10 1976.8 712.94 1843.8
140 1 2942.3 643.06 2871.2
140 0.1 3730.1 554.12 3688.7
LLDPE - 2%FS 220 100 742.95 363.97 647.69
220 10 1289.6 353.2 1240.3
220 1 1705.8 235.28 1689.5
220 0.1 2333.6 342.53 2308.4
180 100 976.54 542.22 985.89
180 10 1889.8 710.72 1946.6
180 1 3022.1 1201.1 3014.9
180 0.1 7270.7 5464.2 4796.4
140 100 1328.3 837.3 1031.2
140 10 2890.7 1255.2 2604
140 1 4992.6 2279.2 4441.9
140 0.1 13156 10684 7677.3
LLDPE - 4%FS 220 100 789.06 424.86 664.91
220 10 1494.7 501.53 1408.1
220 1 2186.1 467.16 2135.6
220 0.1 3163.1 691.34 3086.7
180 100 1015.8 594.36 823.75
180 10 2097.8 887.83 1900.7
180 1 3684.9 1552.1 3342.1
180 0.1 7998.6 5631.3 5680.3
140 100 1349.7 875.85 1027
140 10 3058.2 1384.4 2726.9
140 1 5419.2 2381.7 4867.8
140 0.1 12681 9617.8 8264.6
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The variations of melt viscosity for LLDPE, LLDPE - 2% FS and 4%FS
blends at various temperature and angular frequency are shown in Figure 3.10,

Figure 3.11 and Figure 3.12 respectively. It is known that the angular frequency
has analogy with shear rate applied to the polymer melt [134].
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Figure 3.10: Variation of viscosity vs. angular frequency for natural
LLDPE

Table 3.5: Comparison of viscosity - MFI and dynamic rheological measurements

MFTI studies

Rheometry studies

T Shear Calculated Angular Measured
) strain viscosity frequency Viscosity
Material (MFI) (Rheometry)
°C sl Pa.s rad/s Pa.s
Natural LLDPE 220 16.33 1205.6 10 1026.4
200 12.47 1578.7 10 1215.3
180 9.47 2177.9 10 1428.9
LLDPE -2% FS 220 15.01 1311.2 10 1289.6
200 11.35 1733.6 10 1578.6
180 8.28 2378.5 10 1889.8
LLDPE -4% FS 220 13.88 1418.4 10 1494.7
200 10.25 1919.7 10 1661.5
180 7.59 2593.7 10 2097.8
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As seen from Figure 3.10, at lower angular frequency natural LLDPE
showed frequency independent behavior with a dynamic viscosity of 1238.8 Pa.s at
2.4 rad/s. This indicates the suitability of MFI studies to calculate the steady state
shear viscosity for LLDPE. Similar trend was observed at 200°C with a reduction
in viscosity at elevated temperature, a common characteristic of molten polymers.
From Figure 3.12, for LLDPE - 4% F'S blends steady state behavior was observed at
220°C and angular frequency of 0.1 - 10 rad/s during testing. In this interval, the
calculated viscosity of 1418.4 Pa.s from MFI studies is close to measured viscosity
of 1494.7 Pa.s as shown in Table 3.5. However, at lower frequencies (equivalently
low shear rates) and reduced temperatures the melt viscosity tend to increase for
LLDPE - FS blends as seen in Figure 3.11 and Figure 3.12. From Figure 3.12, it
can be seen that the dynamic viscosity increased from 1494.7 Pa.s at 10 rad/s to
3163.1 Pa.s at 0.1 rad/s at 220°C. The results also indicate decreased mobility of
polymer chains with the addition of F'S causing entanglement of polymer chains.

To calculate the zero shear viscosity for natural LLDPE, time temperature
superposition principle (TTSP )was used. Shift factors were calculated using
Williams, Landel and Ferry (WLF) equation [136, 137] (TTSP is discussed in detail
in chapter 4). The master curves generated at 200°C reference temperature are
shown in Figure 3.13. Plateauing of viscosity curves at low shear was observed for
natural LLDPE indicating zero shear viscosity value of 3430 Pa.s at 0.01 rad/s.
With the addition of F'S steady state behavior of viscosity was not observed at
very low shear. The viscosity tends to increase with lower shear rates with the
addition of F'S, due to the dominating nano filler polymer chain interactions. On
the other hand at higher shear rates the dominating effects of nano silica was less,
leading to a steady state shear flow at 0.5 rad/s to 5 rad/s. This means that the
melt strength of the LLDPE - F'S composites increases at low shear rates. Since
rotational molding is characterized by low shears, the F'S can be considered as an
useful particulate reinforcement for LLDPE.

To express the viscosity behavior for LLDPE -FS nanocomposites, curve
fitting was carried out using regression analysis. The regression equation
for viscosity using power law (Ostwald model) for natural LLDPE is given in
Equation 3.14.

n = 1575.6w 0185 (3.14)

Similarly the regression equation using power law for LLDPE - 2% FS and LLDPE -
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4% F'S blends are given in Equation 3.15 and Equation 3.16.

n = 2549.7.,0-26

for LLDPE - 2% F'S blends

n = 2928.7w0-261

for LLDPE - 4% F'S blends

(3.15)

(3.16)

The curve fits with the above equations are shown in in Figure 3.14. The R?

value of fit and slope of shear thinning region (n) and the constant K are given in

Table 3.6. Since power law or flow index 'n’ is less than one, shear thinning behavior

is expected at high shear rates and steady state viscosity at very low shear rates.

The increase in flow consistency or zero shear viscosity is normally associated with

increase in molecular weight. Since nano silica particles do not cross link with

polymer chains, an increase in average molecular weight will not take place. The

increase in viscosity can be then attributed to the entanglement of polymer chains

and weak hydrogen bonding between polymer chains and silica group.
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Figure 3.13: Variation of viscosity at 200°C natural LLDPE and
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Table 3.6: Power law curve fitting data for viscosity

R2 Flow Consistency Flow Index (n)
(K)
Pa.s
Natural LLDPE 0.9832 1575.6 0.815
LLDPE + 2% FS 0.9647 2549.7 0.740
LLDPE + 4% FS 0.9781 2928.7 0.739

The polymeric melts, being pseudo plastic in nature exhibits both viscous
and elastic nature when it is subjected to shear. The variations of modulus and
loss modulus at different shear rates and temperature need to studied. Thus, to
study the rheological characteristics of polymer melts dynamic oscillatory shear
measurements are used[33, 138]. In a dynamic oscillatory shear experiment, the
sample is subjected to a homogeneous deformation at a sinusoidally varying shear
strain or shear stress. In a controlled strain experiment, one generates a strain
that is as close as possible to a sine wave as given in Equation 3.17.

7(t) = v sin(wt) 3.17)

In the linear shear strain-shear stress region the relation between shear stress (7¢)
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and shear strain () is given by Equation 3.18 [139].

7(t) = 7o(G’ sin(wt) + G cos(wt)) (3.18)

G and G is considered as the real and imaginary components of complex modulus

G™ in shear and is represented as given in Equation 3.19

G'w) =G (W) +i G (w) (3.19)

Figure 3.15, Figure 3.16 and Figure 3.17 shows the changes in storage and
loss moduli for natural LLDPE, LLDPE - 2% FS and LLDPE - 4% F'S respectively.
It can be observed that with the addition of F'S in LLDPE, both storage modulus
and loss modulus showed an increasing trend, indicating melt strengthening due
to entanglement of polymer chains with nano silica. The results of parallel plate
rheometry with values of elastic, loss moduli and viscosity for LLDPE and LLDPE
- FS blends are summarized in Table 3.7. It can be seen that maximum storage
modulus (83.73 MPa) was obtained for LLDPE - 4% blends at higher shear rate (100
rad/s) and lower temperatures (140 °C). This indicates the polymeric melt exhibits

increased elastic behavior at high frequencies and low temperature.
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Table 3.7: Viscoelastic properties of LLDPE - F'S polymer melt.

Material T Angular Storage Loss Modulus
frequency Modulus
°C rad/s Pa Pa
Natural LLDPE 220 100 29000 51779
220 10 2816.8 9870.3
220 1 172.06 1335
220 0.1 9.7164 156.66
180 100 39773 62641
180 10 5252.4 13289
180 1 493.36 2152
180 0.1 30.768 271.26
140 100 57868 79329
140 10 7129.4 18438
140 1 643.06 2871.1
140 0.1 55.412 368.87
LLDPE - 2%FS 220 100 36397 64769
220 10 3532 12403
220 1 235.28 1689.5
220 0.1 34.253 230.84
180 100 54222 81217
180 10 7107.2 17511
180 1 1201.1 2773.2
180 0.1 546.42 479.64
140 100 83730 103120
140 10 12552 26040
140 1 2279.2 4441.9
140 0.1 1068.4 767.73
LLDPE - 4%FS 220 100 42486 66491
220 10 5015.3 14081
220 1 467.16 2135.6
220 0.1 69.134 308.67
180 100 59436 82375
180 10 8878.3 19007
180 1 1552.1 3342.1
180 0.1 563.13 568.03
140 100 87585 102700
140 10 13844 27269
140 1 2381.7 4867.8
140 0.1 961.78 826.46
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3.3.3 Torque Rheometry Studies

Normally the melt mixing of LLDPE with fillers or additives is carried out
in a screw extruder. Hence, the resistance offered to the rotation of the screw by the
melt gives an indication of resistance to melt shear. Torque rheometry can be used
to assess this resistance. Torque rheometry indicates the changes in torque while
blending the mixture in melt extruder. This simulates real life process conditions
found in small or large internal production mixers or extruders [140]. Torque
rheometers designed to create turbulent flow and high shear action for providing
an optimal mix of all heterogeneous components in polymer melt. The resistance of
the test sample against being mixed is proportional to its viscosity and is measured
as the reactionary torque on the rheometer rotors. This torque is recorded as a
function of time in torque rheometry studies. This also thus records any cross
linking effects or degradation of samples by the increased torque values with time.
A torque rheometer consists of a temperature controlled mixing chamber along with
two parallel rotors coming in close contact during some time of its rotation. The
schematic of torque rheometer chamber is shown in Figure 3.18 [140]. These rotors
rotate in counter clock wise direction at a specified speed ratio. The shape of the
rotors (eg. roller blade, cam blade, banburry blade, etc.) are designed to provide
optimal mixing both axially and radially at the specified speed ratio. The designed
rotors along with the specified volume of chamber ensures minimum and maximum

gap sizes between rotors and mixing chamber.

Figure 3.18: Torque rheometer schematic

The experiments were conducted at 60 rpm at temperatures of 210°C and
150°C for 40 minutes. The blends of LLDPE - F'S powder were loaded to fill the
rheometer roller chamber upto 70% by volume. A 5 kg weight was used for forcing
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down the loading ram to close the mixing chamber. Figure 3.20 and Figure 3.19
shows torque values at 150°C (completion of melting) and 210°C (proper sintering
of LLDPE in RM) respectively. For the sake of clarity, the torque values up to 200s
and the average melt torque values (for a time interval of 200s - 2500s) are shown
in the graphs. It can be seen that the melt torque increases with the addition of
FS in LLDPE. At 4% F'S composition, initial torque recorded 45-50 Nm at 150°C
and 30-35 Nm at 210°C. In torque rheometry, the initial torque increase suggests
the resistance offered to screw rotation due to loading of polymer blend inside
the chamber. For this composition, a maximum of 10% increase in melt torque
was observed when compared with natural LLDPE. After melting, the torque
generally remained constant, indicating the thermal stability of the material (Ref.
section B.1). The increased torque needs to be accounted for polymer compounding.
Though it can be lowered by raising the temperature, it may not be suitable, as the
polymer blends tend to degrade at higher temperature. During torque rheometry a
rise in torque indicates cross linking of polymer or polymer degradation. The cross
linking behavior is witnessed in PVC.

The degradation of polymer in the presence of additives can be observed as
a spike in torque values.The degradation takes place at lower temperatures when
FS content is high. It was found that the polymer blends with 4% and above F'S,
tends to degrade at 210°C under shear and prolonged exposure to heat as shown in
Figure 3.21. Since F'S has lower heat capacity (740 J/kg K) than LLDPE (2080 J/kg
K), it tends to attain higher temperatures in the polymer matrix for the same heat
input. The poor heat dissipation tends to melt the lower molecular weight polymer
chains and the side chains of the long polymer chains in the vicinity of F'S nano
particles. The polymer chains in close contact with F'S will thus tend to oxidize
causing discoloration and degradation. Though the use of antioxidants may reduce
this phenomena to some extent (which were not used in this study), it necessitates
a close control over the process. Since RM is a zero shear process, the effect of FS
in polymer degradation needs to be further investigated.The RM process requires
polymer to be melted in the mold and held for sufficient time at required PIAT for
optimum cure. PIAT of the mold is recognized as the process control tool for RM.
For RM of LLDPE, PIAT of 210°C provides good sintering with very less amount
of entrapped gasses [10]. In the RM process PIAT is maintained for a very small
duration. Since the LLDPE - 4% blends degrades only at prolonged exposure at
210°C it is thermally stable during the RM process. Thus it ensures proper viscosity
and high melt shear strength without degradation. The possible reduction in PIAT
focusing on bubble removal and enhanced mechanical properties along with cycle

time reduction needs to be further investigated.
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Figure 3.21: Degraded LLDPE - 8% FS blend during torque rheometry at
210°C

3.4 Conclusion

This chapter explores the possibility of using nano scale F'S for rotationally
moldable LLDPE. LLDPE - F'S nanocomposites were prepared using dry as well
as melt mixing methods. Rheological studies were performed on the LLDPE - FS
blends and the important findings are as follows:

1. With the addition of fumed silica in LLDPE increase in dynamic viscosity
of melt and higher melt shear resistance were observed. MFI was found to
be decreasing with F'S content, indicating restricted movements of polymer
chains.

2. Parallel plate rheometry showed the zero shear viscosity for natural LLDPE,
while LLDPE - F'S blends showed an increasing trend of dynamic viscosity
at very low shear rates. This is primarily attributed to the entanglement of
polymer chains with nano silica and the weak hydrogen bonds formed with

polymer chains as no increase in molecular weight is expected.

3. The viscosity calculated using MFI studies showed very close match with the
measured viscosity using Anton Paar rheometer at low shear rates. Thus
MFT studies can also be used to calculate the dynamic viscosity at a given

temperature.

4. Torque rheometry studies indicated thermal stability of LLDPE - F'S blends
during melt processing and at PIAT during RM. It revealed the increased
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torque requirements for blending. To some extent this can be reduced by
increasing temperature. As thermal degradation of the material was noticed,
with addition of F'S, careful process control is necessary.

5. Finally, owing to the optimal MFI requirements, a maximum of 4% F'S blend
in LLDPE is suggested for RM. This blend was thermally stable and did not
affect the processing window of LLDPE.

The viscoelastic and mechanical properties of LLDPE - F'S blends after
their solidification needs to be further investigated to study the suitability of F'S as
a nano scale reinforcement for rotationally moldabe LLDPE and are discussed in
chapter 4.
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Viscoelastic Properties of LLDPE - FS
Nanocomposites

4.1 Introduction

In Chapter 3 rheological studies of LLDPE - FS blends have been carried
out. In this chapter, viscoelastic properties of LLDPE - F'S blends are studied as the
polymeric blends exhibit time dependent characteristics. Polymeric materials when
subjected to a uni-axial force or a shear stress, behave differently from perfectly
elastic material or a Newtonian fluid. A perfectly elastic material on application
of uni-axial force, follow Hook’s law which states the induced stress is directly
proportional to the resultant strain. The proportionality constant is referred as
elastic modulus of the material. A Newtonian fluid on application of shear stress,
deform continuously at a strain rate proportional to the applied shear stress. The
proportionality constant is referred as viscosity of the fluid. Polymeric materials
exhibit mechanical properties which are in between these ideal cases and hence are
termed viscoelastic. In a viscoelastic material the stress (o) is a function of strain
and time and is given in Equation 4.1

o=1(e,t) (4.1

This type of response is referred to as non-linear viscoelastic and is often reduced
to the form
o =e.f(t) (4.2)

This type of response is referred to as linear viscoelastic, and indicates that for
a fixed value of elapsed time in uniaxial tensile test, the stress will be directly

proportional to the strain.

The viscoelastic materials thus exhibit a time dependent strain response
to constant stress (creep) and a time dependent stress response to a constant strain
(relaxation). Also, when the applied stress is removed the viscoelastic materials
recover slowly over a period of time. Even though these effects are observed in
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metals at stresses close to yield stress and at high temperatures, polymers normally
exhibit this behavior even at low stress and room temperature [141-143].

Mechanically, a harmonic spring is used to represent elastic property and
a dash pot is used to represent the viscous property. Although there are no discrete
molecular structures which behave like the individual elements of the models, they
aid in understanding and analyzing the behavior of viscoelastic materials . Some
of the more important mathematical models include Maxwell model and Kelvin or
Voigt model [33, 144]. These models were used to represent the variation of stress
and strain from mathematical models. The Maxwell model consists of a spring
and dash pot in series. The Maxwell equation for linear viscoelasticity is given in
Equation 4.3:
iﬂi + % = —Z(;Z with t; = % (4.3)
Where t; is the relaxation time of viscoelastic system, E and 7 being the modulus of
the solid (represented as spring) and viscosity of material (represented as dash pot).

Solving the Equation 4.3 stress relaxation under a constant strain is given by
Equation 4.4
o(t) = oge ¥t (4.4)

This indicates that the stress decays exponentially with the time constant, ie
relaxation time (ty).

The Kelvin or Voigt model consists of a spring and dash pot in parallel. The Kelvin
or Voigt equation for linear viscoelasticity is represented by Equation 4.5.
dy o _ 7

. n
_Z—_1 h — 4.
it & with t, B 4.5)

Where t, is the retardation time.

Solving the Equation 4.5 strain recovery once the stress is removed is given by

Equation 4.6:
Y(t) = ypeto
90
T

(4.6)

This represents an exponential recovery of strain which is a reversal of the predicted
creep.

The Kelvin or Voigt model gives acceptable first approximation to creep and recovery
behavior but does not account for relaxation. Maxwell model can account for
relaxation but was poor in relation to creep and recovery. In contrast to the
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theoretical models, dynamic mechanical analysis (DMA) is an experimental method
used to measure the stress and strain by applying a sinusoidal wave to determine
the elastic and loss modulus of viscoelastic material. A brief description of DMA is

given below.

4.1.1 Dynamic Mechanical Analysis

DMA can be simply described as applying an oscillating force to a sample
and analyzing the material’s response to that force as shown in Figure 4.1 [138].
The DMA supplies an oscillatory force, causing a sinusoidal stress to be applied
to the sample, which generates a sinusoidal strain [138]. By measuring both the
amplitude of the deformation at the peak of the sine wave and the lag between the
stress and strain sine waves, quantities like the modulus, the viscosity, and the

damping can be calculated.

Force motor -

= — L5
Sine wave detected by LVDT
— Force
l 1 -
—— Drive shaft — Displacement
Phase lag or|8

DMA chassis . 0.5 4 ce

Displatement at peak = k JJ
4
4

LVDT | T r T
Rl [/ 100 0 300 0
| -0.5
..
= -1
“ I——r' Sine wave generated by force motor
(I I -15
/= L1 —

S b
Insulating disk PRI guﬁ'i Geometry disk

/ I II‘S::Jrn|;r[a.=.'

Dual cantilever jig

Figure 4.1: Schematic of dynamic mechanical analysis

When a sinusoidal stress is applied to a material it can be represented as given in
Equation 4.7.
o =ogsinwt (4.7)

Where w is the angular frequency and o, the maximum amplitude of stress.
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The resultant strain for viscoelastic material will lag behind the stress as shown in
Figure 4.1. The strain is thus given by Equation 4.8.

v = o sin(wt — 6) (4.8)
Where ¢ is the phase lag.

These equations are usually represented as stress leading the strain as shown in
Figure 4.1. Thus stress can be represented by Equation 4.9 and Equation 4.10.

o =0gsinwtcosd + oy coswtsind (4.9)

and strain

v =7 sinwt (4.10)

This leads to definition of two dynamic moduli, E (Storage modulus) and E (Loss
modulus) and can be represented by Equation 4.11

E = ? cos ) (In phase with strain)
0

"o (4.11)
E = 7—0 sin ¢ (90° out of phase with strain)
0

These could be represented on a phasor diagram as shown in Figure 4.2, and from
this diagram complex modulus E* can be defined by Equation 4.12.

E* = % - \/<E>2 + <E>2 —E +iE (4.12)

Thus storage modulus is known as the real modulus and loss modulus is known
as imaginary modulus. Also, storage modulus, loss modulus and phase angle are
related as given in Equation 4.13.

"

tand = E—, (4.13)
E

In DMA, a complex modulus, an elastic modulus and loss modulus are
calculated from the material response to the sine wave. These different moduli allow
better characterization of the material because we can now examine the ability
of the material to return energy (E/), to lose energy (EH), and the ratio of these
effects (tan delta), which is called damping. At very low frequencies the polymer
show viscous behavior and has very low modulus [145-147]. At high frequencies,
the material behaves like a glassy solid with a high modulus as represented in
Figure 4.3 [138]. Because of how the complex viscosity (n*) is calculated in the
DMA, we can get this value for a range of temperatures or frequencies in one scan.
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.
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Figure 4.2: Phasor diagram showing complex modulus, storage
modulus and loss modulus

The Cox — Merz equation relate the complex viscosity (n*) to traditional steady
shear viscosity (n) for very low shear rates, so that a comparison of the viscosity as
measured by DMA and constant shear methods is possible.

107 3 More Em?
j More o P olid like |
1 liquid like
108 - E10®
= ] : 2
& ] [as]
2 s 5 =
%s 10 3 10 .LJ'::"
= E ]
g 2
104 0% =

B i ikl

Flow dominates Flastic dominates
10° ——rrrrr——— e rrr———10%

1072 1071 10° 10!
Log Frequency (Hz)

Figure 4.3: Behavior of viscoelastic material with varying frequency

In this chapter the viscoelastic properties of LLDPE - FS blends are
investigated. Based on the rheological studies conducted the blends of LLDPE
- F'S exhibited melt characteristics suitable for RM. The reinforcement effects of F'S
in LLDPE matrix at micro level was studied by examining the storage modulus,
loss modulus, tan delta and the changes in glass transition temperature. The time
dependent creep behavior is also studied to examine the reinforcement effects of FS
in LLDPE.
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4.2 Materials and Methods

The material used for this study was same as that used for rheological
studies. The material used was rotationally moldable grade of LLDPE (R35A042)
and FS (Aerosil-200) with important material properties as given in Table 3.1. The
samples for DMA were made by compression molding to get a sheet thickness of
3 mm. Dry mixed powder blends were used in compression molding and was air
cooled to 60°C before removing the sheets from mold.

4.2.1 DMA Studies

To find the viscoelastic properties viz. storage modulus (E/), loss modulus
(EN) and tan delta, DMA analysis was performed in cantilever configuration using
dynamic mechanical analyzer (Q800) supplied by TA Instruments (USA). The DMA
Q800 uses a non-contact, direct drive motor to provide the oscillatory or static
force required [148]. The motor is constructed of high performance composites
that ensure low compliance and is thermostatically controlled to eliminate heat
build-up even when using large oscillation amplitudes and high deformation force.
The non-contact drive motor transmits force directly to a rectangular air bearing
slide. The slide is guided by eight porous carbon air bearings grouped into two
sets of four near the top and bottom of the slide. Pressurized air or nitrogen
flows to the bearings forming a friction less surface that permits the slide to
float. The slide, which connects to the drive shaft and sample clamp, can move
vertically 25 mm and its rectangular shape eliminates any twisting of the sample.
The schematic view of Q800 showing the details are shown in Figure 4.4b. A
high-resolution linear optical encoder is used to measure displacement on the
Q800 DMA. Based on diffraction patterns of light through gratings (one movable
and one stationary), optical encoders provide exceptional resolution compared to
typical LVDT technology. Due to the excellent 1 nm strain resolution, very small
amplitudes can be measured precisely. This, combined with the non-contact drive
motor and air bearing technology, provides excellent modulus precision and high
tan 0 sensitivity allowing the Q800 DMA to characterize a broad range of materials.

The specifications of DMA Q800 are given in Appendix A.7. DMA was
carried out according to ASTM-D4065[149], ASTM- D4440 [150] and ASTM- D5279
[151].
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Figure 4.4: DMA-Q800 and its schematic view
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The strain sweep test was performed at a frequency of 1Hz. The
temperature was ramped from -150°C to 100°C at the rate of 3°C/min at frequency
of 1 Hz and amplitude of 20 ym. The frequency sweep test at room temperature
(isothermal at 30°C) ranged from 0.01 Hz to 200 Hz at a set amplitude of 20 ym.
The frequency points were equally distributed in log scale with 15 points per decade.
The sample size used for the studies was 35 mm long, 12.5 mm wide and 3 mm
thick. The experimental set up is shown in Figure 4.4a. All measurements were
performed under nitrogen atmosphere.

4.2.2 Viscoelastic Creep

For creep testing, the samples were compression molded and stored for
seven months under room temperature (30°C) before testing. The temperature
was ramped from -150°C to 100°C at the rate of 3°C/min at frequency of 1 Hz and
amplitude of 20 um. The stress sweep (0.01 MPa to 10 MPa) was done at a frequency
of 1 Hz at room temperature (30°C). For stepped isothermal creep tests, all the tests
were started at 30°C and temperatures were varied in 10°C steps up to 100°C. A
soak time of 5 minutes, was given after every temperature step. A constant stress
of 0.5 MPa was applied to the samples for 180 minutes at each temperature step
(a dwell time of 10,000 s is recommended by ASTM-D6992) for recording the creep
strains. The creep tests were done using Creep - TTS mode in single cantilever
orientation.

4.3 Results and Discussions

4.3.1 Dynamic Mechanical Characteristics

The dynamic mechanical characteristics (E/, E” and tand vs. temperature)
of LLDPE - F'S blends are shown in Figure 4.5. It shows that for a temperature
range from -150°C to 100°C, there is an increase in storage modulus up to 4%
concentration (Figure 4.5b). The storage modulus increased from 1143 MPa to
1408 MPa at 30°C when the F'S was increased from 1 to 4%. Thus a considerable
improvement in reversible deformation of the material was seen with incorporation
of F'S. However, the storage modulus tends to decrease after 4wt% F'S composition.
The reduction of storage modulus at higher concentrations (FS% > 5%) may be
attributed to unavoidable agglomeration leading to the formation of weak grain
boundaries. The individual dynamic mechanical characteristics of natural LLDPE
and LLDPE - FS blends are given in Appendix B.2.
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The details of dynamic mechanical properties along with Tg are
summarized in Table 4.1. The Tg may be obtained as the temperature corresponding
to the tan delta peaks , loss modulus peaks and change of slope in storage modulus
graphs. There exists slight variation in reported Tg based on the method used. Ty
is the reversible transition temperature, in amorphous materials or amorphous
regions in semi crystalline materials, at which the material transitions from a
relatively brittle or glassy state to soft or rubbery state [152, 153]. The glass
transition is not a phase transition and therefore, it involves no latent heat. Below
this temperature normally rubber like polymers lose flexibility and turn rigid, hard
and dimensionally stable and are then considered to be in a glassy state. Above the
Tg, all normally rigid, stiff, hard glassy polymers turn soft and flexible, become
subject to cold flow or creep and as such turn into a rubbery state. The difference
between the rubbery and glassy states lies not really in their geometrical structure,
but in the state and degree of molecular motion. Below the Tg the polymer chain
segments or groups, as parts of the chain molecular backbone, can undergo limited
degrees of vibration. These polymer chain segments do not possess the energy
required to rotate about bonds and change positions with respect to segments of
the neighboring chains. At or slightly above Tg, rotation sets in, particularly of
side groups or branch units, and it is conceivable that only short range molecular
segments rather than the entire high polymer molecule would rotate at this point.
The much higher coefficient of thermal expansion just beyond Ty is indicative of
much greater degree of freedom of rotation [142, 152].

In this study, the Tg recorded as the temperature corresponding to tan
delta peaks shifted from -107.59°C to -112.86°C for LLDPE - 2% F'S blends. Also,
there exists two distinct loss modulus peaks for the natural LLDPE and LLDPE
- FS blends as shown in Figure 4.5a representing glass transition. The second
peak in loss modulus curve correspond to oTg, representing the onset of melting
of low molecular weight polymer chains, shifted from 44°C (LLDPE natural) to
49°C (LLDPE - 1%FS) and to 46°C (LLDPE - 8% FS) as shown in Figure 4.5a.
This implies a slight increase in operating thermal range for the nanocomposites.
Below oTg, reinforcement effects of F'S in LLDPE can be seen by the progressive
increase in storage and loss moduli. The first peak in loss modulus as well as
the tan delta curves (Figure 4.5a) around -120°C, denotes 1T representing the
small scale movements in polymer chains usually associated with inter and intra
molecular motions [154]. These transitions are related to either localized movement
in the main chain or very large side chain movements [152]. For the LLDPE - FS
composites tested, no significant change was observed in 7Tg.
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As the rotationally molded products are used in outdoor structural as well
as automobile applications, their response to cyclic loading is important. For this
purpose, DMA studies were further extended in frequency range from 0.01 Hz to
200 Hz at isothermal conditions (30°C). At low frequency range, viscous behavior
of the material was seen. The shear storage modulus (GI) and tan delta values
for different frequencies are shown in Figure 4.6. As the frequency increased, the
material became stiffer with increased modulus. At any given frequency, it can be
seen that the modulus is higher up to 4% of FS. For all compositions, tan delta
peaks were observed at 63Hz as shown in the magnified window of Figure 4.6b.
This frequency (63Hz) can be regarded as the glass transition frequency for these
nanocomposites. At this frequency, G increased from 1074 MPa for natural LLDPE
to 1346 MPa for 4% F'S concentration. For practical purpose this frequency (63 Hz)
can be regarded as limiting frequency of the material probably due to the breakdown
of polymer chains and silica network [155-157]. At higher frequencies, the stress
relaxation during each loading cycle is lower. This in turn results into the higher
stress which is transferred from LLDPE matrix to the filler. Hence, the energy
required to deform LLDPE - F'S nanocomposite is much higher and superior to the
energy required to break inter particle interactions.

4.3.2 Analysis of Viscoelastic Creep

Since the LLDPE - FS nanocomposite is viscoelastic, the mechanical
behavior of polymers strongly depends on time and temperature. The estimation
of the long-term deformation under static load often requires conventional creep
experiments over a longer period (5 to 10 years) at specific temperatures. TTSP
allows generating the master curves at any reference temperature based on
short-term creep experiments at various temperatures. The TTSP states that
the time response of a material at different temperature can be shifted in the time
scale by a shift factor ay if the underlying molecular motions for the time response
at different temperature share the same mechanism and change in temperature
only affects the corresponding response speed . The corresponding shift factor ap
was described by Williams, Landel and Ferry (WLF) and is given in Equation 4.14
[136, 137]:

Y0(To, t) = <T, t) (4.14)
ar

Where v is the strain at reference temperature, (T)) the reference temperature, (t)
the time, and () the strain at the elevated temperature (T). They also defined the
WLF equation (Equation 4.15, which enables an empirical description of the shift
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factor (ag) for amorphous polymers above the Tg:

—C1(T=Ty)

St T-Ty (4.15)

log(ar) =

Where C; and Cq are empirical constants.

For many polymers it has been found that C; and Cgy are constants and T, is taken as
Tg. The above relationship holds only in the approximate temperature range above
the glass transition temperature [Tg, Tg + 100°C]. Thus the WLF equation is not
valid for semi crystalline polymers below their glass transition temperatures. The
shift factors, below Ty, can be defined using an Arrhenius equation (Equation 4.16

[158].
AH /1 1
1 = (Z_ _— 4.1
Where AH is the activation energy and R the universal gas constant.
Thus, the independent short term creep tests performed at various temperatures

can be shifted horizontally on log time scale axis as shown in Figure 4.7 to generate

the creep master curve at any reference temperature.

Stepped isothermal method (SIM) is a further development of TTSP, which
was originally introduced for product testing of geosynthetics [68, 72, 73, 159, 160].
Due to the good agreement with conventional long-term creep tests, SIM has become
a well-established method for the accelerated product testing of geosynthetics.
Standards have been published for both tensile creep (ASTM-D6992)[161] and
compressive creep (ASTM-D7361)[162]. The creep analysis was carried out in the
elastic region, by identifying the limiting stress using stress sweep as shown in
Figure 4.8 It was observed that, for stresses below 0.5MPa, the natural LLDPE
shows elastic deformation. Beyond 0.5 MPa, the storage modulus showed decline
and loss modulus showed increase, signifying the onset of plastic deformation. Thus
in creep analysis, the stress was maintained at 0.5 MPa for all the nanocomposites
during experiments.

The creep strain and temperature steps of SIM creep test for various LLDPE
- FS blends are shown in Figure 4.9 a-f. From the Figure 4.9 a-f, it can be observed
that the creep strains decrease with increased F'S content. For example, after 1500
min, the creep strain of 1.2% for natural LLDPE Figure 4.9 a was reduced to 0.8%
(20% reduction) for LLDPE - 4 wt% F'S nanocomposite (Figure 4.9 e). A similar
trend was seen for other compositions.
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Figure 4.10: Principle of the SIM procedure: (a) correction of measured
data due to thermal expansion, (b) determining virtual start time t; (c)
rescaling d) curve shifting according to TTSP.

The SIM data were adjusted for thermal expansions and previous history
of specimen by the change in temperature. The vertical shifting, rescaling and
horizontal shifting were carried out to generate the creep master curves [68, 73].
Figure 4.10 describes schematically these adjustments. First of all the temperature
is ramped during the creep experiment. This means that the measured deformation
does not exclusively account for the creep behavior. Thus, a vertical shift is required
to remove the deformation caused by thermal expansion while heating the sample
(Figure 4.10a).

According to the Boltzmann superposition principle [163] the creep curves
at different temperature steps can be treated as individual tests starting at the
virtual start time tj. When the temperature step Ty starts at time ty, some
creep has already taken place at the previous temperature T;. Therefore, a creep
experiment corresponding to the behavior measured between ty and t3 would have
started at a time t/2 < to (Figure 4.10 b). This virtual start time t; is empirically
determined. The procedure is based on the uniqueness of SIM, using a single
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sample; the physical state at the junction between two temperature steps is unique.
Assuming that both steps correspond to independent experiments, the creep rate at
the end of a temperature step should be identical to the creep rate at the beginning
of the next step. Since the heating does not take place instantaneously, there
is a small transition region with undefined creep behavior at the beginning of
each temperature step. As a result, the data from this transition region should
be excluded from the analysis but the time scale is kept in place. However, if the
heating is quick enough, the assumption of identical creep rates can still be used.
Beginning with an arbitrary value, the starting time t is, therefore, iteratively
varied until the slope at the beginning of a temperature step matches the slope
at the end of the previous step in the logarithmical time scale (t — t;), as shown
in Figure 4.10 c. This procedure is repeated iteratively for all temperature steps
until the SIM data re-scaled in the virtual time scale (t —t()) is equivalent to a set of
independent isothermal creep curves. The rescaling of each temperature step is
handled iteratively and the results are all plotted on the virtual time scale (t — t()
(Figure 4.10 ¢). The SIM data now correspond to a family of virtually independent
creep tests, which can be shifted to a master curve the same way as in conventional
TTSP (Figure 4.10 d).

For generating the creep master curves, reference temperatures of 40°C and
50°C were considered and are given in Figure 4.11 and Figure 4.12 respectively. The
above temperatures were selected for our study, because the ambient temperature
of use for the rotationally molded products exceeds 40°C during summer in Asian
countries. The creep master curves were generated using rheology advantage
software from TA instruments. As seen from the graphs, the creep strains tend
to decrease with the addition of F'S. After an estimated loading of sample for one
year (5.26x10° minutes) at 50°C nanocomposites with 4 wt% FS, exhibited 12%
reduction in creep strains compared with natural LLDPE. Further, the creep strains
were reduced by as much as 14.5% for 4 wt% FS at 5.26x107 minutes (around 100
years). The blends did not show significant variation in percentage of reduction in
strains with temperature. It was observed that, blends with 4 wt% FS showed 11%
creep strain reduction at 40°C for an estimated loading of 1 year. The increased
creep resistance can be attributed to the reinforcement of polymer matrix with F'S.
Thus, it can be said that addition of F'S not only improves the static mechanical

properties but also results in significant improvement in their creep behavior.
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4.4 Conclusion

This chapter explored the possibility of using nano scale F'S for rotationally
moldable grade of LLDPE. DMA was performed to evaluate the temperature-time
dependent material behavior. There was a considerable improvement in storage
modulus and loss modulus with the addition of F'S till 4% concentration. Creep
analysis showed the reduction of creep strains with increased F'S content at all
temperatures above Tg. Thus F'S can be used as a potential nano scale additive
for LLDPE. FS contents above 4 wt% are detrimental to the mechanical properties
due to agglomeration. This necessitates a careful control over the dispersion of the
nanocomposites within the polymer matrix. The dispersion of F'S in LLDPE matrix

and its effects on mechanical properties needs further investigation.
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Chapter 5

Mechanical Properties of LLDPE - FS
Nanocomposites

5.1 Introduction

In the previous chapters, the rheological and visco-elastic properties of
LLDPE - FS nanocomposites were discussed. Since the rotationally molded products
are extensively used for many industrial and domestic outdoor applications, they
must possess good mechanical properties. Particulate reinforcements help to
enhance the mechanical properties in rotationally moldable polymers. Generally,
micro scale additives like fillers, antioxidants, colorants, UV stabilizers, etc. are
blended to natural LLDPE to impart the desired properties. These micro scale
additives may not reinforce the polymer chains due to its size and may adversely
effect the mechanical properties. In this chapter, the mechanical properties of nano
scaled fumed silica reinforced LLDPE composites are investigated.

5.2 Materials and Methods

The material used for study of mechanical properties was the same as
used in rheological and visco-elastic studies. The material used was rotationally
moldable grade of LLDPE (R35A042) hydrophilic F'S with the material properties
as given in Table 3.1. The melt compounded LLDPE - F'S blends were compression
molded to obtain the required samples for mechanical testing . From the rheological
studies carried out in chapter 3, it can be seen that there is a reduction in MFI
of LLDPE with addition of F'S. To ensure proper flow of molten polymer in the
mold, the samples required for mechanical testing were prepared using compression
molding process. The standards like ASTM-D4976 and ASTM-D1928 also specify
the sample preparation using pressure processes like injection or compression
molding. However, in this study the mechanical performance of purely RM products
has been also conducted at industrial scale for comparison and details are given in
chapter 7. For compression molding, blends were initially melted at 200°C before
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(a) UTM (b) Experimental set up- tensile testing

Figure 5.1: Universal testing machine and experimental setup for tensile testing

compressing at 1500 psi for 5 minutes. The compression molded sheets were then
air cooled to 60°C before demolding. The samples for tensile testing, flexural testing,
impact strength were prepared from these sheets.

5.2.1 Tensile Testing

Tensile testing was conducted as per ASTM-D638[164], to determine the
tensile strength, tensile modulus and tensile toughness. The tensile specimen
samples were prepared using a die (type 2, ASTM-D638). Five samples were
prepared for different FS compositions (1- 8 wt%). The samples were tested at
room temperature (30°C) at a cross head speed of 5 mm/min till rupture using a 10
kN load cell in a standard universal testing machine (UTM). Specifications of UTM
are given in Appendix A.8. The experimental set up is shown in Figure 5.1.

5.2.2 Flexural Testing

The flexural tests were done in three point bending configuration to
determine and compare the flexural modulus at different strain rates according
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Figure 5.2: Experimental set up - flexural testing

to ISO 178 [165]. The test specimens were 3mm thick and a nominal span of 50
mm was used for testing at room temperature (30°C). Five samples were prepared
for various F'S compositions (1 — 8 wt%). The flexural tests were conducted in a
standard universal tensile testing machine at cross head speeds of 1, 5 and 50
mm/min. The experimental set up of flexural test is shown in Figure 5.2. In flexural
testing, the test specimen is supported in three point bending configuration and
is deflected at a selected rate (cross head speed) at mid span until the specimen
fractures or until the deformation reaches maximum specified deflection. During
the procedure the force applied to the specimen is measured. Flexural stress is then
defined as the nominal stress of the outer surface of the test specimen at mid span
and is given by Equation 5.1 [165].

3FL

= 9bh2 6.1

of
Where F is the applied force, L is the span, b is the width and h is the thickness of
test specimen.
Flexural strain is the fractional change in length of an element of the outer surface
of the test specimen at mid span and is usually expressed as dimensional ratio or
percentage and is given by Equation 5.2.

_6dh

gf = —o- (5.2)
f L2
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ZOD-CHARFY IMPACT TESTER

Figure 5.3: Izod/Charpy - impact tester

Where d is the deflection at mid span.

The flexural modulus is then defined as the ratio of difference in flexural stress at
0.05% and 0.25% flexural strain to the corresponding difference in flexural strain.

5.2.3 Impact Testing

The izod impact tests were done on a standard izod-charpy impact tester as
per ASTM D256 [166] at room temperature (30°C) to determine the impact strength.
The samples (5 nos) confirming to the above standard were prepared using a die
and notch cutter. The prepared notches were inspected to ensure compliance with
ASTM D256 (V notch, 45° included angle, 2.54 mm maximum depth). The test set
up is shown in Figure 5.3

5.2.4 Scanning Electron Microscopy

To correlate the tensile behavior of material with the dispersion of
nanocomposites, particle size distribution, scanning electron microscopy (SEM)
was performed. The morphological studies for studying the FS particle size,
dispersion, and its effect on tensile fracture of LLDPE - F'S samples were performed
by scanning electron microscopy (SEM; EVO 18, Zeiss, Germany) as shown in
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Figure 5.4: Scanning electron microscope (Courtesy - Goa University)

Figure 5.4. The specifications of the scanning electron microscope are given in
Appendix A.9. The samples were pre-coated with 80% gold and 20% palladium in a
vacuum chamber. This is done to prevent the accumulation of static electric fields
at the specimen due to the electron irradiation during imaging and to improve
contrast. The SEM can produce high resolution images of the sample surface.

In SEM, electrons are thermoionically emitted from a tungsten or
lanthanum hexa boride cathode and are accelerated towards an anode; alternatively
electrons can be emitted via field emission. The electron beam, which has an energy
ranging from a few hundred eV to 100 keV, is focused by one or two condenser lenses
in to a beam. Characteristic X - rays are emitted when the primary beam causes
the ejection of inner shell electrons from the sample and are used to determine the
elemental composition of the sample. The back scattered electrons emitted from the
sample can be used alone to form an image or in composition with the characteristic
X - rays. These signals are monitored by photo multiplier tubes and magnified. An
image of the investigated microscopic region of the specimen is observed in cathode

ray tube and is photographed.
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5.2.5 X Ray Diffraction Analysis

To study the crystallinity of natural LLDPE and LLDPE - FS blends
X-ray diffraction (XRD) analysis was performed. Room temperature (30°C) XRD
spectra of the LLDPE - F'S nanocomposites were recorded with a wide angle X-ray
diffractometer (Mini Flex II, Rigaku, Japan)with Cu Ko radiation (A\=0.15405
nm). The specifications of X-Ray diffractometer is given Appendix A.10. XRD
is used to determine the size and shape of the unit cell or degree of crystallinity
for any compound using the diffraction of X-rays. X-ray diffraction studies are used
for the finger print characterization of crystalline materials and their structure
determination. Each crystalline/semi crystalline solid has its unique characteristics.

5.3 Results and Discussions

The yield strength, maximum tensile strength, elastic modulus and
toughness for different LLDPE - F'S composition are given in Table 5.1. Significant
improvements in mechanical properties were observed in LLDPE with the addition
of F'S. With respect to macroscopic behavior during the tensile tests, all samples
showed large plastic deformation along with a typical neck formation; a common
characteristics for thermoplastic materials. From Table 5.1, it can be observed that,
there is a progressive increase in tensile modulus from 818.2 MPa (for natural
LLDPE) to 1180.46 MPa (4% FS). An increase in the yield strength and maximum
tensile strength for the nanocomposites with respect to neat LLDPE can also be
seen. An increment of almost 9% is observed in the tensile Strength for LLDPE -
FS-3% composition. For the extreme compositions like 8 wt% of F'S, though the
maximum tensile strength and modulus have improved yield strength reduced.
Since, nano particles and polymer chains have comparable size, the nano particles
can act as temporary crosslinks between the polymer chains, providing localized
regions of enhanced strength, which in turn can retard the growth of cracks or
cavities [18].

The engineering stress — strain curves of LLDPE - F'S nanocomposites are
shown in Figure 5.5. From Figure 5.5, it can be seen that the elongation at break
significantly increases with augmentation of F'S content, thereby increasing the
tensile toughness. This can be verified from the fact that, for blends with 2 wt%
of F'S, more than 300% elongation was observed while for blends with 4 wt% of
FS, an elongation of 225% was recorded. However, the trend is subjected to major
decrease after 4 wt% of F'S composition. The mobility of polymer chains is not
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Table 5.1: Tensile testing : LLDPE - F'S nanocomposites

Sample Type Yield Max. Tensile Tensile Tensile
strength strength Modulus Toughness
(MPa) (MPa) (MPa) mdJ/mm?
LLDPE - Natural 16.04 17.75 818.2 10.72
LLDPE - 1% FS 16.67 18.65 1009.97 38.39
LLDPE - 2% FS 15.34 17.86 1115.09 42.99
LLDPE - 3% FS 16.18 19.36 1147.17 2.48
LLDPE - 4% FS 16.3 18.81 1180.46 29.24
LLDPE - 5% FS 13.51 18.27 956.91 19.21
LLDPE - 8% FS 14.99 19.63 1081.98 1.86

hindered at low concentration of F'S and it provide reinforcement to the LLDPE
matrix. At higher concentrations (above 5%) of F'S in LLDPE, plastic deformation
was hindered leading to a brittle fracture. Form Figure 5.5 it can also be observed
that, there is an increased ability for dissipation of energy at low F'S concentration.
Tensile toughness increased by 325% for blends with 3 wt% FS, and no fracture
initiation has taken place up to 300% strain (Table 5.1). The tensile toughness
was calculated as the area under the stress — strain curve. The increase in tensile
toughness can be attributed to the bonding between polymer chains and F'S, by
forming a network structure [155]. This network structure is formed by hydrogen
bonding between LLDPE chains and silica groups.

Table 5.2: Flexural testing: LLDPE - FS nanocomposites

Sample Type Flexural Flexural Flexural
Modulus at Modulus at Modulus at
1 mm/min 5 mm/min 50 mm/min
(MPa) (MPa) (MPa)
LLDPE - Natural 252.02 271.74 534.71
LLDPE - 1% FS 257.18 278.57 467.05
LLDPE - 2% FS 259.7 300.42 559.16
LLDPE - 3% FS 278.94 300.52 559.29
LLDPE - 4% FS 266.58 296.57 441.34
LLDPE - 5% FS 276.27 327.51 624.18
LLDPE - 8% FS 293.3 303.33 427.36

The flexural modulus was calculated (ISO 178) as the ratio of difference in
flexural stress and strains at 0.05% and 0.25%. The averaged values of flexural
modulus of the five samples tested at various speeds are given in Table 5.2. The
load deflection curves obtained from flexural test are given in Appendix B.3.
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Figure 5.5: Engineering stress vs. strain for LLDPE/FS
nanocomposites:

As seen from the results, the flexural modulus showed progressive increase
with addition of F'S till 5 wt% for all cross-head speeds. The flexural modulus
recorded a maximum of 624.18 MPa for 5 wt% F'S at a strain rate of 50 mm/min
in comparison to natural polymer at 534.71 MPa. It is noteworthy that the
phenomenon of strain hardening (increase in tensile strength with strain rate) was
also observed during this testing. Increase in flexural modulus and tensile modulus
thus confirms the reinforcement of polymer matrix with the addition of F'S.

Along with mechanical strength, resistance to impact is another desired
characteristic for RM products as it is used in many outdoor applications. To
evaluate the shock resistance, Izod impact test for the LLDPE - FS blends were
carried out. The impact strength values are shown in Table 5.3. The impact
strength reported is the average value of five samples tested for each composition.
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Even though the impact strength was not significantly affected by the presence of
FS, a slight decline can be observed with increasing concentrations of F'S. This can
be attributed to the polymer chain mobility affected due to the increased polymer
chain entanglements caused by the presence of FS [167-169]. The addition of
FS in LLDPE provides reinforcement in small concentrations by forming a three
dimensional network structure aided silicone-hydrogen bonds and the increased
entanglement of polymer chains. This is caused by the polymer chains being partly
adsorbed on the filler surface and partly being entangled with neighboring ones.

Table 5.3: Impact testing: LLDPE - F'S nanocomposites

Sample Type ISItI;I()e?l(;th
(J)
LLDPE - Natural 0.854
LLDPE - 1%FS 0.8647
LLDPE - 2%FS 0.8327
LLDPE - 3%FS 0.822
LLDPE - 4%FS 0.8223
LLDPE - 5%FS 0.822
LLDPE - 8%FS 0.822

To correlate the above observations with the micro structure, a
morphological study of LLDPE - F'S nanocomposites was performed using SEM
to examine the dispersion of F'S in LLDPE. The micrograph of natural LLDPE is

shown in Figure 5.6. LLDPE matrix was seen as dark color in high magnification.

I WD = B.Omm Mag= 628X Time :15:06:59

20 pm EHT = 20.00 kV Signal A= NTS BSD Date '5 Mar 2015 W

Figure 5.6: Micrograph of natural LLDPE
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The micrographs in Figure 5.7 show a fine distribution of 2 wt% FS within
LLDPE matrix with a little agglomeration. Average particle size of F'S in the range
of 50 — 100 nm was evident as shown in Figure 5.7b. Although the dispersion
was proper, non-uniformity was observed only at low scale. Proper dispersion of
nano particles are necessary to obtain proper particle - polymer chain interactions
leading to the reinforcement of polymer chains.

"
200 nm EHT = 20.00 kv Signal A = SE1 Date :5 Mar 2015
l I WD = 7.0 mm Mag= 5814 KX Time 12:23:40

(a) F'S dispersion in LLDPE matrix at 2% concentration

EHT = 20,00 kv Signal A = SE1 Date 5 Mar 2015
WD = 6.0mm Mag= 51.32KX Time :12:30:04

(b) F'S particle sizes

Figure 5.7: Micrographs of LLDPE - 2% F'S nanocomposites

The micrographs in Figure 5.8 show the distribution of FS in LLDPE
at 4 wt% concentration. Figure 5.8a shows uniform distribution of F'S, while
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agglomerates of F'S were occasionally seen at higher resolution, as shown in
Figure 5.8b. It was observed that onset of occasional agglomeration of FS in
LLDPE oocurs at 4% FS concentration. The nanocomposites were prepared by
melt compounding and thus 4% F'S can be treated as the maximum FS content in

LLDPE for obtaining proper dispersion.

10 pm EHT = 20.00 kv i Date :5 Mar 2015
l l WD = B.Omm Mag= 408KX Time :13:09:53

3 um EHT = 20.00 kv Signal A = SE1 Date :5 Mar 2015
l WD = B.Omm Mag= BS8KX Time :13:05:09

(b) Occasional F'S agglomeration in LLDPE - 4% F'S nanocomposites
Figure 5.8: Micrographs of LLDPE - 4% F'S nanocomposites
The micrographs of 5% F'S and 8% F'S in LLDPE are shown in Figure 5.9

and Figure 5.10 respectively. At 5 wt% F'S composition, agglomeration initiated
and agglomerates of different size and shapes ranging from 1 mm to 10 mm were
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Figure 5.10: Micrograph of LLDPE - 8% F'S nanocomposite

observed as shown in Figure 5.9. At higher concentrations, of 8 wt%, F'S tend
to form structures as seen in Figure 5.10. Surface treatment of LLDPE and
addition of proper coupling agents may prevent the possible agglomeration of F'S
at larger concentrations. The use of coupling agents and surfactants need to be
further investigated. The enhancement in mechanical properties was a result of
proper dispersion of F'S in LLDPE matrix. The use of proper coupling agents and
surfactants may help to further increase the mechanical properties.
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During the tensile testing, improvement in percentage of elongation
was observed at 3 wt% and 4 wt% FS in LLDPE. This can be correlated to the
formation of ellipsoid structures in the micrographs of fractured surface as shown in
Figure 5.11 and Figure 5.12.1t is evident that along with LLDPE, the F'S structures
are also highly deformed, indicating a ductile fracture. This further proves the
reinforcement effects of F'S at small concentrations in LLDPE.

.

20 pm EHT = 20.00 kv Signal A= SE1

il g7 S
Figure 5.11: Micrograph of fractured surface of LLDPE - 3%FS
nanocomposite

-y
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WD = 8.0 mm Mag= 184KX Time :12:52:02

Figure 5.12: Micrograph of fractured surface of LLDPE - 4% FS
nanocomposite
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The micrograph of fractured surface of LLDPE - 8% FS is shown in
Figure 5.13. It can be seen that the elongated ellipsoid structures like in 3% or 4% FS
composition was no longer present in the fractured surface. It rather indicates the
presence of largely stacked F'S structure. From the tensile testing it was observed
that the elongation at break was significantly reduced with concentrations of F'S
above 5%. The micrograph too reveal that there was no elongation in the LLDPE
- F'S structure. At such concentrations, F'S tend to disperse less, creating lesser
adhesion to polymer chains. This results in weak and brittle zones in the polymer
matrix which can be correlated to the brittle fracture during the tensile testing of
the nanocomposite.

20 pm EHT = 20.00 k¥ Signal A=NTS BSD Date :5 Mar 2015
l I WD = 7.0 mm Mag= 701X Time :14:54:50

Figure 5.13: Micrograph of fractured surface of LLDPE - 8% FS
nanocomposite

With the addition of F'S in LLDPE the variation in the semi crystalline
structure of LLDPE was examined by using XRD analysis and is shown in
Figure 5.14. The two peaks corresponding to the diffraction planes of LLDPE
indicated that the semi crystalline structure of LLDPE remained unchanged during
compounding. However, the intensity of the crystalline peaks of LLDPE reduced
with the addition of F'S. The presence of F'S in molten matrix, affects the mobility and
re-crystallization of polymer chains, and thus reduces the crystallinity of LLDPE. It
was established in Poly olefene - F'S blends by Kalfus et al that the degree of matrix
reinforcement gets considerably affected by the extent of matrix crystallinity [31].
F'S in LLDPE polymer blend occupies the amorphous regions in the polymer matrix
and tends to increase the melt viscosity resulting in reduction of spherulitic growth.
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Figure 5.14: XRD plots of natural LLDPE and LLDPE - FS blends

Table 5.4: Reduction in crystallinity of LLDPE - F'S blends (XRD analysis)

Description Reduction in
Crystallinity
(%)

LLDPE -

LLDPE - 1% FS 24.23

LLDPE - 2% FS 24.86

LLDPE - 3% FS 46.38

LLDPE - 4% FS 49.66

LLDPE - 5% FS 54.52

The percentage of crystallinity was calculated by comparing the areas
under the crystallinity curves with that of pure LLDPE. The results are shown in
Table 5.4. It was observed that even with small addition of F'S there is a significant
reduction in crystallinity of LLDPE (24.23% reduction for 1% FS). The crystallinity
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of LLDPE matrix further reduced with addition of F'S. At a concentration of 5%
FS in LLDPE a 54.5% reduction in crystallinity from that of natural LLDPE was
observed.

5.4 Conclusion

The addition of F'S in low concentrations provided reinforcement to LLDPE matrix.
This can be observed with the increase in static mechanical properties like tensile
modulus, tensile strength, toughness and flexural modulus. the findings of
mechanical and morphological analysis of LLDPE - FS blends are as follows:

1. The tensile modulus increased by 44% for a concentration of 4% FS in LLDPE.
There was also a remarkable increase in tensile toughness with the addition

of F'S. The mechanical properties were thus significantly improved with the
addition of F'S in LLDPE.

2. The micro structural studies using SEM also showed F'S was well dispersed in
LLDPE matrix at low concentrations providing matrix reinforcement.

3. The examination of fractured surfaces of LLDPE - F'S nanocomposites showed
formation of reinforced ellipsoid structures enhancing the elongation at
break at small concentrations of F'S. At higher concentrations (>5% FS) the
micrographs showed no elongated structures and the samples had a brittle

failure during tensile testing.

4. A reduction in crystallinity of natural LLDPE was observed with the addition
of FS. The studies using XRD showed a reduction of 50% crystallinity with
the addition of 4% FS. This indicates LLDPE - F'S blends are more amorphous
than natural LLDPE.

From these laboratory scale investigations, it can be concluded that 4% FS
in LLDPE provide good reinforcement and melt flow characteristics required for
RM. The LLDPE - 4% nanocomposites need to be rotationally molded in industrial
scale to further confirm these laboratory scale findings. Further, the effect of nano
silica in mold release of LLDPE need to be investigated.

90



Chapter 6

Cycle Time Reduction in
Rotational Molding of LLDPE - FS

Nanocomposites

6.1 Introduction

Rotational molding suffers a disadvantage of longer cycle times as compared
with the other polymer processing methods like blow molding, injection molding,
etc. Since the rotational molding process is time consuming in comparison with
polymer processing methods like extrusion, injection molding, blow molding, etc.
any decrease in cycle time is considered beneficial. This helps in improving the
productivity of the process. The overall cycle time of a rotational molding process
involves times required for heating as well as cooling of the part. In case of LLDPE
the molders use a typical demolding temperature of 50°C to demold the part. At
this temperature LLDPE shrinks and detaches itself from the mold inner wall. Any
attempt to demold the part above this temperature ( e.g. 80°C, 70°C, etc.) results in
damaging the part due to the strong adhesion of the part with the mold. This in turn
increases the cooling cycle times. To address this issue, an attempt has been made
to demold the part made of LLDPE - F'S nanocomposites at temperatures higher
than common demolding temperature ( 50°C). As there is no quantitative method
to measure the adhesive force between the mold and LLDPE - FS nanocomposites
an innovative method was designed to measure the same. This chapter discusses
the effect of LLDPE F'S composites on the adhesive forces between the material and
the mold.
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6.2 Materials and Methods

To study the adhesion of LLDPE and LLDPE - F'S nanocomposites to
mold surface, a fixture was designed for using with UTM, used to study the static
mechanical properties discussed in previous chapter. The fixture was provided with
a heating chamber to melt the polymer. One end of the fixture was mounted on the
fixed end of UTM while the other end was fixed on the movable jaw of UTM with
the load cell. With this arrangement the pulling force required for separating the
product could be accurately measured. The fixture along with its installation on
standard UTM is shown in Figure 6.1 and Figure 6.2. The detailed drawings of the
fixture are given in Appendix B.4. The mold along with the top plate was made of
both Aluminum and Steel to study the effect of mold material in demolding LLDPE
- FS nanocomposites. Thermocouples were used to measure the temperatures of
heating chamber, mold and the polymer melt. The polymer melt temperature was
used to control the process of heating, molding, cooling and demolding. A fan was

used to cool the mold during cooling cycle. This simulates the condition of forced

air circulation during cooling of a typical rotationally molded product.

Figure 6.1: Fixture for pulling force measurement

The material used for this study is same as that used for reological and
mechanical characterization. The material used was rotationally moldable grade
of LLDPE (R35A042)and Hydrophilic F'S of grade Aerosil-200 supplied by Evonik
industries as given in Table 3.1.
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Figure 6.2: Installation of fixture on standard UTM

6.2.1 Pulling Force Measurement

A test specimen of 100 x 40 x 3 mm was made using natural LLDPE and
LLDPE - FS blends. 11 g of LLDPE and LLDPE - FS blends were used to make the
test specimen. The powder was heated in the fixture and was compressed by UTM
by applying a force of 500 N. The powder was heated to 200°C and was allowed to
cool down. Forced air cooling was done with the help of a pedestal fan. The pulling
force was measured by UTM in tensile mode at temperatures of 80°C, 65°C and
50°C. These temperatures can be regarded as common demolding temperatures in
RM machine. The experiment was done for both aluminum (grade 2024) and steel
(grade S275)which are used as mold materials. The effect of pulling force on cross
head speed was also monitored at 5, 25 and 100 mm/min to study the mold ejection
rates.

6.3 Results and Discussions

During rotational molding the polymer melt coats the mold inner surface
and adheres to it, forming the shape of the mold. During the removal of the product
from the mold, the adhesive forces between part and mold become significant. The
factors affecting the pulling force are the presence of mold release agents, type of
polymer, temperature, pulling rate, mold material along with its surface finish and
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the product design. No mold release agents were used during the experiments. The
variation of pulling force with changes in temperature and pulling rate on steel
and aluminum mold are shown in Figure 6.3. It can be observed that the pulling
force needed to remove the product from mold reduces with addition of F'S both mild
steel and aluminum molds at higher temperatures. The minimum pulling force
for LLDPE -F'S blends was observed at 80°C and thus it can be considered ideal
temperature to remove the product from mold. However, natural LLDPE showed
lower pulling force at 50°C than at 80°C. The reduction in pulling force denotes
the lower adhesion of polymer to the inner mold surface. This can facilitate easier
product removal and possible reduction in cycle time. Along with the reduction in
pulling force, there can be a reduction in cycle time if the product is removed at 80°C
instead of 50°C. A typical IAT curve for LLDPE - 4% FS from the industrial trials
are shown in Figure 6.4. It can be seen that a heating rate of 11°C/min and a cooling
rate of 4.5°C/min is observed while molding the product. Thus, if the product is
removed at 80°C instead of 50°C, 6.7 minutes can be saved. The application of mold
release agents can further reduce the adhesive forces between polymer and mold
and needs separate investigations.
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Figure 6.3: Variation in pulling force at cross head speed of 5 mm/min

The rate of pulling, varies with the part ejection method used. Smaller
pulling rates were observed during manual product removal while higher pulling
rates can be seen with mechanical or pneumatic aids. The variation in pulling force
at 80°C for different pulling rates are shown in Figure 6.5. It can be seen that the
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pulling force increased with the increase in pulling rate. The increase in pulling
force was not significant above cross head speed of 25 mm/min. Both aluminum
and steel molds showed the similar trend. It can be observed that the blends with
LLDPE - 4%FS showed the lowest pulling force even at higher pull rates. Thus
LLDPE - 4% F'S blends can be considered to reduce the adhesion with the mold
during cooling and facilitates easy and quick part removal. This in turn results in
reduction of cycle time during RM.

6.4 Conclusion

Successful part removal is a crucial step in rotational molding. The
adhesion of part to mold surface after solidification is highly undesirable as it
may damage the part. In industry this problem is avoided by the use of mold release
agents. However, additional time is required for applying mold release agents to
the mold. Use of non stick coating is expensive and calls for additional care in
mold handling. The LLDPE - 4% F'S blends used in this study, tend to reduce the
pulling force needed for the part removal at higher temperatures. The parts can be
demolded at 80°C with ease which is difficult for LLDPE alone. Also, for a typical
cooling rate of 4.5°C/min a savings of 6.7 min can be obtained by removing the part at
80°C instead of 50°C. This can provide possible reduction in cycle time of rotational
molding process. Hence it can be noted that LLDPE - F'S nanocomposites provide
enhanced mechanical properties with good melt characteristics without adversely
affecting the cycle time of rotational molding process. These laboratory scale findings
were further evaluated in industry scale by compounding and rotationally molding
LLDPE - 4% FS blend in industry scale. These findings are given in next chapter.
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Rotational Molding of LLDPE - FS

Nanocomposites at Industry Scale

7.1 Introduction

In the previous chapters, rheological characteristics, viscoelastic,
mechanical properties and assessment of pulling force requirements to reduce
cycle time for LLDPE - FS blends were discussed. The findings in these chapters
were based on investigations carried out at laboratory scale.

Though the laboratory scale investigations were carried out in specific
conditions (according to the standards), limited quantity of actual materials,
customized experimental set-up (that mimic the industrial conditions), scaling up
studies are necessary to ascertain the use of LLDPE - F'S nanocomposites in real life
product. This chapter investigates the scaling up of rotationally molding LLDPE - FS
nanocomposites at industrial level and comparing the results with laboratory scale
findings. In previous chapters, composition of 4% F'S in natural LLDPE has proved
to provide the required melt characteristics for RM. Generally, use of nano scale
reinforcements for improving the processibility as well as mechanical properties
of rotationally molded products is not preferred by the molder. It may be due to
the fact that control of the process is difficult mainly due to the bi-axial rotation
of mold in aggressive heating environment which makes the use of conventional
temperature measuring devices very difficult. Apart from this, melt compounding
using the extruders poses significant problems like agglomeration, separation, etc.
Also, it is speculated that incorporation of such nanocomposites may adversely
affect the powder flow characteristics within the mold thus producing a defective
part. To overcome the above difficulties and to prove the advantages of LLDPE -
F'S nanocomposites in an industrial environment , trials were conducted at GMI
Zarahak Moulders Ltd. Goa. The Industry produces rotationally molded products
for liquid storage, environmental protection and material handling applications. An
attempt has been made to reinforce particulate nano scale FS with natural LLDPE
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by melt compounding in an industrial single screw extruder at Kenwood Industries,
Goa. The pellets were pulverized and rotational molding was carried out using
a three arm bi-axial rotational molding machine by carefully monitoring the IAT
within the mold. Monitoring the IAT has provided significant improvements in
product quality and repeatability [10]. Wireless temperature monitoring system
(TEMPLOGGER™) was used to monitor IAT. The effect of FS on powder flow
characteristics, melt flow characteristics, static mechanical properties, dynamic
mechanical properties, creep and stress relaxation behavior have been found thus
covering an entire regime for a typical rotation molding process. Studies were
conducted to correlate the above findings with the morphological structure of the

nanocomposites obtained.

7.2 Material and Methods

7.2.1 Materials

The material used for this study was rotationally moldable grade of LLDPE
(Relene - LLL36RA045) supplied by Reliance India Limited. The industry where
the trials were conducted uses this material in bulk for RM. The specifications of
Relene - LL36RA045 are given in Appendix A.3. This material is comparable with
R35A042 (GAIL Industries) used in our laboratory studies and is summarized in
Table 7.1. Hydrophilic F'S of grade Aerosil-200 was used for nano reinforcement

(Evonik industries) as given in Table 3.1.

Table 7.1: Comparison of LLDPE grades LR35A042 and L36RA045

Specifications Unit R35A042 LL36RA045
MFI g/10min 4.2 4.5

Density @ 23°C gl/ce 0.935 0.936

Vicat Softening Point °C 115 117

To remove the entrapped moisture, FS was dried at 105°C in a temperature
controlled oven for 2 hours. LLDPE and 4wt% F'S were melt mixed in an industrial
five stage single screw extruder at Kenwood Industries, Goa, India. A screw rpm
of 65 was used to obtain the extrudate. The temperature at different sections in
the screw barrel of the melt extruder was maintained between 220°C and 240°C.

Figure 7.1 shows the melt screw extruder used in this study. The extrudate was
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cooled in the water bath and cut in the form of pellets. These were pulverized
using a disc pulverizer and sieved to 35 mesh (500um). The pulverizer used for
compounding LLDPE - 4%F'S blends is shown in Figure 7.2 along with a vibro-screen
used for screening the powder particles suitable for RM. The pulverized LLDPE -
4%F'S blend was used to make baffles of size 330 x 330 x 1250 mm by RM process.
The mold used for this purpose along with the LLDPE - 4% F'S powder obtained
after compounding and pulverizing is shown in Figure 7.3.

A bi-axial rotational molding machine (RT 2203B- CACCIA Engineering)
was used to make the rotationally molded baffles used in underground sewage
treatment tanks. The product was selected mainly due to less material requirements,
simple product features and no curved surface to facilitate the easy cutting of
samples. The specifications of RT 2203B is given in Appendix A.11 and is shown
in Figure 7.4. It is a semi automatic carousal type rotational molding machine
with three arms, where three distinct operations of mounting the mold, heating of
the mold in the furnace and cooling of the mold are simultaneously performed.
The IAT of the mold was monitored by using TEMPLOGGER™ gsupplied by
Roto Solutions, SA. The specifications of TEMPLOGGER™ is given in Appendix
A.12. The TEMPLOGGER™ was fixed to the rotating arm with thermocouple for

monitoring real time IAT and oven temperatures. The set up is shown in Figure 7.5.

Figure 7.1: Industrial melt extruder (Courtesy: Kenwood Industries).
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Figure 7.2: Industrial pulverizer and vibro-screen (Courtesy: Kenwood
Industries).

Figure 7.3: Mold used for rotational Molding - Baffle (Courtesy: GMI
Zarahak Moulders)scale bar 1" shown.
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Figure 7.4: Rotational molding machine-CACCIA-RT 2203B (Courtesy:
GMI Zarahak Moulders).

Figure 7.5: Experimental set up for IAT measurements using
TEMPLOGGER™ (Courtesy: GMI Zarahak Moulders).
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7.2.2 Powder Characteristics and MFI

The bulk density and dry flow time of LLDPE powder was tested in
accordance with ASTM D 1895-96 which is redefined for the use in rotational
molding by Affiliation of Rotational Moulding Organisations (ARMO). The dry flow
time, is measured as the time to fill the 100 cc volume of measuring cup using 100
g of polymer. The MFI was measured at 190°C/2.16 kg, according to ASTM-D1238,
method A.

7.2.3 DMA, Creep and Stress Relaxation

The DMA and creep tests were performed as explained in chapter 4. In
stress relaxation tests, for a predefined strain of 1%, stress response was noted for
15 min. The tests were repeated at different temperatures ranging from 30°C to
100°C varying in steps of 10°C similar to the one as discussed in isothermal creep
tests above. All measurements were performed under nitrogen atmosphere.

7.2.4 Mechanical Testing and SEM

Mechanical testing including tensile testing, flexural testing, impact testing
and SEM were conducted as described in chapter 5 (section 5.2).

7.3 Results and Discussions

7.3.1 Powder Analysis

To obtain good quality rotationally molded products, the quality of LLDPE
powder is a key factor. Bulk density of the powder and its dry flow time are
considered as essential quality parameters for the powder. In our studies, both
natural LLDPE and LLDPE - 4% FS were pulverized and sieved to 35 mesh (500
pm). To assess the effect of nanocomposite on the powder flow characteristics bulk
density and dry flow of the powder were measured. The bulk density and dry flow
tests performed revealed a marginal reduction in bulk density of LLDPE - 4% FS
blend in comparison with natural LLDPE. It was observed that the bulk density
reduced from 0.3575 g/cc to 0.2977 g/cc. The dry flow time measured was slightly
increased from 10 s to 13 s in comparison with natural LLDPE. A microscopic
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examination of LLDPE - 4% F'S powder as shown in Figure 7.6 revealed presence of
feathery structures around particles which might be contributing to slight increase
in dry flow time. The natural LLDPE powder exhibited no feathery structures as

seen from Figure 7.7 indicating better powder quality.

Figure 7.6: Magnified powder particle showing feathery structures -
LLDPE - 4% FS

Figure 7.7: Magnified powder particle - natural LLDPE

This needs further investigations; however, the small changes in the above
parameters did not indicate any major impact on powder flow characteristics within
the mold.
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Along with dry flow time and bulk density MFI is an important indicator of
flow of molten polymer within the mold. The variation of MF1I for the industrial and
laboratory scale findings are shown in Table 7.2. For the industrial grade, the MFI
of natural LLDPE reduced from 4.72 g/10 min to 3.5 g/10 min with the addition of
4% F'S. This is an indication of chain entanglement or the hindrance created to the
movement of polymer chains, thereby showing some increased resistance to melt
shear. For rotational molding generally a MFI of 3.5 g/10 min is acceptable. It can
be noticed that the results of laboratory scale and those obtained with industrial

grade material are quiet closer.

To ensure that a rotationally molded product has highest mechanical
properties, the proper curing of the polymer within the mold is of utmost importance.
For this purpose, IAT within the mold was monitored and a PIAT of 200°C was
considered as an indicator of optimal curing. The IAT plots of samples molded with
natural LLDPE and LLDPE - 4% F'S are given in Figure 7.8 and Figure 7.9.

Table 7.2: Comparison of LLDPE grades LR35A042 and L36RA045

Material Unit Melt Flow Index
190°C/2.16 kg

Industry scale

Natural LLDPE g/10min 4.72
LLDPE - 4%FS g/10min 3.5
Laboratory scale

Natural LLDPE g/10min 4.49
LLDPE - 4%FS g/10min 3.65

It was observed that a PIAT of 205°C was achieved, indicating a proper curing of the
product. The samples were then examined for defects and porosity. The microscopic
examination of the inner surface of product has shown considerable reduction in
pin hole size with the addition of F'S in LLDPE. For natural LLDPE pin holes to the
size of 220 pm can be seen in Figure 7.10. Also numerous pin holes of sizes ranging
from 50 to 100 um can be seen

With the addition of F'S the maximum size of pin holes reduced to 65 um as seen
in Figure 7.11. Most of the pin holes present in the sample were less than 50 ym
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Figure 7.8: Internal air temperature plots for natural LLDPE
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Figure 7.9: Internal air temperature plots for LLDPE - 4% F'S blend

in size. This clearly indicate the addition of F'S suppresses the bubble formation
limiting the size of pin holes.
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Figure 7.10: Magnified inner surface of natural LLDPE showing pin
holes

Figure 7.11: Magnified inner surface of LLDPE - 4% blend showing pin
holes

7.3.2 Mechanical and Viscoelastic Properties.

The tensile strength, modulus and flexural modulus also shown
considerable enhancement for the rotationally molded LLDPE - 4% F'S blend. The
engineering stress — strain curves are shown in Figure 7.12.
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Figure 7.12: Engineering stress strain curves for natural LLDPE and
LLDPE - FS blends

The natural LLDPE showed plastic deformations with typical neck formation while
LLDPE - 4% FS showed a reduction in plastic deformation with necking. From
Figure 7.12, it can be seen that the elongation at break reduced with addition of F'S,
thereby decreasing the tensile toughness. However, slight increase in mechanical
properties like ultimate tensile strength, and tensile modulus were observed. The
tensile modulus increased from 750.43 MPa to 1882.52MPa with the addition of
F'S, while tensile strength showed an increase of 10%. The morphological studies
of fractured sample showed tendency to form extended FS-LLDPE structures
resulting in ductile fracture. The micro graphs of fractured surface of LLDPE - 4%
FS is shown in Figure 7.13. The fractured surface showed the plastic deformation
of the moderately agglomerated F'S. The F'S was found to be dispersed uniformly
in LLDPE matrix, even though few local agglomerations are observed at higher
magnification as shown in Figure 7.14. The agglomeration of F'S in LLDPE is not
desired as it leads to lesser adhesion of F'S to polymer chains. This results in weak
and brittle zones in the polymer matrix and can lead to reduced plastic deformation
and brittle fracture.
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10 pm EHT = 25.00 kW Signal A= 5E1 Date :29 Jul 2015
WD = 85mm Mag= 400KX Time :12:00:58

(a) At lower magnification

200 nm EHT = 25.00 kV Signal A = SE1 Date :20 Jul 2015
WD = 85mm Mag= S1.87KX Time :12:09:05

(b) At higher magnification

Figure 7.13: Micrographs of fractured surface of LLDPE - 4% FS blends

The flexural modulus at three different cross head speeds and is given
in Table 7.3. As seen from the results, the flexural modulus showed progressive
increase with the increase in cross head speed. The flexural modulus recorded
a maximum of 637.05 MPa for 4 wt% F'S at a cross head speed of 50 mm/min in
comparison to natural polymer at 542.11 MPa. It is noteworthy that the phenomenon
of strain hardening (increase in tensile strength with strain rate) was also observed
during this testing. Increase in flexural modulus and tensile modulus thus confirms
the reinforcement of polymer matrix with the addition of F'S.
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20 pm EHT = 25.00 kV Signal A = SE1 Date :20 Jul 2015
WD = 85mm Mag= 1.04 KX Time :12:10:40

(a) At lower magnification
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(b) At higher magnification

Figure 7.14: Micrographs of LLDPE - 4%F'S blends showing dispersion of F'S in
LLDPE .

In addition to mechanical strength, resistance to shock loads is important
for rotationally molded products as it is used in many outdoor applications. To
evaluate the shock resistance, Izod impact test for the LLDPE - FS blends were
carried out. The impact strength recorded 0.935 J (74.96 J/m) for natural LLDPE
and 0.873 J (69.84 J/m) for LLDPE - 4% FS blends. The reduction in impact
strength is due to the reduced energy dissipation caused by restricted polymer chain
movement in presence of FS[75].
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Table 7.3: Flexural testing: LLDPE - F'S nanocomposites

Material Flexural Flexural Flexural
atena Modulus at Modulus at Modulus at
1 mm/min 5 mm/min 50 mm/min
(MPa) (MPa) (MPa)
LLDPE - Natural 333.8 379.24 542.11
LLDPE - 4% FS 442.7 470.4 637.05
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Figure 7.15: Dynamic mechanical properties of natural LLDPE and
LLDPE - 4% FS blends showing E/, E" and tan delta.

The dynamic mechanical characteristics (E/, E” and tan delta vs.
temperature) of LLDPE and LLDPE - 4 wt% F'S blends are shown in Figure 7.15.
It shows that for a temperature range from -150°C to 100°C, there is an increase
in storage moduli and loss moduli for LLDPE - F'S composite as compared with
natural LLDPE. At room temperature, an increase in storage modulus by 20% and
loss modulus by 15% could be seen for the nanocomposite. Two distinct peaks are
observed in loss modulus curve representing the glass transition temperatures (Tg)
as shown in Figure 7.15. The first peak at -127°C represents v Tg representing the
small scale movements in polymer chains usually associated with inter and intra
molecular motions [154]. The second peak at 46°C represents a Tg representing the
onset of melting of low molecular weight polymer chains. At 4% FS concentration
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the shift in both o and v Tg were not significant as compared to natural LLDPE.

These findings were in agreement with the laboratory scale findings.

Table 7.4: Comparison of industry scale and laboratory scale test results

Specification Industry Scale Laboratory Scale
Natural LLDPE - Natural LLDPE -
LLDPE 4% FS LLDPE 4% FS

Tensile  Modulus 750.43 1882.52 818.2 1180.46

(MPa)

Maximum Tensile 15.54 16.97 17.75 18.81

Strength (MPa)

Flexurual Modulus 379.24 470.4 271.74 296.57

@ 5 mm/min (MPa)

Impact Strength (J) 0.935 0.873 0.854 0.822

Maximum Storage 5547 6078 4771 5415

Modulus (MPa)

Storage Modulus @ 1119 1291 1143 1408

30°C (MPa)

Loss Modulus @ 84.08 96.64 9591 107

30°C (MPa)

v Tg (°C) -127.1 128.3 -107.59 -110.23

a'Tg (°C) 46.2 47.3 43.85 44.05

A comparison of laboratory scale findings and industrial test results for
natural LLDPE and LLDPE - 4% FS are given in Table 7.4. It can be observed
that being a stress free process the rotationally molded industry sample exhibited
better mechanical properties than the laboratory sample. Also, the rotationally
molded sample was properly cooked as a PIAT of 205°C was maintained. The
maximum tensile modulus for industry sample recorded 1882.52 MPa in comparison
to 1180.46 MPa for LLDPE - 4% FS blend. The storage modulus also showed
increased values for industrially molded samples. Similar increase in flexural
modulus and impact strength can be noted for rotationally molded industry sample.
The flexural modulus increased from 296.57 MPa to 470.4 MPa, while impact
strength increased from 0.8222 J to 0.873 J for LLDPE - 4% F'S blend. v T showed
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a reduction from -107.59°C to -127.1°C for rotational molded sample. This can
be attributed to the slight variation in the material used in industry. The a Tg
showed no significant variation for the industrial and laboratory scale sample. The
results showed improved mechanical properties in industrial scale in line with the
laboratory scale studies. Hence, it can be concluded that F'S provide reinforcement
to LLDPE matrix enhancing the mechanical properties.

7.3.3 Viscoelastic Creep and Stress Relaxation Studies.

The master curves generated using SIM in the elastic region of polymer
composite is shown in Figure 7.16. It can be noticed that, the creep strains reduced
with the addition of F'S. After an estimated loading of sample for one year (5.26 x
10° minutes) at 50°C nanocomposites with 4 wt% FS, exhibited 13% reduction in
creep strains compared with natural LLDPE. The blends did not show significant
variation in percentage of reduction in strains with temperature. It was observed
that, blends with 4 wt% FS showed 14% creep strain reduction at 40°C for an
estimated loading of 1 year in comparison with natural LLDPE. The increased
creep resistance can be attributed to the reinforcement of polymer matrix with
FS. Further, the stress relaxation characteristics of LLDPE and LLDPE - 4 wt%
FS at predefined strain of 1% at different temperatures are shown in Figure 7.17.
Detailed stress relaxation behavior of LLDPE - 4% FS for a temperature range
of 30 to 100°C is shown in Figure 7.18. It shows the stress relaxation curves at
successive accumulated steps of temperature increments 10°C followed by 15 min
stress relaxation. There is no significant variation in the maximum resultant stress
before relaxation (un-relaxed stress) for LLDPE and LLDPE - 4% F'S nanocomposite
at any temperature. However, the un-relaxed stress decreased continuously from a
maximum of 6.57 MPa at 30°C to 0.66 MPa at 100°C for LLDPE - 4% FS.Similarly
for natural LLDPE, the un-relaxed stress decreased continuously from a maximum
of 6.56 MPa at 30°C to 0.64 MPa at 100°C. The reduction of un-relaxed stress at

higher temperature corresponds to a reduction of storage modulus.

Figure 7.19 shows the variation of relaxation modulus of natural LLDPE and LLDPE
- 4% F'S with time. It can be observed that the relaxation modulus decrease with
time. The relaxation modulus decreased from 621 MPa to 56 MPa for natural
after being strained at 1% over a period of one year for LLDPE at 40°C. Similar
decrease in relaxation modulus was observed for LLDPE - 4% F'S blends. During
an isothermal relaxation process, at high strain levels and higher temperatures of
relaxation, the polymer chains uncoil. This results in disentangling and aligning of
polymer chains causing the material to soften leading to a reduction in relaxation
modulus at elevated temperatures for both LLDPE and LLDPE - 4% FS blends.
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Figure 7.16: Creep master curves for natural LLDPE -4%FS FS
nanocomposites at 40°C and 50°C

At any temperature, the addition of F'S in natural LLDPE, has not affected the

relaxation modulus and it remained almost constant.
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Figure 7.17: Stress relaxation curves at 1% strain at various
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Figure 7.18: Stress relaxation curves for LLDPE - 4% F'S at 1% strain
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Figure 7.19: Stress relaxation master curves for natural LLDPE - 4%FS
F'S nanocomposites at 40°C and 50°C

7.4 Conclusion

This chapter explores the industry scaling of nano scale FS as a
reinforcement for rotationally moldable LLDPE. Melt compounding of LLDPE
with 4% F'S was carried out in industry to obtain fine powder suitable for rotational
molding. It was found that the dry flow time was increased slightly from 10 s to 13 s
while the bulk density was reduced from 0.3575 g/cc to 0.2977 g/cc with the addition
of 4% FS in LLDPE. This did not affect the powder flow characteristics within
the mold during molding. LLDPE - 4% F'S nanocomposites were then rotationally
molded in a bi-axial rotational molding machine at industrial scale. The process
was carefully monitored and controlled using wireless temperature sensing device.
This ensured proper curing of the rotational molded products. The products were
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tested for static and dynamic mechanical properties and it was found that:

1. The LLDPE - 4% F'S blends provided better product with reduced pin hole size

and improved mechanical and viscoelastic properties.

2. Static Mechanical properties like tensile modulus increased from 750.43 MPa
to 1882.52 MPa for LLDPE - 4% FS blends.

3. Creep properties showed a reduction of creep strains by 13% at all
temperatures with the addition of 4% F'S in LLDPE.

4. Stress relaxation of natural LLDPE remained constant with the addition of
F'S nano particles.

5. The mechanical and viscoelastic properties observed in industry trials was in
comparison with the laboratory scale findings

Hence, it can be noted that nano scale F'S provides good reinforcement to
LLDPE matrix and can be considered as a potential additive for rotational molding.
The changes in cycle time reduction in rotational molding need to studied with
the addition of F'S in LLDPE. It can be seen that with addition of F'S, the PIAT
of 200°C provided good curing and hence maintained the same cycle time during
heating. Thus, it can be concluded that with addition of 4% F'S in LLDPE, enhanced
mechanical properties was observed without affecting the cycle time in industrial
trials.
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Conclusions and Recommendations

for Future Work

This research work focuses on developing and analyzing the effect of
FS nano particle for rotational molding of LLDPE. Extensive experimentation
were carried out to study the rheological and melt flow characteristics of the
LLDPE FS nano-composites. The effect of F'S on mechanical as well as viscoelastic
properties including creep behavior and stress relaxation were investigated. The
morphological and X ray diffraction studies showed the dispersion of FS and
its effects on crystallinity in LLDPE. An amount of 4% by weight of FS was
found suitable to improve the melt flow as well as static and dynamic mechanical
properties of rotational moldable LLDPE. Finally, the LLDPE - 4% F'S blends were
tested at industrial scale for a rotationally molded product and the results were
compared with the laboratory scale findings. The important conclusions of this
study are as follows:

1. LLDPE - FS nano composites were prepared in laboratory using dry mixing
and melt mixing methods. MFI studies and dynamic rheological studies
were carried out to study the melt and rheological characteristics of polymer
blends. The MFI for natural LLDPE reduced from 4.49 g/10 min to 3.14 g/10
min with the addition of 8% FS. At 4% F'S composition MFI recorded 3.65%
making it suitable for rotational molding. The melt viscosity observed at
lower frequencies (shear rates) during dynamic rheological studies, showed
very close match with the viscosity calculated using MFI studies. For LLDPE
- 4% FS blends at 0.1 - 10 rad/s, the calculated viscosity of 1418.4 Pa.s
using MFT studies is close to 1494.7 Pa.s using rheometry studies. Similar
observation was made for natural LLDPE and LLDPE - 2% F'S blends at
low shear rates. Zero shear viscosity of 3430 Pa.s was observed for natural
LLDPE at low angular frequency of 0.01 rad/sec indicating the plateauing
of viscosity plots at low frequency. For LLDPE - F'S blends plateauing of
viscosity plots were not observed and an increasing trend of viscosity at low
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frequency was observed. This behavior was predominantly due to the nano
filler polymer chain interactions indicating higher melt shear resistance. The
torque rheometry studies carried out revealed the increased initial torque
requirements for blending. To some extent, this can be reduced by increasing
temperature. As thermal degradation of the material was noticed, with
addition of F'S, careful process control is necessary. Finally, owing to the
optimal MFI requirements, a maximum of 4% FS blend in LLDPE can be
recommended for rotational molding. This blend was found to be thermally
stable and did not affect the processing window of LLDPE.

2. To study the reinforcement effects of FS in LLDPE matrix, dynamic
mechanical analysis was carried out. It was observed that the storage
modulus improved from 1143 MPa to 1408 MPa for LLDPE - 4% FS blends
at 30°C. Similarly loss modulus also improved from 96 MPa to 107 MPa for
LLDPE - 4% F'S blends at 30°C. Above 4% FS concentration, reduction in
storage modulus was observed and was attributed to the agglomeration of
FS at higher concentrations. Shift in the o Ty towards higher values was
noticed. o Tg increased from 43.5°C to 49°C indicating increased operating
temperature range for LLDPE - FS blends. The 7Ty at -120°C was not
significantly affected with the addition of F'S in LLDPE.

3. The frequency studies conducted in range of 0.01 Hz to 200 Hz at 30°C
showed a tan delta peak at 63 Hz for natural LLDPE and LLDPE - F'S blends
representing a glass transition frequency. At this frequency, G increased
from 1074 MPa for natural LLDPE to 1346 MPa for 4% FS concentration.
For practical purpose this frequency (63 Hz) can be regarded as the limiting
frequency of the material due to the breakdown of polymer chain and silica
network. The time dependent creep behavior of LLDPE also showed a
reduction of 11% creep strains over a span of 1 year at 40°C with the addition
of 4% F'S. The viscoelastic studies thus proves the suitability of F'S in LLDPE
making it a potential nano composite for use in rotational molding.

4. The static mechanical properties of LLDPE - FS blends were found to be
superior than natural LLDPE. Tensile testing, flexural tests and impact
tests were carried out to evaluate the static mechanical properties. The
tensile modulus improved from 818 MPa to 1180.46 MPa for LLDPE - 4% FS
blends. Further, a reduction in crystallinity along with an increase in tensile
toughness of the material was observed. Tensile toughness improved by 300%
and 200% for LLDPE - 2% FS and for LLDPE - 4% F'S blends. The flexural
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modulus for natural LLDPE showed an increase from 534.71 MPa to 624.18
MPa for 5% F'S composition at a cross head speed of 50 mm/min. The Izod
impact test showed comparable impact strength for LLDPE and LLDPE - FS
blends, showcasing the occupancy of F'S in amorphous regions of LLDPE,
did not affect the shock absorption ability of LLDPE. The micro structural
studies using SEM showed F'S was well dispersed in LLDPE matrix at low
concentrations, providing matrix reinforcement and enhancing the mechanical
properties. At higher concentrations of F'S in LLDPE, agglomeration was
observed in tensile fractured surface leading to brittle fractures and reduced
toughness. FS contents above 4 wt% are detrimental to the mechanical
properties due to agglomeration. This necessitates a careful control over the
dispersion of the nano composites within the polymer matrix.

5. Along with improvement in melt flow characteristics, static and dynamic
mechanical properties , the effect on processibility of the LLDPE - FS
composites was studied. Since cycle time reduction is a crucial aspects
of processibility , attempts were made to reduce the cycle time during
cooling stage of the process. For this purpose, an alternative approach
was followed in which an innovative fixture was developed to study the
adhesion force by measuring the pulling force required to demold the
product. It was found out, that the addition of FS in LLDPE reduced the
pulling force needed to eject the part from the mold made of aluminum
and steel at higher temperatures. The minimum pulling force (for LLDPE
- FS blends) needed to remove the part from its mold was observed at
80°C. Hence, it can be recommended as an ideal temperature to demold
the product from its mold. Also, for a typical cooling rate of 4.5°C/min a
savings of 6.7 min can be obtained by removing the part at 80°C instead of
50°C. This indicate easy removal and reduced cycle times for LLDPE - 4%
F'S parts and thus can be considered as ideal for their use in rotational molding.

6. To check the feasibility of the nano composites at industrial scale trials using
LLDPE - 4% FS were conducted. LLDPE - 4% FS blend was compounded in
an industrial melt extruder and pulverizer at Kenwood Industries, Goa. The
baffles for underground septic tanks were rotationally molded using a three
arm bi-axial rotational molding machine at GMI Zarahak Industries, Goa.
Throughout the process IAT was monitored for proper curing of samples. The
inner surface of LLDPE - 4% F'S rotationally molded part exhibited lower
sized pin holes in comparison with natural LLDPE part. A maximum pin
hole size of 65 ym was observed in LLDPE - 4% FS part, in lieu of 220 ym
for natural LLDPE. Improved mechanical properties were also observed for
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LLDPE - 4% F'S nano composites. The ultimate tensile modulus for industry
sample recorded 1882.52 MPa in comparison to 1180.46 MPa for LLDPE - 4%
blend. The flexural modulus increased from 296.57 MPa to 470.4 MPa, while
impact strength increased from 0.8222 J to 0.873 J for LLDPE - 4% F'S blend.
Similarly, viscoelastic creep studies showed a reduction of creep strains by
13% at all temperatures with the addition of 4% F'S in LLDPE. Hence, it can
be concluded that with the LLDPE - 4% F'S nano composite provides better
mechanical properties with acceptable melt characteristics and can be thus
be considered as an improved material for rotational molding.

7. As the rotational molding industry is currently looking for alternative
materials that can be used to produce products with improved mechanical
properties, the recommendations developed in this study, (being tested in
industry) can be readily applied to industrial products. Thus the thesis
can be regarded as a significant contribution to the rotational molding industry.

8.1 Recommendations for Future Work

This research work demonstrated the possibility of using nano composites
for rotational molding. As there is a need to develop better materials and composites
for rotational molding, the current research work can be further extended to study
the following promising areas in rotational molding:

1. The usage of FS can be extended to polypropylene for the use in RM.
Currently rotationally moldable PP is developed and is gaining popularity
due to its improved mechanical properties. F'S nano particles may provide
reinforcement to the polymer chains thereby providing good melt shear
strength and enhanced mechanical properties.

2. The demonstrated improved properties of LLDPE - FS nano composites
make it suitable for rotolining. The usage of LLDPE - FS nano composites
in rotolining need to be investigated. This study will further enhance the
suitability and acceptance of F'S in rotationally moldable LLDPE.

3. Warpage of parts is a major concern for the rotational molder, particularly
when the thickness of the part is large. Hence studies can be undertaken to
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investigate warpage of LLDPE - F'S nano composites.

4. Finally the simulations studies can be undertaken to study the flow of molten
polymer within the mold by taking into account the changes in material
properties reported in this work.
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Appendix A

Specifications of Materials and Equipments

A.1 Specification of LLDPE (G-Lene R35A042)

Supplier: GAIL India Limited:
http://www.gailonline.com/final_site/lldpe.html

Specifications Standard Ref Unit Value
Melt Flow Index ASTM 1238 g/10min 4.2
Density @ 23°C ASTM D1505 g/cc  0.935
Tensile @ Yield ASTM D638 Kg/em? 185
Elongation @ Yield ASTM D638 % 16
Flexural Modulus ASTM D790 Kg/cm? 6000
Izod Impact strength ASTM D256A J/m -
ESCR (F50)-10% Igepal ASTM D1693 Hrs > 48
Vicat Softening Point ASTM D1525 °C 115
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Appendix A. Specifications of Materials and Equipments

A.2 Specification of Fumed Silica (Aerosil-200)

Supplier: Evonik Industries
https://www.aerosil.com

Properties Standard Ref Unit Value
Specific Surface Area  BET m?2/g 200+

25
Tapped Density EN ISO 787 g/l ~ 50
Moisture 2 hrs @ 105°C wt.% <15
Ignition Loss 2 hrs @ 1000°C wt.% <1.0
pH in 4% dispersion - 3.7-4.5
SiOg Content based on ignited material wt.% > 99.8
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Appendix A. Specifications of Materials and Equipments

A.3 Specification of LLDPE (Relene - LL36RA045)

Supplier: Reliance India Limited:
//http://www.ril.com/DownloadFiles/Polymers/pe_
LL36RA045 . pdf

TT"

Specifications Standard Ref Unit Value
Melt Flow Index ASTM 1238 g/10min 4.5
Density @ 23°C ASTM D1505 g/lcc  0.936
Tensile @ Yield ASTM D638 MPa 18
Elongation @ Yeild ASTM D638 % 20
Flexural Modulus ASTM D790 Kg/em? 6000
Izod Impact strength D256 kg.cm/cm 25
Hardness ASTM D2240 Shore 55
D
Vicat Softening Point ASTM D1525 °C 117
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Appendix A. Specifications of Materials and Equipments

A.4 Specification of Melt Screw Extruder

Supplier: Deepak Poly Plast pvt 1td:

Specifications Standard Ref Unit Value
Overall Dimensions LxWxH mm 1780x580x1721
Main Motor - ph, V, rpm 3 ph, 415,

1390
No of Stages - No 3
Screw Dimensions DIA, L, L/DIA mm 19.3, 572,

24:1
Barrel Dimensions ID, OD mm 20, 50
Hopper Dimensions Conical, Height mm 95, 170
Screw, Barrel,Hopper - - SS
Material
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Appendix A. Specifications of Materials and Equipments

A.5 Specification of Melt Flow Indexer (LMI 4000)

Supplier: Dynisco, USA:
http://dynisco.com.mx/pdf/LMI4000.pdf

1]

Specifications Standard Ref Unit Value
Overall dimensions LxWxH mm 300x350x570
Operating - °C 20-425
Temperature

Temperature Control - °C + 0.1°C
Timer Accuracy - S 0.001
Displacement - mm + 0.025
Accuracy
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Appendix A. Specifications of Materials and Equipments

A.6 Specification of Parallel Plate Rheometer (MCR
102)

Supplier: Anton Paar, USA:
http://http://http://www.anton-paar.com/in-en/

Specifications Standard Ref Unit Value
Maximum Torque - mNm 200
Min. Torque, rotation - nNm 5
Min. Torque, Oscillation - nNm 7.5
Min. Angular frequency - rad/sce 1077
Max. Angular frequency - rad/sce 628
Normal Force range - N 0.01 to 50
Temperature range - °C -150 to 1000
Dimensions - mm 678 x 444 x

586
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Appendix A. Specifications of Materials and Equipments

A.7 Specification of DMA (Q800)

Supplier: TA Instruments, USA:
http://http://www.tainstruments.com

F |

Specifications Standard Ref Unit Value
Maximum Force - N 18
Minimum Force - N 0.0001
Force Resolution - N 0.00001
Strain Resolution - nm 1
Modulus Range - Pa 103 to 3x1012
Tan Delta Sensitivity - - 0.0001
Frequency Range - Hz 0.01 to 200
Temperature Range - °C -150 to 600
Heating rate - °C/min 0.1 to 20
Cooling rate - °C/min 0.1to 10
Isothermal stability - °C +0.1
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Appendix A. Specifications of Materials and Equipments

A.8 Specification UTM

Supplier: Deepak Poly Plast Pvt. Ltd. India:

Specifications Standard Ref Unit Value
Maximum Load - Kg 950
Maximum Travel - mm 600
Load cell Input range - Kgf 0-9999.9
Accuracy - % 0.5
Screw Pitch - mm 6.35
Pulse/revolution - - 120
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Appendix A. Specifications of Materials and Equipments

A.9 Specification of SEM - EVO18

Supplier: Zeiss, Germany:

http://www.zeiss.com

Specifications Standard Ref Unit Value
Min. resolution - nm 3 @ 30kV SE
Acceleration Voltage - kV 0.2 to 30
Magnification - X <5 t0 1,000,000
Field of View - mm 6 at AWD
Chamber Dimensions - mm 365¢ x 275
Pressure range - Pa 10-400
X-ray Geometry - - 8.5 mm AWD
and 35° take off

angle
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Appendix A. Specifications of Materials and Equipments

A.10 Specification of XRD

Supplier: Rigaku, Japan:
http://www.rigaku.com/en/products/xrd/miniflex

Specifications Standard Ref Unit Value
X ray tube - - Cu
Data Analysis SW - - PDXL
Optics Filter - - K3 foil
Goniometer Type - - Vertical
Goniometer Radius - mm 150
Scanning Range - degree 3 to 145 (20)
Scanning Speed - degree/min 0.01 to

100(260)
Max step width - degree .005(26)
Accuracy - degree 0.02
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Appendix A. Specifications of Materials and Equipments

A.11 Specification of CACCIA RT 2203B)

Supplier: CACCIA Engineering, Italy :

Specifications Standard Ref Unit Value
Number of arms - No 3
Max plate diameter- straight - mm 2000
arm

Max plate diameter- offset - mm 1800
arm

Max rpm - Major axis - rpm 12.8
Max rpm - Minor axis - rpm 12.5
Fuel used - - LPG
Burner Power - KW 320
Maximum working - °C 370
temperature

Max air consumption - I/hr 12000
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Appendix A. Specifications of Materials and Equipments

A.12 Specification of Templogger

Supplier: Roto solutions, SA:

Specifications Standard Ref Unit Value
Temperature range - °C -20 to 550
Accuracy - °C +2
Resolution - °C +0.5
Number of channels - No 4
Dimensions LxWxH mm 280 x 185 x
185

Operating time - min 3x60 min @
300°C

Weight - Kg 7.5
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Appendix B

Graphs and Drawings

B.1 Torque Rheometry Graphs
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Figure B.1: Torque rheometry graphs for LLDPE-F'S blends at 150°C
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Figure B.2: Torque rheometry graphs for LLDPE-FS blends at 210°C

146



Appendix B.Graphs and Drawings

B.2 DMA Temperature Ramp Graphs

Bample. LLDPE_NAT File: € ALLDPE _tempramp-804 001
Size: 17.5000 x 14.5000 x 3.0800 mm DMA
Method. Temperature Ramp Run Date. 03-Mar-2014 1622

Instrumant: DMA QB00 V20.26 Duild 45
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Figure B.3: Natural LLDPE - dynamic mechanical properties

Sample LLOPE_FS_1 File € ALLDPE_FS_1_TEMP_RAMP_S03 001
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Figure B.4: LLDPE-1%F'S - dynamic mechanical properties
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Storage Modulus (MPa)

Storage Modulus (MPa)

Sample: LLOPE_FS_2 File: G:..\LLDPE_FS_1_TEMP_RAMP_S02.001
Size: 17.5000 x 11.7000 x 2.9500 mm DMA
Method: Temperature Ramp Run Date: 17-Jan-2014 11:38
Instrument: DMA Q800 V20.26 Build 45
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Figure B.5: LLDPE-2%FS - dynamic mechanical properties
Sample: LLDPE FS 4 File: C:.\LLDPE_FS_4 TEMP RAMP S01.001
Size: 17.5000 x 12.2100 x 2.9400 mm DMA
Method: Temperature Ramp Run Date: 07-Feb-2014 12:37
Instrument: DMA Q800 V2026 Build 45
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Figure B.6: LLDPE-4%FS - dynamic mechanical properties
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Storage Modulus (MPa)

Storage Modulus (MPa)

Sample: LLDPE_FS_ 5

File: C:..\LLDPE_FS_5_TEMP_RAMP_S01.001

Size: 17.5000 x 11.9500 x 3.2200 mm DMA
Method: Temperature Ramp Run Date: 07-Feb-2014 15:28
Instrument: DMA Q800 V20.26 Build 45
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Figure B.7: LLDPE-5%FS - dynamic mechanical properties
Sample: LLDPE_FS_3 File: C-..\LLDPE_FS_8_TEMP_RAMP_501.001
Size: 17.5000 x 12.7000 x 3.1500 mm DMA
Method: Temperature Ramp Run Date: 15-Feb-2014 18:00
Instrument: DMA Q800 V20.26 Build 45
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Figure B.8: LLDPE-8%FS - dynamic mechanical properties
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B.3 Flexural Testing Graphs
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Figure B.9: Flexural testing graphs of natural LLDPE and LLDPE-FS blends at
1.5 mm/min cross head speed
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Figure B.10: Flexural testing graphs of natural LLDPE and LLDPE-FS blends at 5
mm/min cross head speed
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Figure B.11: Flexural testing graphs of natural LLDPE and LLDPE-FS blends at
50 mm/min cross head speed
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Figure B.14: Fixture assembly

Figure B.15: Fixture cut section
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