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Chapter 1

INTRODUCTION



Studies on the future of plastics production and
the associated occurrence of wastes originating from these
products have shown that, by the year 2000, plastics will
account for more than 30% of the volume of controlled waste
dumps. In view of the fact that most plastics require at
least 300 vyears before starting to decompose and that
capacity of controlled waste dumps will be exhausted in the
near future, it is vital to seek a new technical solution.
The need for a rapid solution has arisen due to the

following reasons.

1., The increase in price of basic raw materials for the

manufacture of polymers.

2. The very low percentage use of plastic wastes,

3. The 1limited capacity for storing plastics wastes at

dumps.

4. The disposal of plastics wastes by combustion is very
expensive and requires a complicated and expensive
system for controlling the combustion process. Such a
system must include a thermal process which does not

produce dioxines, furanes or other chemicals which add



to environmental problems such as acid rain and deter-

ioration of ozone laver.

These factors point towards recycling of plastics
as the only solution to the problem of handling plastic
wastes. The present method of recycling sorted and mostly
clean plastics cannot be expected to handle the ever
increasing problem of plastics wastes. Hence, new methods

should be aimed at recycling of unsorted plastics wastes.

On the basis of analysis, the average composition
of the mixed plastics waste can be something like 60-70%
polyolefins (HDPE, LDPE, LLDPE and PP}, 15-25% PVC and the
remaining PS and other types cf plastics. Thus polyolefin
blends form a major part of all plastics wastes. The
present study on polyolefin blends was undertaken to gain
a realistic understanding of the problems of recycling of
unsorted plastics wastes. Further, polyolefin blends are
widely used for optimising the properties and process-
ability of individual components and a detailed study of

such blends will be very rewarding.

POLYMER BLENDS

Polymer blends are mixtures of structurally

different homopolymers, co-polymers, terpolymers and the



like. The copolymers, terpolymers etc., may be random,
alternating, graft or block type. Given the economical and
technical uncertainities associated with synthesising new
polymeric materials, the development cof polymer mixtures to
achieve a desired combination of properties has obvious

attractions.

One of the major areas of studies on polymer
blends is the dependence of the mechanical properties on
composition. This is due to the fact these complex systems
exhibit a behaviour that does not simply follow the sum of
the ©properties of the components. The mechanical
properties depend on a number of factors, the mos*%
important one being the miscibility of the components.
Polymer blends can be homogeneous {miscible) or

heterogeneous (multiphase).

MISCIBILITY

Most of the polymer blends form heterogeneous
systems which in a few cases present good characteristics.
In particular, the size domains of the dispersed phase, its
dispersibility and its interfacial interactions control the
physical properties of the polymer blends.l-3 The hetero-

genity can exist in amorphous, crystalline or both phases.4



In general, miscible polymer blends will phase separate on
increasing the temperature or molecular weight of the

. 5,6
resins.

Many polymer pairs are known to be miscible or
partially miscible, and many have become commercially
important. The criteria for polymer/polymer miscibility

are embodied by the eguation for the free energy of mixing,

A.Gm = An - T Asm
where A(%n is the change in Gibbs free energy, Aiﬂn the
change in enthalpy, ASm the change in entropy upon mixing
and T the absolute temperature. The necessary condition
for miscibility is that Aan< 0. The combinatorial
entropy of mixing depends on the number of molecules

present7 according to,
ASm/RT = nlan)l + n21n¢2

where nl and n2 represent the number of molecules and ¢l
and ¢2 represent the corresponding mole  fractions of the
components. Therefore, when the molar mass gets large the

number of molecules becomes small, and the combinatorial

entropy of mixing becomes negligibly small. Hence, two



poclymers can be expected to be miscible only when there is
a very close match 1in cohesive energy density or 1in
specific interactions, which produce a favourable enthalpy

of mixing.

CLASSIFICATION OF POLYMER BLENDS

Polymer blends may be classified based on the method

of preparation given in Fig.l.1l.

Most commercial blends are prepared by mechanical
means, on an open mill, in an extruder, or in a suitable
intensive mixer. The processing temperature must be well
above the glass transition temperature (Tg) of each of the
constituent polymers for mixtures of amorphous polymers
and/or above the melting temperature (Tm) for mixtures of

semicrystalline polymers.

Frequently during such a process one tries to
compatibilise the blend by shear/temperature grafting with
or without radical initiators or by addition of compatibi-
lisers. Such mixtures are referred as polymer alloys. The
distinctidn between polymer blends (PB)} and polymer alloys
(PA) is gquantitative and refers to the extent of inter-

penetration of domains.
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From the rheological point of view, the blends are
classified into three groups—those where viscosity shows
positive deviation from the 1log additivity rule (PDB),
those where the opposite effect is observed {(NDB) and the

.. . . 8
remaining mixed behaviour system.

The following definitions are assigned for the

various classes of polymer blends:9

Polymer blends (PB): the all inclusive term for any mixture

of homopolymers and copolymers.

Homologous polymer blends: a subclass of PB limited to
mixtures of chemically identical polymers differing 1in

molar mass.

Polymer alloys (PA): a subclass of PB reserved for polymer

mixtures with stabilized morphologies.

Miscible polymer blends: a class of PB referring to those

blends which exhibit single phase behaviour.

Immiscible polymer blends: a subclass of PB referring to
those blends that exhibit two or more phases at all

compositions and temperature.



Partially miscible polymer blends: a subclass of PB
including those blends that exhibit a 'window' of
miscibility ie., only at certain concentrations and

temperature.

Compatible polymer blends: a utilitarian term, indicating
commercially useful materials, a mixture of polymers
without strong repulsive forces that 1s homogeneous to the

eve.

Interpenetrating polymer network (IPN}): a subclass of PB
reserved for mixtures of two polymers where both components
form continuous phases and at least one 1s syntheslised or

crosslinked in the presence of the other.

PHYSICAL AND MECHANICAL PROPERTIES OF POLYMER BLENDS

The physical properties such as Tg' density,
refractive index, dielectric constant, thermal conductivity
heat capacity, thermodynamic properties, elastic modulus
and viscosity of miscible blends vary smoothly with

composition, and can be described by the equation,

P = pl¢l + P2¢2 + I¢1¢2
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where P is the property of interest, ¢ is the composition
and I is the interéction term, which can be positive, zero

. 10
or negataive.

when I > O, the property is synergistic,
I = 0, the property is additive

I < 0, the property is non-synergistic

The properties of the polymer blends as a function
of composition is given in Fig.l.2. Properties of hetero-
geneous blends are more difficult to predict. The property
depends on additional factors such as shape and crientation

of the dispersed phase, nature of the interface etc.

POLYETHYLENE BLENDS

Copolymerisation of ethylene ande(-olefins has led
to a new polyolefin known as 1linear low density poly-
ethylene (LLDPE). The structure of LLDPE along with the
structures of other commercial polyethylene viz., low
density polyethylene (LDPE) and high density polyethylene
(HDPE) is given in Fig.l.3. While LLDPE resembles LDPE in
density, it is a linear polyethylene céntaining short side

chains and resembles HDPE in structure.
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In recent years blends of various polyolefins have
received more and more attention for two main reasons. The
first is that polyolefins form most of the plastic wastes
and their recycling lead to mixtures without separation.ll
The second is that the blends lead to new materials with
improved processing and mechanical properties for specific
purposes.l'z’12 The advantages obtained by blending are
improvement in impact strength, environmental stress
cracking, optical properties, crystallisation rate, low
temperature impact strength, rheological properties and

overall mechanical behaviour.13

Some of the polyethylene blends have become
commercially important and certain properties of the blends
are better than those of the parent polymers. Unfortuna-
tely, sometimes failure results from poor mechanical
properties as a conseguence of incompatibility.14_18 In
low density polyethylene (LDPE)/isotactic polypropylene
(PP) blends tensile properties are different from the
generally observed behaviour.19 This was related to the
morphological features induced in the material by the
mixing procedure adopted. The influence of mixing

parameters on mechanical properties of LDPE/PP blends was

reported by Rizzo.zo
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Several studies have been performed in order to
investigate the mechanical properties of polyethylene
blends.ZI-BO For HDPE/LDPE blends, the results are somehow
contradictory, both a severe incompatibility25 and semi-
compatibility26 as seen from the elongation at break have
been reported. For semicompatible blends the mechanical

properties of the blends are intermediate between those of

the homopolymers.

Densities measured for incompatible blends have
been reported to agree with values calculated from the

simple additivity relation given by the euation.ls’31

Py = wy/fy * v,y /P,

where ?b is the density of the blend, p, and FZ are the
densities and wq and Wo the corresponding weight fractions

of the components.

The density of compatible blends may be upto 5%
higher than the additive values. The increase in density
or negative excess volume of mixing observed for compatible
blends is indicative of strong intermolecular interactions

favouring better packing between molecules.
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Polyethylenes are generally crystalline. The
cleoser packing of molecules causes an increased density.
The decreased intermolecular distance will 1increase the
secondary forces holding the chain together and increase
the value of properties such as tensile strength, stiffness

and softening point.

Linear low density polyethylene (LLDPE) has
acquired great <commercial importance Dbecause of its
superior mechanical behaviour compared to low density
polyethylene (LDPE) and high density polyethylene (HDPE).32
LLDPE being a comparatively new material there is consider-
able interest in 1ts blends wilith LDPE or HDPE. Blends of
LDPE and LLDPE are now regarded as excellent materials for
film manufacture because they combine the processability of
LDPE and the good mechanical properties and environmental

stress cracking resistance of LLDPE:.33“35

The low production cost of LLDPE is alsc one of
the factors in its commercial success. However, despite
the advantages of pure LLDPE, blending it with other
polyethylenes 1s a common practice in 1industry. The

reasons include:
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1. The higher viscous and less shear sensitive melt

properties of LLDPE.

2. The physical and mechanical properties of the blends can

fill the gap existing among various pure polyethylenes.

3. Financial incentives.

4. Polyethylene blends occur in plastics wastes and is of

interest in recycling of mixed plastics wastes.

O0f the three polyethylenes (HDPE, LLDPE and
LDPE}, HDPE possesses the maximum strength and melting
temperature while LLDPE has the highest impact strength.
HDPE also has the highest stiffness, but it is considered

the most difficult in processing.36'37

While many studies have been undertaken on
LDPE/LLDPE and HDPE/LDPE blends, only very few studies are
reported on HDPE/LLDPE blends. However, it 1is reported
that a blend of HDPE and LLDPE exhibits a crystallisation
exotherm of a single peak which indicates that it is a
compatible system,38 making the study of these blends most

interesting.



The rheology of polyethylene melts has been

extensively studiedls’39'49

less known.50_63 Sometimes LLDPE is sold in blends with

other polyoclefins or EVA.64 The rheoclogy of LLDPE blends

65-71

but the rheology of LLDPE 1is

were studied by Utracki et al The molecular
characteristics and the steady state and the dynamic shear
behaviour of LLDPE blended with LDPE and different grades

of LLDPE are reported in the literature.?t723

MODIFICATION OF POLYETHYLENE BLENDS

The properties of polyethylene and hence their
blends can be modified by adding certain additives or by

employing certain modification processes.

Controlled crosslinking of polyolefins has been

found to improve «creep, tensile properties, mechanical

72,73

stability at higher temperatures etc. Since cross-

linking of polyolefin blends can generate interpenetrating
polymer networks, it may improve the properties of the
blends. Crosslinking is generally achieved by chemical
means or by radiation. Radiation crosslinking is found to

affect crystallinity less severely74 and radiation

crosslinking in the presence of a sensibilising agent75 is
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suggested as an attractive means of obtaining improvement
in properties associated with crosslinking without adversly

affecting the mechanical properties.76

The mechanical properties of the incompatible
polymer blends can be improved by the use of solid phase
dispersants.77 Since both HDPE and LLDPE are crystalline
polymers, rubbery modifiers improve properties such as
toughness, stress crack resistance and environmental stress

crack resistance of the blends.

Mineral fillers are freguently used tc 1increase
the heat distortion temperature, rigidity and tear
resistance of PE and PP matrices. Particulate fillers are
added to polymers for a variety of purposes. For example,
to enhance mechanical properties, dimensional stability, to
control opacity, barrier properties and the like.78-81
The performance of filled plastics 1is not defined by
composition alcone, the condition of the interface between
the polymer and additive being a very important

variable.az’83

Particulate fillers are often surface
modified to control interfacial conditions within .the

. 84
composite.
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OBJECTIVES AND SCOPE OF THE PRESENT STUDY

Following the introduction of linear low density
polyethylene (LLDPE} in 1977 interest became focussed on
the modification of other polyolefins with LLDPE. The
similarity in structure of HDPE and LLDPE makes them ideal
components for blending and thus generating a spectrum of new

polymer materials.

The present study on HDPE/LLDPE blends was

undertaken with the following objectives.

1. To characterise the physical, mechanical and processing

behaviour of HDPE/LLDPE blends.

2. To investigate methods of improving the physical and
mechanical properties of the blends so as toc make them

more useful.

3. To study the effect of elastomeric impact modifiers in

the blends.

4. To explore the possible use of fillers in the blends for

economic advantage.
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In the present study, selected grades of HDPE and
LLDPE avre proposed to be melt mixed over the entire
composition range and the mechanical and rheological

properties are proposed to be evaluated.

Several modifications are proposed to be done for
improving the performance of HDPE/LLDPE blends. A low
level of crosslinking in polyethylene that does not affect
processing leads to structural modifications that affects
its properties significantly. In this study, HDPE/LLDPE
blends are proposed to be crosslinked to a low 1level by
chemical means and by 1irradiation. The mechanical and
rheclogical properties of the modified HDPE/LLDPE blends

are proposed to be studied in detail.

Low concentrations of elastomers such as natural
rubber (NR), butyl rubber (IIR), ethylene propylene diene
rubber (EPDM) and styrene isoprene styrene (S18)
thermoplastic elastomer are proposed to be tried as impact
and environmental stress crack modifiers in HDPE/LLDPE

blends.
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The effect of adding £fine particle fillers to
HDPE/LLDPE blends on their mechanical properties is also
proposed to be evaluated. It is also proposed to study the
effect of dispersing them unevenly between the polymeric

components.
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POLYMERS
Commercially available polymer grades were used
without any modifications. The important characteristics

of the materials are as fcllows:

High Density Polyethylene (HDPE)

The HDPE grade used for the study was GA 7260
(PIL, Bombay) with a density of 0.957 g/cm3 and an MFI of
5.2 g/10 min. The crystalline melting point of the grade
was determined by differential scanning calorimetry as

132°C (Table 4.3).

Linear Low Density Polyethylene (LLDPE)

Two grades of LLDPE were used for the study.

1. LADENE 218 W ({supplied by IPCL, Baroda) which had a
density of 0.92 g/cm3 and an MFI of 2 g/10 wmin. The
crystalline melting point of the sample was dc.ermined

by DSC as 122°C (Table 4.3).

2. LADENE 118 W (supplied by IPCL, Baroda) which had a

density of 0.92 g/cm3 and an MFI of 10 g/10 min.

Natural Rubber (NR)

ISNR-5 was supplied by the Rubber Research
Institute of India (RRII), Kottayam. The Bureau of Indian

Standard (BIS) specifications for this grade of rubber are

given below:
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Parameters Limit
1. Dirt, % by mass, max. 0.05
2. Volatile matter ‘s 1.00
3. Nitrogen rs 0.70
4. Ash 1 0.60
5. Initial plasticity, Po' min. 30.00
6. Plasticity retention index, PRI, min. 60.00

Ethylene Propvlene-diene Rubber (EPDM)

EPDM was JSR EP 33 with an ethylene content-
33 mole %, diene content-1 mole % and a mooney viscosity

[ML (1+4), 100°C] of 52.

Butyl Rubber (IIR)

IIR was Exxon 065 with 0.8 mole % unsaturation and

a mooney viscosity [ML (1+8), 100°C] of 50.

Styrene Isoprene Styrene (SIS) Thermoplastic Rubber

SIS was Kraton D 1107 (Supplied by Shell Chemical
Company) with an MFI of 9 g/10 min. and a styrene/isoprene

ratio of 14/86.
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ADDITIVES

Dicumyl Peroxide (DCP)

DCP was bis-{¢ -~ «' dimethylbenzyl) peroxide

supplied by Merck.

Calcium Carbonate

Calcium carbonate was ground whiting with particle

size below 30 nm.

Precipitated Silica

Silica was HISIL 235 (hydrated silica) with a

particle size of 20-25 nm and surface area 150 mz/g.

Carbon Black

Carbon black was General Purpose Furnace (GPF)
Black (Supplied by M/s.Philips Carbon Black Company) with a

particle size of 50-60 nm and a surface area 40 mz/g.

Stearic Acid

Stearic acid was commercial grade.

Solvents

Toluene was analytical grade supplied by Merck.
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EXPERIMENTAL METHODS
Blending of Polymers

Brabender plasticorder model PL 3S was used for
the blending. Brabender plasticorder, a type of torgue
rheometer, has been widely used for polymer blending,
processability studies of polymers and evaluation of the

1,2 The

rheological properties of the polymer melts.
torque rheometer 1is essentially a device for measuring the

torgue generated due to the resistance of a material being

mixed or flowing under preselected conditions of shear and

temperature. The heart of the torgue rheometer 1is a
jacketed mixing chamber whose volume 1s approximately
40 cc for the model used. Mixing or shearing of the

material in the mixing chamber is done by two horizontal
rotors with protrusions. The resistance generated by the
material is made available with the help of a dynamometer.
The dynamometer 1is attached to a precise mechanical
measuring system which indicates and records the torgue. A
D.C. thyrister controlled drive is used for speed control
of the rotors (0O to 150 rpm range). The temperature of the
mixing chamber 1is controlled by circulating hot silicone

oil. The temperature <can be wvaried upto 300°C.
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Thermocouple with a temperature recorder 1is wused for
control and measurement of temperature. Different types of

rotors can be employed depending upon the nature of the

polymers.

The rotors can be easily mounted and dismounted
due to simple fastening and coupling system. Once test
conditions (rotor type, rpm and temperature) are set,
sufficient time should be given for the temperature to
attain the set value and become steady. Subseguently the
material can be charged into the mixing chamber to obtain a
plastogram (torque-time curve) . For blending, the
appropriate constituents in the form of pellets were
accurately weighed and tumbled to achieve a good mix.
These blends were then fed to the Brabender plasticofder
with roller mixing heads. The mixing parameters
(temperature, time of mixing and rpm) were selected as
follows. The temperature (150°C) was selected as the
minimum temperature above the crystalline melting point of

both polymers at which they fully homogenised.

The time and rpm of mixing (10 minutes, 30 rpm)
were set to obtain a uniform torque value and a maximum

tensile strength in the minimum possible time.

Preparation of Test Sheets

Sheets of 120x120x3 mm size were prepared at 200°C
by compression moulding in an electrically heated press

with provision for water cooling under pressure.
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A 450 x 450 mm platen hydrauvlic press with
precision temperature control (temperature tolerance * 1°C)
was used for the moulding. The moulding pressure could be

varied upto 5000 kg/cmz.

Gamma Irradiation

Irradiation was done by 60Co'Y-rays using a gamma
chamber model 900 supplied by M/s.Bhabha Atomic Research
Centre, Bombay. It offers an irradiation volume of
approximately 1000 cc. The unit essentially consists of

the following components.

(a) Source cage

(b) Biological sheild for the source

(c) Central drawer 1incorporating the sample chamber
(d) Drive system

(e) Control panel

{f) External cabinet

The main features of the chambers are shown in

Fig.2.1.

The source cage holds the radiation source pencils

vertically and symmetrically distributed along its
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periphery. The cage can hold a maximum of 24 pencils
containing 60Co in the form of pellets or aluminium clad

slugs.

The biological shield is a lead filled steel
container and surrounds the source cage. It consists of
two parts, main outer shield and an 1nner removal plug.

The radiation source is housed in the main outer shield.

The central drawer is one long cylinder consisting
of two cylindrical stainless steel clad lead shields with
the sample chamber fitted 1i1n between them. The sample
chamber is 10 cm diameter, 14 cm in height and made of
stainless steel. The central drawer 1is raised or lowered
by a wire rope passing over a system of pulleys and wound
on a drum by a geared motor. This enables the sample
chamber to be moved up or down as 1s required. For
irradiation the drawer is lowered until the sample chamber
reaches the centre of the source cage. For 1loading or
unlcading of sample the drayer is raised. Control panel
allows the smooth functioning of the eguipment. The

radiation is emitted at the rate of 1 M rad/hr.
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Evaluation of Mechanical Properties

Tensile Tests

Stress-strain properties were measured in tension
by stretching the specimens at a wuniform rate and
simultaneously measuring the force on the specimen.
Uniaxial tensile stress-strain data at 2512\ and 50%
relative humidity were obtained according to-the procedure
outlined in ASTM standard D-638. Dumbbell shaped specimens
(ASTM Type IV) were tosted in a Zwick UTM model 1445 at a
constant cross head speed of 50 mm/min. Elongation was
measured on these dumbbell specimens using a strain gauge

extensometer.

The ultimate tensile strength (TS) of the sample
was measured as the force measured by the locad cell at the
time of break divided by the original cross sectional area

of the sample at the point of minimum cross section.

Ultimate tensile strength = Force (N)
Cross Sectional Area (mmz)

The elongation at break (EB%) of the sample was measured in

terms of its initial length L and final length L, as,

1

EB % = —— x 100

The modulus of elasticity was determined as the rate of the
stress to corresponding strain below the proportional

limit.
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Hardness

Hardness was measured according to ASTM D 2240
using a 2Zwick hardness tester of the shore D scale. The
specimens were at least 3 mm thick with a surface free of

scratches and other defects.

Wear Resistance

The wear resistance of the samples was measured on
@ Zwick abrader according to ASTM D 1242 (1988). The test
specimen in the form of a disc (50 mm dia and about 6 mm
thick) was abraded using number 240 emery paper, with the

abrader under 10 N load.

Environmental Stress Crack Resistance

The environmental stress crack (ESC) resistance of
peclyethylene blends was determined as per ASTM D 1693

(1980).

Environmental stress cracking is the failure in
surface initiated brittle fracture of polymer specimen or a
part under polyaxial stress in contact with a medium in the
absence of which fracture does not occur under the same

conditions of load. Combinations of external and/or
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internal stresses may be involved and the sensitising medium
may be gas, liquid, semisoclid or solid. The test piece
was bent into 'U' shape held in a metal channel and exposed
to the aggressive environment at elevated temperature, at
50°C and examined at intervals for failure. Ten replicate
test pieces were used and the duration of the test was 168
hours. The time for 5 out of the 10 specimen to fail is
reported. The test plece is a strip 38 mm long and 13
mm wide, in which a controlled cut (imperfection) is made
with a blade. The stress crack failure is defined as 'any
crack visible to the observer with normal eye sight', The
extension of the controlled imperfection is not considered

as failure.

Density

The densities of the polymer samples were measured
as per ASTM D 792. In this method, the weight of the
specimen 1in air was first noted and then the specimen was
immersed in a liquid and its loss of weight in liquid was

determined. The density is given by,

Wt. of specimen in air x density of the liguid
Wt. loss in the liquid

Density =
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Rheological Evaluation Using Capillary Rheometer

For evaluating the rheological characteristics of
the blends, a Goettfert capillary viscometer model 1500 was
used. A schematic diagram of the capillary rheometer is
shown in Fig.2.2. The flow patterns in the capillary 1is
presented in Fig.2.3. The dies used for the study had a
diameter of 1 mm and L/D ratio 10, 20 and 30. The
Newtonian shear rates used in this study varied from about

1 1

20 ST to 3500 S . The apparent shear stress at the wall

was determined from the eguation,

Ap
2L/R

T _
Ly, =
app
where, AP includes the pressure drop at the capillary
entrance plus the pressure drcop along a capillary of length

L and radius R. The apparent shear rate at the wall was

calculated from,

3
Yy = 40/ YR
app
where, Q0 is the volumetric flow rate through a capillary of
radius R. From the shear stress and shear rate the

apparent viscosity was determined as,
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The power law exponent (n} of the Ostwald de Waale model3’4

was calculated from,

T = x(y"

The temperature dependence of the viscosity was calculated
from the activation energy E for viscous flow from an

Arrhenius type expression.

M = neB/RT

where R is the gas constant and T the absolute temperature

and A, a constant.

Corrections Employed in Capillary Rheometer

For capillary rheometry, a series of corrections
1s appropriate to determine the true shear viscosity.5
Generally the most important correction is that due to 'end
effect'. This effect is negligible when the die used has a
large ratio of length (L) to diameter (D). The end effect
can be eliminated by using two or more dies of the same
diameter but different lengthésif the pressure drop over a

finite length (AP) is plotted versus L/D for the same shear
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rate in each die. The Bagley plot so cobtained should be
linear and the intercept at L/D = 0 determines the end
correction factor or Bagley correction factor (PC). The
true shear stress at the capillary wall (’Lw) can then be

calculated, by using the expression,

AP - P,

w 2L/R

<)

Polymer melts show non-Newtonian behaviour and so
the apparent shear rates may be corrected by the degree of
non-Newtonian behaviour (Rabinowitsch correction)} by using

the slope of the flow curve8 as,

_ 3n + 1
app

Melt Elasticity Measurements

Melt elasticity of the melts was measured from

their dire swell behaviour.

Die Swell

The die swell 1is related to the elasticity and

first normal stress difference of polymer melts.9 The

first normal stress coefficient and the first normal stress
difference are used to describe the elastic component of

the visco-elastic flow behaviour of polymer melts.

Elasticity of the melt results in the expansion

of the polymer on its exit from the die. The extrudate
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swell ratio De/D’ where De and D are diameters of the
extrudate and die respectively is a direct measure of melt

elasticity.

Recoverable Shear Strain (\(R)

Bogue and whitelOr11 suggested the use of

recoverable shear strain, \(R for describing and
distinguishing the fluid elasticity of different visco-
elastic materials as a function of shear stress. \(R was

calculated from the relation,*2

o~
Yr = <T;1-Téz>/’2 L

app
where the fiyst normal stress difference,

1

T . 6 5
(T, - T = 270w, 200 /00° - 217

Apparent Shear Modulus (G)

The apparent shear modulus (G) of the polymer

melts was calculated trom the following relation,12

G =Tw /YR

app

Rheological Evaluation Using Brabender Plasticorder

The Brabender plasticorder was also used to study
the rheological behaviour of HDPE/LLDPE blends. The

instrument imparts a very complex shearing motion to the polymer and
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subsequently the data cannot be taken as fundamental
rheological properties. However, the design of the mixing
head of the plasticorder is similar to that of an internal
mixer, and hence the behaviour of the melt 1in actual
processing can be studied. Another advantage is that due
to complex shearing, the polymer melts at comparatively
lower temperature. The relationship obtainable from the
rotor torque and rotor speed was shown to be similar to the

.13
usual power law expression as,
M = C(n) KS"

where, M 1is the torque, n the power law index, C{(n) a
function weakly dependant on n, K a constant and S rotor

speed.

The slope of the plot log M vs. log S gives the

power law index n.

The energy reguired to plasticize a polymer over a
period of time at a given temperature and shear may be
calculated from the area under the torque-time curve at
that temperature for the specified period of time. The

energy W may be calculated using the formula,
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where n is the number of revolutions per minute of rotor,
t1 the initial time, t2 the final time and M the torgque in

Nm.

Gel Content Measurement

The gel content of the crosslinked samples was
measured as per ASTM D 2765-84 by extracting the soluble
component in hot toluene for 12 hrs using a soxlet assembly
and drying in a vacuum oven set at 70°C for 24 hrs. About
0.5 gm of each sample was weighed and placed in a 15x15 mm
envelope made from 120 gauge stainless steel woven mesh.
The sample in the container envelope was immersed in
refluxing toluene for 12 hrs, dried in vacuum and the gel
fraction was calculated from the initial and final sample

weights.

Differential Scanning Calorimetry (DSC)

DSC thermograms were taken on a Perkin-Elmer DSC-7
model at a heating/cooling rate 10°C/minute under nitrogen
atmosphere as per ASTM D 3417 (1988). DSC yields peaks

relating to endothermic and exothermic transitions, and
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show changes in heat capacity. The DSC method also yields

quantitative information relating to enthalpic changes in

the polymer.l4_l6

The DSC method uses a seryosystem tc supply energy
at varying rate to the sample and the reference, so that
the temperature of the two stay equal. The DSC output
plots energy supplied against average temperature. By this
method the area under the peak can be directly related to

the enthalpic changes quantitatively.
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Polyethylene blends have become commercially
important for optimising the mechanical properties and
processability of individual members. Linear low density
polyethylene (LLDPE) has better mechanical properties than
LDPE. It has a higher tensile strength, elongation at
break and also has higher resistance to puncture and
tearing. One of the draw backs of LLDPE is that it has
poorer fluidity in the molten state than LDPE. The
viscosity of molten LLDPE 1is about 50% higher than molten
LDPE with the same MFI value. As a conseguence of the
greater viscosity of LLDPE in the molten state it is
necessary to carry out processing of the polymer at a
higher temperature, using extruder with a modified design.
However, the processing problem of LLDPE can be minimised

by blending with LDPE or HDPE.

Hence blends of LDPE and LLDPE are now regarded as
excellent materials for film manufacture because they
combine the processability of LDPE and the good mechanical

1-3 While

and environmental cracking resistance of LLDPE.
many studies have Dbeen undertaken on LDPE/LLDPE and
HDPE/LDPE blends, only very few studies are reported on
HDPE/LLDPE blends. However, it is reported that a blend of

HDPE and LLDPE exhibited a crystallisation exotherm of a

§ i
by
i
Vi

|
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single peak which indicates that 1t 1is a compatible

system.

1. EVALUATION OF MECHANICAL PROPERTIES OF BLENDS OF HDPE
AND LLDPE

Experimental

HDPE was blended with two selected grades of LLDPE
such that one of them had a higher melt viscosity than HDPE
(LLDPE 1) while the other had a lower melt viscosity
(LLDPE 2). The polymer blends were prepared in the weight
ratios 80/20, 60/40, 40/60 and 20/80. The appropriate
constituents 1n the form of pellets were accurately weighed
and then tumbled to achieve a good mix. These blends were
then extruded in a laboratory extruder having a screw
length to diameter (L/D) of 20:1 attached to a Brabender
plasticorder at a die temperature of 220°C and pelletised.

This process was repeated again for better homogeneity.

Sheets of 120x120x3mm size were prepared at
200°C by compression moulding. Test specimens for tensile
tests were cut from the moulded sheets with dimensions

according to the standard specifications.

Tensile stress-strain data were obtained at 25°C

and 50% relative humidity as per the ASTM standard D-638.
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Dumbbell specimens (ASTM type IV) were tested in the 2Zwick

UTM at a constant crosshead speed of 50 mm/min.

Results and Discussion

The tensile stress-strain behaviour of the HDPE/
LLDPE 1 blends 1is shown 1in Fig.3.1. LLDPE has a lower
yield stress than HDPE, but a much higher elongation at
break. The very high elongation at break of LLDPE 1 1is due
to its stable necking behaviour. In the case of LLDPE 1,
an increase 1in the neck occurs as a result of the transfer
of material from the wider part of the specimen, while 1in
the case of HDPE it occurs by deformation of the already
transformed material. The necking behaviour of HDPE and
LLDPE 1 1is schematically shown in Fig.3.2. The tensile
properties of the blends vary smoothly between those of the
parent polymers. The obvious effects of adding LLDPE to
the blends are to lower the yield stress and increase the
elongation at break. The strain hardening during plastic

flow is similar for both the polymers and the blends.

Fig.3.3 shows the stress-strain curves of HDPE/
LLDPE 2 blends. LLDPE 2 has a lower vyield stress and

elongation at break than HDPE. Obviously, the low
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molecular weight sample cannot support a stable neck.
However, 1in this case also the properties of the blends
vary smoothly between those of the parent polymers, HDPE

and LLDPE 2.

The tensile behaviour of the HDPE/LLDPE 1 and
HDPE/LLDPE 2 suggests that the blends exhibit sufficient
compatibility between HDPE and LLDPE in the solid phase,
irrespective of the different grades chosen. The ability
to co-crystallise may be a strong driving force for the

miscibility of these blends.5

2. EVALUATION OF THE RHEOLOGICAL PROPERTIES OF HDPE/LLDPE
BLENDS USING CAPILLARY RHEOMETER

HDPE/LLDPE blends were prepared in the weight
ratios 80/20, 60/40, 40/60 and 20/80 wusing Brabender
plasticorder. For evaluating the rheological charact-
eristics of the blends, a Goettfert capillary viscometer
model 1500 with capillary dies of 1 mm diameter and lengths
of 10, 20 and 30 mm were used. These three different
capillaries were used to evaluate the Bagley end
corrections. The Newtonian shear rates used in this study

1 1

varied from about 20 § ~ to 3500 S ° and the temperatures

employed were 160, 170 and 180°C.



63

Figs.3.4 and 3.5 show the variation of apparent
viscosity with apparent shear rate o¢f HDPE/LLDPE 1 and
HDPE/LLDPE 2 blends. These flow curves are identical
indicating their strong non-Newtonian behaviour. The flow
curves converge at the high shear rate area, indicating
improved compatibility. All the flow curves could be
approximated by straight lines and hence described the

Ostwald-de Waale power law relation.

Figs.3.6 and 3.7 show curves of apparent shear
viscosity versus composition, obtained by cross plotting
the flow curves at a particular shear rate. BAlso plotted
in the figures are viscosities of the blends predicted from
viscosities of parent polymers, calculated from simple
additivity rules.6 Conformity to these simple mixing rules
is considered to result from miscibility in the melt.7 In
both cases, the experimental values are very close to the
predicted values with only minor positive deviation, which
have also been shown to imply miscibility. These figures
thus suggest that HDPE/LLDPE blends are also compatible in
the melt. This is obviously due to the similarities in the
structure of HDPE and LLDPE, both possessing regular short

branches.
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The flow curves of the blends are replotted in
Figs.3.8 and 3.9 and the power law exponents of the blends
calculated from the curves are shown 1in Table 3.1. It
can be observed that LLDPE 1 is more non-Newtonian than
HDPE while LLDPE 2 is less non-Newtonian than HDPE. Since
structure of HDPE and LLDPE have close similarities, the
most important factor contributing to the non-Newtonian
behaviour may be the average molecular weight of the
polymers. The usual behaviour of the polymers 1s to become
more non-Newtonian with increase in the molecular weight.
The power law exponent for the blends also varies smoothly
between those of the parent polymers indicating compati-

bility of the polymers in the melt.

The slope of the 1log m Vs 1/T plot 1is propor-
tional to an apparent energy of activation for viscous
flow. Figs. 3.10 and 3.11 are such plots of HDPE/LLDPE 1 and
HDPE/LLDPE 2 blends. The activation energies calculated

for the various blends are shown in Table 3.1.

The activation energy for flow for low viscosity
material is generally smaller than that for high viscosity
system. But the behaviour of these blends displays a very

interesting phenomenon. LLDPE 1 having a higher viscosity
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Table 3.1 Dependence of non-Newtonian behaviour and

activation energy on blend composition

LLDPE (wt. %) Power law Activation energy
exponent (n) (kJ/mol)
HDPE/ 0 0.65 14.5
LLDPE 1 20 0.60 12.5
40 0.54 10.7
60 0.48 10.4
80 0.42 9.7
100 0.36 8.6
HDPE/ 0 0.65 14.5
LLDPE 2 20 0.60 15.1
40 0.67 16.2
60 0.608 18.4
80 0.69 21.0

100 0.70 22.0
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than HDPE, shows a slightly ‘lower activation energy than
HDPE and LLDPE 2, which has a much lower viscosity than
HDPE and LLDPE 1 shows a higher activation energy. This
may imply that LLDPE does poésess a certain amount of
crystallinity in the melt. The degree of crystallinity
may be higher for the lower molecular weight LLDPE due to
its increased mobility and ability to pack into ordered
regions. Such crystallisation effects have been observed

for polypropylene melts.9

Bagley Correction Factor (PC)

Bagley correction factor, PC for HDPE/LLDPE 1
blends was evaluated from the flow data recorded with three
different dies of L/D ratio 10, 20 and 30. Bagley plots,
AP as a function of L/D for HDPE/LLDPE blends at various
composition are guite linear (Fig.3.12). This linearity of
Bagley plot confirms the absence of slippage at the
capillary wall and at the interface boundaries where the

10

slippage is believed to cause curvature in the Bagley

plot.

The true shear stress at the wall, wi was
calculated by applying Bagley correction factor. Variation

of Bagley correction factor as a function of blend composi-
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Table 3.2 Variation of Bagley <correction factor with
blend composition at various shear rates.
Blend composition wt % of LLDPE
Shezr rate S 1
0 20 40 60 80 100
20 4 4.5 5 5.5 5.7 ©
115 4 7.5 8.1 8.7 9.2 10
575 8 8.9 10.2 11.3 13 14
1730 9 10 12,1  14.3 16.5 18
2880 12 14.3 16.8 18.3 20.6 22
3450 13 15.5 18.6 21.3 23.8 25




tion at various shear rates is shown in Table 3.2.
Similarly the Rabinowitsch correction was applied using
values of n determined from flow curves, to obtain true

shear rate Y@'

Flow curves in terms of corrected values of shear
stress and shear rate for HDPE, LLDPE and HDPE/LLDPE blends
at various compositions are shown in Fig.3.13. Flow curves
of the blends are 1in between the flow curves of the pure

HDPE and LLDPE.

The power law exponent n obtained from the

corrected flow curves (Fig.3.13) are given in Table 3.3.

Table 3.3: Corrected values of power law exponent for

HDPE/LLDPE blends

LLDPE (wt %) 0 20 40 60 80 100

Power law

exponent, n 0.6l 0.57 0.50 0.44 0.39 0.28
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Melt Elasticity

Elasticity of the melt results in the expansion of
the polymer on 1its exit from the die. Variation of
extrudate die swell with blend composition at various shear

rates is shown in Fig.3.14.

The recoverable shear strain calculated from the
die swell values 1is shown in Fig.3.15. Recoverable shear
strain increases with increasing shear rates as expected.
It also increases with LLDPE content, obviously due to
higher elastic nature of LLDPE. The reduction in melt
elasticity of LLDPE with addition of HDPE may Dbe
advantageously used in processing.ll—13

Fig.3.16 shows the apparent shear modulus versus
blend composition curves of HDPE/LLDPE blends at various
shear rates. The shear modulus decreases with increasing
shear rate as expected. It increases and goes to a maximum

and thereafter decreases with increasing LLDPE content.

3. RHEOLOGICAL EVALUATION OF BLENDS OF HDPE AND LLDPE
USING A TORQUE RHEOMETER

The polymer blends were prepared by melt mixing in

a Brabender plasticorder model PL 3S eqguipped with roller
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mixing heads and a rotor speed of 30 rpm and temperature of
150°C. Rheological measurements in shear flow were also
carried out for each blend and pure polymers using the same

plasticorder.

Fig.3.17 shows the eguilibrium torgue values as a
function of blend composition for wvarious rpm of the
retors., The torque values are preoportional to the
viscosity of the system. The torgue increases with
increase in LLDPE 1 content and increases with rpm (higher
shear rates). The viscosity of the blends are between

those of the pure polymers.

Fig.3.18 shows the variation of torgue with blend
composition at various temperatures and at a fixed shear
rate (rpm)}. In each case the viscosity decreases with

increase 1n temperature as expected.

The power law relationship between the rotor
torgue {M) and rotor speed (S) resembles the power law
relationship between shear stress and shear rate and hence
the slope of the curve log M vs. log S gives the power law

index n.
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Fig.3.19 shows the log M versus log S plot for
various composition of the blend. The parallel straight
lines in this figure indicate that the power law indices
for the parent polymers and their blends are more or less

the same.

Fig.3.20 shows the log torque versus reciprocal of
absclute temperature (1/T) for the HDPE/LLDPE 1 blends.
The slopes of the linear plots 1s proportional to the

. . 14 . .
apparent energy of activation, which confirms the
Arrhenius type behaviour. This confirms the earlier
observation that LLDPE rich blends requires higher energy

for processing than HDPE rich blends.

The energy required to plasticize the material was
calculated from the torque-time curve at a particular
temperature for a specified period of time. The values
calculated for the blends and pure polymers at 150°C for 15

minutes are shown in Table 3.4.
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Table 3.4: variation of energy required for plasticization

with blend composition

Blend composition (wt % of LLDPE)

Property
0 20 40 60 80 100

Energy

required for g, 70 75 80 86 92
plasticization

(kJ}

Conclusions

l. HDPE and LLDPE are sufficiently miscible in the solid
phase as well as in the melt to take advantage of the

attractive properties of both.

2. If the LLDPE used 1is of sufficiently higher molecular
weight to support a stable necking behaviour, it
enhances the toughness of HDPE with only slight decrease

in yield stress.

3. If the LLDPE added 1is of low molecular weight, it
improves the miscibility of the polymers in the melt.

However, the mechanical properties are inferior.

4, Irrespective of the viscosity of LLDPE, it shows a
higher activation energy than HDPE. This suggests that
under the influence of high stress LLDPE melts may
crystallise to a low degree, resulting 1in enhanced

resistance to flow.
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CHEMICAL AND RADIATION CROSSLINKING OF

HDPE/LLDPE BLENDS
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In certain processing application, the available
polyethylene resins, are not always optimum in terms of
processability or mechanical properties of finished
product. A low level of crosslinking in polyethylene that-
does not affect processing leads to structural
modifications that affect its properties significantly.l_6
Crosslinking leads to elevation in melting point,
improvement in stress crack resistance and solvent
resistance etc.7-9 Crosslinking can be carried out either
by irradiation with high energy radiation or by the use of
chemical crosslinking agents. In this study HDPE/LLDPE

blends are crosslinked to a 1low level by wusing dicumyl

peroxide and by using gamma radiation.

1. EFFECT OF CONTROLLED CROSSLINKING ON THE MECHANICAL AND
RHEOLOGICAL PROPERTIES OF HDPE/LLDPE BLENDS

Experimental

HDPE and LLDPE 1 were selected for this study due to
their good mechanical properties. The polymer mixture was
fed as a dry blend of virgin pellets to the hopper of a
Brabender extruder. This extruder has an L/D ratio
of 20 and the screw had a compression ratio of
3/1. The screw speed was 30 rpm. The extruder
heater zones were set at 200°C and the die temperature
at 220°C. The polymer cutput was extruded as thin £film

intoc a water gquench bath. Samples for testing were
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compression moulded from these films by pressing into sheet
at 180°C using an electrically heated laboratory hydraulic
press with provision for water c¢ooling under pressure.
Dumbbell specimens for tensile tests were punched from these
sheets and tested according to ASTM D 638. The stretching

rate was 50 mm/min. and temperature of testing 25°C.

Dicumyl peroxide {(DCP) at a concentration of 0.5 or
1.0% of the total weight of the polymers was employed as
the crosslinking agent. DCP was added to the Brabender

plasticorder hopper along with the polymers and the samples

for tensile testing were prepared as described above.

The rheological measurements were made with a
Goettfert capillary rheometer using a die of 1 mm dia and a
length/diameter ratio of 30. The shear stress (T ) and shear
rate (V) were calculated from Newtonian expressions andg

the viscosity (m ) as their ratio (T/IY).

The temperature dependence of the viscosity was
calculated from the activation energy for viscous flow from

an Arrhenius type expression.

Results and Discussion

Figs.4.1 shows the Brabender torgque curves of

HDPE/LLDPE blends with and without DCP. 0f the two



95

100LLDPE
20/80 HD/LLD
40/ 60 HD/LLD
60/40 HD/LLD
80/20 HD/LLD
100H DPE

1
2
3
4
5
6

TORQUE , Nm

—— CROSSLINKED WITH 10 DCP

1+ ———— UNCROSSLINKED

TIME (MIN)

FIG.4.1 BRABENDER TORQUE CURVES OF HDPE/LLDPE BLENDS
WITH AND WITHOUT DCP (1.0 WEIGLT % DCP).



96

polymers, LLDPE shows a greater tendency for crosslinking
initially as shown by the fast increase in torgue. This
effect 1is probably due to the larger number of tertiary
carbons and lower crystallinity in LLDPE compared to
HDPE. However; the extent of crosslinking is larger for
HDPE as indicated by the larger increase in torgue. The
low crosslinking efficiency of peroxide in LLDPE may be due
to the preponderance of chain scission relative to cross-
linking.lO The optimum time reguired for crosslinking for
various Dblends was determined from Brabender torgue

curves.

Fig.4.2 shows the tensile stress-strain curves of
HDPE/LLDPE blends. In all cases, crosslinking increases
the modulus, yield stress and breaking stress with only
marginal decrease in the breaking strain. These results
show that the crosslinked matrix is capable of supporting a
greater stress, as expected. It may alsoc be inferred that
a low level of crosslinking does not seriously affect the
crystallinity in these blends. Probably the small number of
crosslinks act as initiators for crystallization.ll HDPE
rich blends show a greater change in vield stress, compared
to the uncrosslinked matrix. This difference is probably

due to the greater degree of crosslinking in such matrices

as seen from the Brabender torgue studies.
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Fig.4.3 shows the variation of gel content and
physical properties such as density, hardness and volume
loss on abrasion of the crosslinked blends. Density,
hardness and volume loss of the uncrosslinked blends are
also shown for comparison. Density and hardness decrease
and abrasion resistance increases with crosslinking. Gel
content increases with HDPE content 1indicating that the
HDPE phase forms a relatively more dense network structure
than LLDPE phase. The decrease in density and hardness of

crosslinked blends may be due to looser packing of the
crosslinked molecules resulting from the reduced crysta-
llinity.

In order to evaluate the processing character-
istics of these crosslinked polymers,; theilr rheological
properties were compared with those o©f the uncrosslinked
polymers. Degree of crosslinking increases the viscosity
of the blends as shown in Fig.4.4. A larger 1increase 1is
observed for HDPE rich blends as expected. As the
dependence of viscosity on composition 1is essentially
linear, one may suggest that substantial changes 1in the
structure of the melts do not takes place over the entire

R 12
composition range.

At higher shear rates, the variation
of viscosity with blend composition and c¢rosslinking

becomes minimal. As the closeness of the rheological
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properties of the melt ensures a higher degree of homo-
geneity it may be comparatively easy to process such

blends at higher shear rates.

The flow curves of the blends using 0.5 and 1% DCP
concentrations are given 1in Figs.4.5 and 4.6. At higher
shear rates, the influences of the composition of the
blends and crosslinking on the flow curves diminish in both
cases. The derived values.of the power law index are shown
in Table 4.1. They increase marginally with crosslinking
showing that the melt becomes slightly more Newtonian.
This effect may be due to the less freedom available to the
molecules in the crosslinked state to orient themselves in
the shear direction and to exhibit the usual non-Newtonian

behaviour.

The wvariation of viscosity of the blends with
temperatures is found to be minimal (Fig.4.7). The
temperature dependence of viscosity could be expressed by
the activation energy for viscous flow (Table 4.1). The
activation energy is found to increase with increase in the
degree of crosslinking, as expected. A larger increase is
again observed for HDPE rich blends because of the larger

extent of crosslinking.:
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Table 4.1 Power law index and activation energy of cross-
linked HDPE/LLDPE blends

Composi- Uncross-— Cross- Cross-
tion, linked linked linked
wt. % of with with
LLDPE 0.5 DCP 1.0 DCP
0 0.56 0.57 0.50
20 0.52 0.54 0.55
Power law 40 0.46 0.49 0.50
exponent, n 60 0.42 0.44 0.45
80 0.37 0.40 0.42
100 0.32 0.35 0.37
0 14.5 15.5 17.4
20 12.5 13.4 13.9
Activation 40 10.7 11.8 13.2
energy 60 10.4 11.0 12.2
kJ/mol 80 9.7 10.7 11.3

100 8.6 9.3 9.7
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Conclusions

The study shows that a low degree of crosslinking,
not affecting processing, can be introduced in HDPE/LLDPE
blends for improving the mechanical behaviour. Since the
thermal stability and dimensional stability of such cross-
linked polymers would be superior to those of the uncross-
linked polymers, such blends could be wused in more
demanding applications. Melt rheological characteristics
of these blends indicaﬁe that such low levels of cross-
linking do not adversely affect processing, especially at

higher shear rates.

2. RADIATION CROSSLINKING OF HDPE/LLDPE BLENDS IN PRESENCE
OF DICUMYL PEROXIDE

Radiation crosslinking in presence of a peroxide

such as dicumyl peroxide as a sensibilising agent 1is

suggested as an attractive means of obtaining improvement

in properties associated with crosslinking without

adversely affecting the mechanical properties.l3’14

In
this study the effect of radiation <c¢rosslinking of
HDPE/LLDPE blends on their mechanical properties is

investigated.
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Experimental

The blends of HDPE and LLDPE were prepared by melt
mixing in an extruder attached to a Brabender plasticorder.
The extruder has an L/D ratio of 20 and the compression
ratio of the screw was 3:1. The screw speed was 30 rpm.
The extruder heater zones was set at 140°C and the die
temperature at 150°C. The polymer mixtures were added as
dry blend of virgin pellets to the hopper of the Brabender

plasticorder. DCP was also added to the hopper.

Samples for irradiation were compression moulded
at 150°C in a steam heated laboratory hydraulic press for 5
minutes. Gamma radiation was done in a Gamma chamber model
GC 900 using 60Co source at room temperature. The irradia-

tion dosage was 1 Mrad/hr.

The gel fraction of the irradiated test pieces was
measured as per ASTM D 2765. Dumbbell specimens for tensile
tests were punched out from the compression moulded sheets
and tested at a cross head speed of 50 mm/min. at 25°C on a
Zwick UTM as ber ASTM D 638. The wear resistance of the
samples was measured as per ASTM D 1242 (1988) using a

Zwick abrader. DSC thermograms were taken on a Perkin-
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Elmer DSC-7 model at a heating/cooling rate of 10°C/min.

under nitrogen atmosphere as per ASTM D 3417 (1988).

Results and Discussion

Fig.4.8 shows the variation of gel content of HDPE
with dirradiation dosages with peroxide concentration upto
2.5 wt. percentage. The crosslinking is obviously not very
effective without DCP. There 1is a continuous increase of
the gel content with increase in peroxide concentration and
irradiation dosages (Table 4.2). Very similar curves were
obtained with LLDPE and HDPE/LLDPE blends of different
concentrations. The crosslinking behaviour seems to be
similar which may be due to the similarity in the structure
of the two polyethylenes. However, for the same DCP
concentration and irradiation dosage HDPE is found to have
slightly higher gel content than LLDPE. This shows that
HDPE phase has slightly higher c¢rosslinking density than

that of LLDPE.

Fig.4.9 illustrates the fusion endotherm of HDPE,
LLDPE and 50/50 HDPE/LLDPE blends. 1In all the cases, only
a single peak 1is observed. However; this may not be a
sufficient reason for cocrystallisation or miscibility

15,16

since a fairly high heating rate was employed. The
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relative amount of crystallinity in the different samples
can be measured from the heat required to melt the
crystalline portion of the polymerg or from the area under
the curve (Table 4.3). These values indicate that HDPE is
more crystalline than LLDPE and the crystallinity in the

50/50 blend is in between those of HDPE and LLDPE.

Fig.4.10 shows the DSC thermograms of DCP cross-
linked HDPE, LLDPE and 50/50 HDPE/LLDPE blends. It may be
observed that «crystallinity of the polymer 1is sharply
reduced during chemical crosslinking (Table 4.2) whereas
during gamma radiation, the crystallinity of the polymer is
not severely affected (Fig.4.11 and Table 4.3). This may
be mainly due to two reasons: (1) Radiation crosslinking
takes place predominantly in the non-crystalline region and

.. i
(2) DCP acts as initiators for crystallisation.

Fig.4.12 shows the tensile stress-strain curves of
irradiated (10 Mrad) HDPE, LLDPE and their 50/50 blends
with different amounts of DCP. The yield strength and
tensile strength are found to increase with DCP concentra-
tion in all cases with marginal decrease in modulus and
elongation at break. One striking difference is in the

case of LLDPE with 2.5 wt % of DCP. The sharp reduction in
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Table 4.3: DSC data for pure polymers,crosslinked polymers

and blends
DCP o
HDPE/LLDPE concentration TIn C OB, cal/gm
100/0 0 132 38.9
50/50 0 130 26.8
0/100 0 122 26.3
* 100/0 1.0 131 23.4
50/50 1.0 125 20.8
0/100 1.0 124 20.5
**]100/0 1.0 129 37.8
50/50 1.0 126 28.2
0/100 1.C 121 25.7

* Chemical crosslinked
** Radiation crosslinked
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stress at yield is not observed in this case. This is
obviously because of the stable necking behaviour of the
polymer 1s absent in this case, indicating notable changes

in structure with radiation crosslinking.

Figs.4.13 and 4.14 show the variation of modulus
and yield stress with gamma radiation in blends containing
2.5 wt % of DCP. While modulus decreases, vyield stress
steadily increases with irradiation dosages for all

compositions.

Figs.4.15 and 4.16 show the abrasion loss of HDPE
and LLDPE with increase in radiation dosage and DCP
content. The abrasion resistance of the blends 1is found to
improve with increase in radiation dosage and DCP content
as expected. The abrasion resistance of the blends is
found to be in between those of HDPE and LLDPE (Table 4.4).
The resistance is found to be higher for HDPE and HBDPE rich
blends. This again supports our earlier proposition that

HDPE phase gets crosslinked more than that of LLDPE.

Conclusion

Gamma radiation of HDPE, LLDPE and their blends in

presence of DCP is found not to affect the crystallinity of
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the polymers seriously and hence radiation induced cross-
linking 1improves the tensile strength, yield stress and

abrasion resistance.
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1. EFFECT OF ELASTOMERIC MODIFIERS ON HDPE/LLDPE BLENDS

Improvement in impact resistance of  Dbrittle
thermoplastics by elastomers has been in commercial
practice for about 50 years now, cone of the most classical
examples being impact resistant polystyrene. Eventhough
polyclefins may be regarded as rubber reinforced thermo-
plastics because they comprise crystalline and amorphous
(rubbery) regions, elastomers have been added to improve
impact resistance and environmental stress crack resistance

of polyolefins.

A number of papers have repocrted on the behaviour
of the blends based on high density polyethylene (HDPE),
polypropylene (PP) and various ethylene propylene

1-12

elastomers {(EPM and EPDM). The low temperature impact

resistance of PP can be improved by rubber toughening7

which may also employ combinations including HDPE.12

Although many vrubbery materials show varying
compatibility with polyethylene the elastomeric materials
used in commercial compounds are polyisobutylene (PIB) and
Butyl rubber (IIR). PIB was originally used as a
plasticiser for polyethylene but was later found also to

improve the environmental stress cracking resistance. 10%
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of PIB in polyethylene gives a compound resistant to stress
cracking as assessed by the severe BTL test. It has been
shown that the higher the molecular weight of PIB, the
greater the beneficial effect. PIB may or may not increase
the fluidity (ease of flow) of polyethylene, this depending
on the mclecular weight of the twc polymers. Because of

its lower cost butyl rubber is preferred to PIB.

Polyethylene 1is sometimes blended with ethylene
propylene rubber upto 20% in blown film applications. In
the present study low concentrations of elastomers such as
natural rubber (NR), butyl rubber (IIR), ethylene propylene
rubber (EPDM) and a thermoplastic elastomer, styrene-
isoprene-styrene (SIS} are tried as impact and environ-

mental stress crack modifiers in HDPE/LLDPE blends.

Experimental

The blends of HDPE, LLDPE 1 and elastomers were
prepared in a Brabender plasticorder model PL 3S eguipped
with a roller mixing head at 150°C, and 50 rpm for 10
minutes. Sheets of 2 mm thick were formed from the blends
by compression moulding at 160°C for 2 minutes using a

mould having provision for water cooling under pressure.
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Tensile properties were determined using a Zwick UTM model
1445 using a crosshead speed of 50 mm per minute at room

temperature,

Environmental stress c¢rack resistance of the
samples was measured as per ASTM D 1693 (1980) at 50°C
using 25% pot. oleate and 25% sulphuric acid as sensitising

media.

Results and Discussion

Fig.5.1 shows the tensile strength of 50/50
HDPE/LLDPE blends as a function of elastomer content. From
the figure it may be observed that the tensile strength
values decrease with increasing elastomer levels. Of the
various elastomers tried butyl rubber and ethylene
propylene rubber seem to be the best, the reduction in
tensile strength in these cases being less compared to

natural rubber and styrene-isoprene-styrene rubber.

Elongation at break as a function of elastomer
content 1is shown in Fig.5.2. The elongation at break
increases with increasing elastomer content as expected.
This will probably result in an improvement of impact

strength by the addition of elastomers.
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Fig.5.3 shows the yield stress as a function of
elastomer concentration for the blend. This property
exhibits an almost 1linear decrease with increase in

elastomer content.

Modulus of the blends as a function of elastomer
concentration is shown in Fig.5.4. Addition of elastomer

reduces the modulus almost linearly.

The effect of elastomer concentration on the
mechanical properties of HDPE, LLDPE and the complete range
of their blends is shown in Tables 5.1, 5.2, 5.3 and 5.4.
From these tables it is found that in the case of butyl
rubber and EPDM, modulus,yield stress and tensile strength

decrease only marginally.

Fig.5.5 shows the environmental stress crack (ESC)
values of HDPE as a function of the elastomeric modifier
concentration. ESC values 1increase with the elastomer
concentration. From Figs.53:5 and 5.6 it can be observed
that the environmental stress cracking is more in 25% H2804

than in 25% pot. oleate (soap). For blends with 25 or more

weight % of LLDPE no crack was observed even after seven
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days (168 hrs) exposure in 25% pot. oleate or 25% H2504.
This shows the superiority of LLDPE to environmental stress

cracking compared to HDPE.

Conclusions

1. Among the various elastomers used as modifiers butyl
rubber 1is found to be the best for improving the
environmental stress crack resistance and improving

elongation at break.

2. The optimum levels of the modifiers 1is found to be

between 5-10 wt % of HDPE and LLDPE taken together.

3. Blends of HDPE and LLDPE with LLDPE concentration of
above 25% have very dood resistance to environmental

stress cracking.

2. MECHANICAL PROPERTIES OF FILLED HDPE/LLDPE BLENDS

Although polyethylene and its blends can be, and
indeed often is, used without additives a number of them
may be blended into the polymer for various reasons. In

polymer blends, fine particle fillers may be dispersed
unevenly between the ©polymeric components which can

influence the mechanical properties of the blends.
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Fillers, the important constituent of many plastic
materials, are vrarely used with polyethylene since they
interfere with the crystallinity of the polymer and often
give brittle products of 1low ductility. Compounds with
increased rigidity and tensile strength compared to
unfilled polymer may be obtained by wusing titanate or
silane <coupling agents along with nonblack fillers.
Microwave plasma discharges were also used to modify the
filler surfaces.13 The effect of filler particle shape and
surface treatment on yield stress of PP filled with calcium
carbonate was studied.14 Fillers improve the stiffness and

heat deformation resistance of sheetings, injection moulded

products etc.

In the present study surface treated calcium
carbonate, silica and GPF blacks were employed as a means
to 1improve the stiffness and vyield stress of a blend

containing egual parts of HDPE and LLDPE.

Experimental

The polymers were first melt mixed in a Brabender
plasticorder at 160°C for 5 minutes at 50 rpm rotor speed.

Then the filler was added at 20 rpm (2 minutes) and
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finally dispersed for 8 minutes at 50 rpm. Sheets of 2 mm
thick were pressed at 160°C between aluminium foils at
140 kg/cm2 for 3 minutes and then cooled under pressure to

60°C by water circulation.

The tensile measurements were performed using a
Zwick UTM model 1445 at a crosshead speed of 50 mm per
minute. For the high rate tension test a cross head speed
of 200 mm per minute was used. The area under the stress-
strain curve in the high rate tension test is.reported as a

measure of the toughness of the material.

Results and Discussion

Fig.5.7 shows the tensile strength of the blend as
a function of filler 1loading. The tensile strength
decreases with addition of 5 phr of filler. This may be
due to interference in crystallinity by the addition of
fillers. After the initial decrease the tensile strength
values gradually increase with filler loading. This may be

due to the stiffening action of the fillers.

Fig.5.8 shows the elongation at break as a function
of filler 1loading. Except in the case of GPF black EB
decreases with increase in filler loading. For GPF black

filled blend, EB increases uptc 5 phr 1level and then
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decreases. The sharp decrease in EB values for silica
filled blends may be due to the poor interfacial adhesion

between silica and the polymers.

Modulus increases almost linearly with filler
loading (Fig.5.9). The vyield stress of the blends as a
function of filler concentration is shown in Fig.5.10. The
tensile vyield stress decreases with increase in filler
loading. A number of factors may be contributing to this
effect 1 Filler reduces the effective cross section of the
matrix 1in the loaded polymer blend. This 1leads to an
increase in 1internal stress, at any given external loading,
compared with the unfilled matrix. Stress concentration
caused by the filler also contributes to the internal
stress. Microplastic deformations occur around particles
which facilitate damage of the material at lower external
load, compared with the unfilled blend. As a conseguence
of the different expansion coefficients, thermally induced
internal stresses occur around the filler particles. This
contributes to an increase of the dewetting stress. The
dewetting stress for sufficiently small particles 1is
greater than the stress necessary for crazing or occurrence

of shear bands. At constant temperature and strain rate

the decrease of yield stress is inversely proportional to
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the square root of the particle radius. The same
phenomenon was observed in the case of PP/CaCO_ composition

3
16,17

also. The degree of iterfacial adhesion also affects

the yield stress.

The effect of filler 1loading on the toughness,
hardness and mixing torque of HDPE/LLDPE blend is given in
Table 5.5. From the table it can be observed that addition
of calcium carbonate and carbon black does not increase the
mixing torque appreciably while addition of silica
increases the mixing torque and thus affects the processa-

bility.

Conclusion

A low level of fillers such as calcium carbonate,
silica or carbon black may ke incorporated in HDPE/LLDPE
blends for cost reduction without seriously affecting the
mechanical properties. The modulus and hardness of the

blend improve upon filler loading.
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Table 5.5 Properties of 50/50 HDPE/LLDPE blend as a function

of filler concentration

Filler Filler Area under Uniform Hardness
loading the stress mixing (Shore D
(wt. %) strain curve torque units)
(mmz) (Nm)
8280 3.14 50
1869 3.24 52
10 450 3.33 54
Silica
15 285 3.72 56
20 120 4.12 60
5 10400 3.14 51
10 7780 3.14 51
Calcium
Carbonate 15 5635 3.19 53
20 3810 3.19 55
5 6021 3.14 51
Carbon 10 5128 3.24 52
black 15 3936 3.33 54

20 3328 3.43 56
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Blends of high density polyethylene (HDPE) and
linear low density polyethylene (LLDPE) were prepared to
generate a spectrum of polymers bridging the gap between
the mechanical and processing properties of the

homopolymers.

The solid phase mechanical behaviour and the melt
rheology of HDPE/LLDPE blends are described in chapter 3.
The mechanical properties of the blends are in between
those of the parent polymers. The properties are in direct
proportion to the composition which shows that the blends
can be prepared 1in any desired composition to take
advantage of the higher strength and stiffness of HDPE and
the higher impact strength of LLDPE. The HDPE/LLDPE melt
is strongly non-Newtonian as thelr precursors. The flow
curves could be approximated by straight lines when plotted
on log-log scale in the range of shear rates studied and
hence could be represented by Ostwald de Waale power law
relation. Since the chemical structures of HDPE and LLDPE
closely resemble each other, the most important factor
promoting the non-Newtonian behaviour is the length of the
polymer chain or the molecular weight. The power law index
of the blends is in between those of the constituent HDPE

and LLDPE. The temperature dependence of viscosity of the



blends was measured in terms of an apparent energy of
activation for viscous flow. Irrespective of the
viscosity, LLDPE shows a higher activation energy which may
be due to a low degree of crystallinity in the melt as in
the case of polypropylene. Melt elasticity behaviour was
described in terms of Bagley correction factor (PC), and
die swell. The melt elasticity of HDPE could be reduced by
addition of LLDPE and hence the processing of the blend
could be easier than that of HDPE alone. The rheological
measurements were also made using a torque rheometer and
found to follow the same pattern as obtained from the

capillary rheometer.

Chapter 4 describes the modification of HDPE/LLDPE
blend by introduction of a low level of crosslinking by
using both chemical and radiation methods so as to improve
their application spectrunm. Dicumyl peroxide was used as
the crosslinking agent in chemlcal <crosslinking. The
extent o¢f crosslinking was measured by gel content of
matrix and properties such as hardness, abrasion 1loss
improved with crosslinking. Crosslinking also improves
modulus, vyield stress and breaking stress with only
marginal decrease in breaking strain. Due to the high

elengaticn of LLDPE, the reduction in this property may not



156

affect the performance of the blends and hence crosslinking
could be advantageously used to <capitalise on the
improvement in mechanical properties and others such as
improvement 1in temperature resistance, c¢reep resistance
etc. Another advantage of crosslinking 1is that the
variation of mechanical properties with composition becomes
more uniform indicating that the solid phase compatibility
has improved and that the crosslinked blends represent an
altogether new class of material. Improved uniformity in
rheological behaviour was also observed, eventhough the
melt viscosity was marginally higher. The power law index,
activation energy of viscous flow etc., are also slightly

higher for crosslinked blends/polymers.

Radiation crosslinking of the blends was done in a
Gamma chamber using dicumyl peroxide as a sensibilising
agent in this case. DSC studies showed that radiation
crosslinking affected the crystallinity only less severely
than chemical crosslinking. Hence this technique can be
employed advantageously te improve the thermal and
dimensicnal stability of the blends without seriously

affecting the stiffness.

Chapter 5 describes modification of HDPE/LLDPE

blends with elastomers and fillers. Elastomers such as
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natural rubber, butyl rubber, ethylene propylene rubber and
a thermoplastic elastomer {styrene-isoprene-styrene) were
tried as impact and environmental stress crack modifiers in
HDPE/LLDPE blends. Of the various elastomers tried butyl
rubber was found to be the best modifier. It was found
that a low <concentration of fillers can also Dbe
incorporated in the HDPE/LLDPE matrix for cost reduction or

improvement in modulus and hardness.
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