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ABSTRACT
MICROSTRUCTURE DEVELOPMENT IN SOLID STATE PROCESSING OF

POLYPROPYLENE-TALC COMPOSITES AND MELT PROCESSING OF HIGH
MOLECULAR WEIGHT HDPE-CLAY NANOCOMPOSITES

By
Rahul H. Rane

This research work is divided into two parts. The main objective of the first part was to
study and compare the microstructure developed in the case of polypropylene (PP)-talc
composite drawn at an elevated temperature to that of neat PP drawn under similar
processing conditions. For a given die geometry, the final draw ratio of both of the die
drawn materials increased with draw rate, and plateaued at higher draw rates. The ratio
of final void fraction to particle fraction in the case of die drawn PP-talc composite with
an initial filler loading of 7.5 vol. % (or 20 wt. %), was found to be higher (2.26 vs. 1.81)
than that of the die drawn composite with an initial filler loading of 16.5 vol. %.
Microscopic analysis of the drawn materials revealed that the voids in both cases were
stretched in the drawing direction and the void volume fractions also leveled above an
actual draw ratio (DR) of 7. VVoids of higher aspect ratios were observed in the die drawn
composite that had lower loading of talc. The average void length in the drawing
direction had grown 4-6 times that of the particle length.

The steps of annealing and subsequent drawing led to a 12-15 % increase in crystallinity
of the matrix phase, for both die drawn neat PP as well as die drawn PP-talc-20 wt. %
composite. Die-drawing led to formation of well developed texture elements of type
(110)[001] and (010)[001]. These textures sharpened with DR in both the materials. For a

given draw rate, debonding and void growth in the drawn composite resulted in less



developed crystal orientation than drawn neat PP of comparable draw ratio. In the case of
die drawn neat PP, the predominant texture type was (110)[001], whereas in the case of
die drawn composite it was of type (010)[001]. The void growth in drawn PP-talc-20
wt. % composite progressed with the crystal orientation of the matrix phase, and both of
them plateaued above a DR of 7. Despite saturation in void growth as well as crystal
orientation, the tensile modulus of the drawn composite increased with DR. For the
highest draw rate studied using a wedge die of nominal draw ratio 2, the tensile modulus

attained for drawn PP-talc-20 wt. % composite was 3 times that of undrawn neat PP.

The second part of the research work was motivated by the aim of developing
nanocomposites of high molecular weight high density polyethylene (HMW-HDPE) with
enhanced mechanical properties and improved or similar processability as that of the base
resin. This was achieved by adding a small percentage of organoclay with appropriate

compatibilizers to the base resin, and using appropriate mixing conditions. Complete
exfoliation of the dispersed clay could be achieved with much lower loadings of
compatibilizer than those reported in the literature. Injection molded bars of a let-down
formulation with 5 wt. % organoclay showed a modulus increase of 19 %. Extensional
melt flow tests on nanocomposites with 3 wt. % organoclay showed a similar level of
strain hardening to that of neat HMW-HDPE. Despite the strain hardening ability and
good dispersion of the organoclay, blown film samples obtained with HMW-HDPE
nanocomposites did not show much improvement in the mechanical properties. For
similar film thicknesses, all the mechanical properties except the tensile modulus of this
material were lower than that of neat HMW-HDPE. The anisotropic orientation of

exfoliated platelets during the film blowing operation was found to be a likely cause.
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CHAPTER 1
OVERVIEW AND OBJECTIVES

This research work is divided into two parts. The first part of the dissertation is discussed
in Chapters 2 through 4, and constitutes major portion of the work. The main focus of the
first part was to study microstructural development in solid state die drawn polypropylene
(PP)—talc composites. The second part (Chapter 5) is devoted to the development and
characterization of well-dispersed nanocomposites of film grade high molecular weight
high density polyethylene (HMW-HDPE). In the following sections an overview and the

problem statement for each part are described briefly:

1.1 Microstructure Development in Solid State Processing of

PP-talc Composites

1.1.1 Solid State Processing of Polymers

Solid state processing of semi-crystalline polymers at elevated temperatures is done to
enhance their mechanical, chemical and physical properties. These improvements are
related to higher levels of crystallinity and orientation brought about in the process. To
reach maximum improvements in the properties the polymers are oriented in their sub-
molten state (heated at a temperature somewhere between the crystallization temperature

and the melting temperature). It is difficult to orient the polymers that do not have a clear

N 1 . . .
crystallization temperature™. The commonly employed solid-state processing techniques

include ram extrusion, hydrostatic extrusion, roll drawing, free tensile drawing and die

drawing. The ram extrusion process is shown schematically in Figure 1.1.



[ Extruded billet

Cylinder
Ram Die

Figure 1.1: Schematic of a ram extrusion process.

For interpretation of the references to color in this and all other figures, the reader is
referred to the electronic version of this dissertation.

The heated polymer compact or billet is pressurized using a hydraulically operated ram
that forces the polymer through a converging die. This process has been used to produce
various profiles such as tapes, sheets, tubes, etc. The process of ram extrusion is severely

limited by its slow production rate. Attempts to operate the process at higher rates have

been reported  to result in higher frictional forces and process instabilities, resulting in

extremely distorted products. The process instabilities were reduced to some extent by

extruding the billet using a hydrostatic extrusion process (Figure 1.2).

Extruded billet

Pressure Vessel

Fluid

Figure 1.2: Schematic of a hydrostatic extrusion process.



In this process, instead of a ram, the heated polymer billet is forced using pressurized
fluid. The use of hydrostatic fluid provides lubrication, which gives reduced extrusion
pressure and therefore, a slightly higher draw rate than ram extrusion. However, due to
the compressive nature of the applied draw stress, the production rate cannot be improved
beyond a certain limit. Higher production rates in the drawing processes can be realized
by employing draw stresses that are tensile in nature. This principle is used in the

drawing techniques such as free tensile drawing, roll drawing and die drawing.

In the free tensile drawing (Figure 1.3) a polymeric billet is heated inside of a closed
oven. When the billet reaches the desired draw temperature it is subjected to a uniaxial

extension.

) ® @
@ @ Drawn sheet E:>

Heated oven Series of rollers

Figure 1.3: Schematic of a roll drawing process.
The shoulders of the billet can be manufactured in different ways to fit to various grips in
the tensile machine. It is difficult to produce oriented rods and other relatively large
sections by this process. Gripping problems and lack of heat control render yield a low
output with this technique. For higher outputs the drawing process is carried by roll
drawing and die drawing. As shown in Figure 1.4, in a typical roll drawing process a
thick polymer sheet is conveyed through a series of rollers, in which the downstream set

of rollers rotate at a faster rate than the upstream set of rollers.
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Figure 1.4: Schematic of a free tensile drawing process.

The degree of orientation obtainable in this process is measured by the thickness
reduction of the feedstock sheet. Larger thickness reductions can be achieved if the
feedstock is heated to the draw temperature or the temperature of rollers. The process of
roll drawing has been primarily used to produce highly oriented tapes and films. For
larger oriented shapes such as rods, I-beam sections, tubes and other shaped profiles, the

process of die drawing (Figure 1.5) has been found to be beneficial.

Drawn billet

Die

Heated oven

Figure 1.5: Schematic of a die drawing process.

The die drawing process consists of drawing a heated polymer billet through a shaped die

(heated to the same temperature as the draw temperature) without the application of any



pressure. In its orientable state the polymeric billet does not maintain a large contact area
with the processing equipment. This results in an efficient conversion of the applied
forces into molecular orientation. Our work for the first part of the research was mainly

focused on the solid state die drawing process.

1.1.2 The Process of Die Drawing

Among the various types of solid state processing techniques, the die drawing process has
been found to be cost-effective in terms of attaining higher production rates. A relatively
simpler experimental setup, capability to attain significant orientation levels using
minimum draw stress, and the convenience of operating it in either batch or continuous
mode have made this process commercially attractive. As presented in Figure 1.6, in this
process, a billet of a given semicrystalline polymer is heated to an elevated temperature
below the crystalline melting point and is drawn through a converging die heated to the

same temperature.

Heated undrawn billet
Heated Die

U,

Haul off

Figure 1.6: A three dimensional schematic of the die drawing process.



For unfilled polymers the die drawing process can give up to 10-20 fold increase in
modulusz. In addition to the improved mechanical properties, the drawn materials also
show low creep, low axial coefficient of thermal expansion, low permeability to gases
and fluids and an improved resistance to chemical attack3. The final properties of a die

drawn product depend on deformation level experienced by the material during the
drawing process. The deformation of a material during its die-drawing process takes

place in two distinct zones: die zone and post-die deformation zone as shown in Figure

1.7. The degree of deformation can be quantified in terms of actual draw rati03'6.

Undrawn billet W
[ Drawn billet

| gl (
l | —\
I < |
| T- -
Post-die
|._—.. deformation zone
Die

deformation

zone

Figure 1.7: Schematic of different deformation zones in die-drawing process.

An actual draw ratio (DR) is defined as the ratio of take-up velocity (us) to the initial
velocity of the billet (up). When the change in density is accounted for during the steady

drawing process, the resulting equation for the draw ratio is:



DR=uf — IOOAb

U oA 1)

Asand pr denote the final cross-sectional area and density of the drawn product and Ag

and po denote the cross-sectional area and density of the billet before die drawing.

The axial mechanical properties such as tensile modulus and tensile strength of the drawn

. . . . 3-6 :
products increase with actual draw ratio up to a maximum value . The maximum

attainable DR increases with the nominal draw ratio (ratio of the inlet billet cross
sectional area to the cross-sectional area of the die exit) of the converging die as well as

the draw rate employed. Although it increases with the draw temperature, there is an

optimum range of temperature (10-30°C below the crystalline melting point) which gives

. . . . 3-4 . .
maximum improvement in axial modulus™ . In addition to the processing parameters, the

deformation behavior of a material during die drawing process also depends on its

structural morphology. For example, die drawing of polyoxymethylene (POM)4 led to

cavitation in the matrix and subsequently reduced density starting at a DR of 2. On the
other hand, no density reduction was observed in the case of drawn linear polyethylene
(LPE), not even for DRs up to 30. For a given polymer, the maximum draw ratio has

been reported to increase with the crystallinity and decrease with the molecular weight of

. 3 : . .
the initial undrawn polymer~. The maximum draw ratio has also been shown to increase

with the polydispersity index of the polymer.



1.1.3 Solid State Die Drawing of Polymer Composites
Solid state die drawing of composites of semicrystalline polymers filled with micron

sized particles is done to produce light weight structural materials with reduced density

: . .79 : :
and improved mechanical properties . During an elevated temperature drawing of the

polymeric composite, the microscopic phenomena of debonding of particles from the
matrix phase and subsequent void growth lead to reduced density, whereas the orientation

of the polymeric phase leads to enhanced mechanical properties of the drawn product.

Nichols et aI.7 have reported that die drawing of PP-talc composite loaded with 46 wt. %

(22 vol. %) talc resulted in as much as an 80 % increase in modulus and 40 % decrease in
density compared to that of the undrawn composite. Although voiding is desired, it must
be controlled otherwise it can result in premature failure of the drawn material. For
example, die drawing of POM filled with 20 wt. % (10 vol. %) short glass fibers caused

an excessive voiding (60-70 vol. %), and culminated in macroscopic fracture of the

drawn products just after exiting the die O. An optimization of processing parameters and

material composition is needed to reach a desired level of density and acceptable level of
mechanical properties without affecting the production rate. In order to engineer the final
properties of a die drawn product, it is important to understand the microscopic
phenomena and development of microstructure during the drawing process of a
microcomposite. At the microscopic level, the following key phenomena occurring
during composite drawing determine the final properties of the drawn product:

1) The debonding of the filler particles from the matrix phase or void initiation,

2) The void growth around the debonded particles and



3) The orientations of the filler and matrix phases.
A significant research problem involves understanding and tracking these microscopic

events with an ultimate aim of controlling final properties of the drawn product.

1.1.3.1 Debonding

During initial deformation of a polyolefin microcomposite, the stress at the filler-matrix
interface is relieved by the onset of debonding of the non-treated filler particles. The
debonding of a rigid filler particle begins at the points of maximum stress concentration

as shown in Figure 1.8.

Figure 1.8: Schematic of debonding or void initiation.

When a polymeric composite is subjected to mechanical deformation, the damage in the

material takes place mainly by crazing, shear yielding, debonding and cavitation. Many

. . . 11-25 . e . )
experimental and numerical studies on particulate composites filled with micron and

over micron size particles have shown that among the various mechanisms, debonding of

the micron sized particles requires minimal stress and hence it is the dominant



mechanism of damage. The debonding stress is function of moduli of the two phases,
particle-shape, size and size distribution, interfacial work of adhesion, residual stresses

present in the material and the drawing temperature and rate.

1.1.3.2 Void Growth

Further deformation of the composite leads to crazing, shear yielding and void grovvchl_

23. The dominance of one or the other mode depends on the temperature of drawing,

interparticle distance and stress-strain state in the material. After the onset of void
initiation or debonding at the filler-matrix interface, debonding proceeds along the phase
boundary. In the case of non-polar matrices such as HDPE and PP, the debonding

progresses along the interface until complete debonding of the filler particle from the

13,19-20,25

matrix phase take place, and the void covers the entire surface of the filler At

larger deformations, in cases of composites a with a lower filler loading, the void around
the debonded particles get stretched in the drawing direction, as shown in Figure 1.9. The

relative lengthening of fully formed voids in the direction of loading is close to the mean

draw ratio of the deformed region13

10



Figure 1.9: Schematic showing void growth along the drawing direction

: .14 . e . .
With some exception™ ', most of the literature on void initiation and void growth is

limited to tensile test studies that are carried out at room temperature. None of those

studies are reported for higher draw rates that are of interest to us.

1.1.3.3 Polymer Orientation

Semicrystalline polymers such as PE and PP contain a highly ordered crystalline phase
and a highly disordered amorphous phase. The crystalline lamellae consist of
polycrystalline structures of different natures (depending on the packing geometries),
sizes and size distributions. The stacks of crystalline lamellae in the crystalline domains

are separated by an amorphous phase, and within the stacks the lamellae are separated by

11



thin amorphous interlayers. The amorphous domains contain entangled networks of tie

chains. The nature, fraction, and characteristics of the crystalline as well as the
amorphous phases are affected%_30 by the inherent material characteristics such as
molecular structure, molecular weight, molecular weight distribution, polarity of the
molecules, presence of additives, etc. Their characteristics and fractions also depend on
the external factors such as temperature and stress profiles to which they are exposed.

Depending on the stress state of the applied deformation, the orientation of the different

domains progress differently. The orientation levels in polymers have been studied using

various techniques31'36such as X-ray diffraction (XRD), atomic forced microscopy

(AFM), birefringence, optical microscopy (OM), electron microscopy (EM) and infrared

spectroscopy (IR). Most of these studies are limited to unfilled polymers.

In the die drawing process of microcomposite, the microscopic events of debonding, void
growth and polymer orientation are affected by the degree of deformation experienced by

the material.
1.1.4 Deformation during Die Drawing Process
The deformation of a given material during die drawing process takes place mainly in

two-zones3 : (a) within the converging die where the material is deformed isothermally

up to the nominal draw ratio of the die and (b) in the post-die deformation zone where the

material necks down freely as shown in Figure 1.7.

As the material moves farther from the die exit, it is progressively cooled. In the final part,
it ceases to deform beyond a certain point. The deformation in the post-die deformation

zone occurs isothermally in the initial part and non-isothermally in the later part. The

12



lengths of isothermal and non-isothermal post die deformation zones are functions of
material and process parameters. When the drawn material loses contact with the die wall,

it follows an energetically favorable stress-strain-strain rate path, reducing the required

flow stress considerably38. Because of this and lack of any hydrostatic pressure, very

high draw ratios can be achieved with low draw stresses during the die-drawing process
of polymeric materials. The draw stress can be further reduced using higher drawing

temperatures.

Since the strain rate field in the post-die deformation zone is imposed solely by the
polymer and drawing conditions rather than by the die geometry, the process of die
drawing is advantageous mainly for strain hardening polymers. These polymers are

capable of forming a stable neck that propagates even at the larger draw ratios that are

. : 7 . : 19, 2 .
imposed at higher draw rates3 . Experimental and theoretical work %25 on drawing of

voided microcomposites in a tensile test setting have shown that large plastic
deformations are possible for the composites with strain hardening polymers as the
matrices. Based on these observations, it can be said that the die drawing process for
composites would give best results in terms of improved properties with semicrystalline
polymers like PP, polyethylene or polyoxymethylene, which have the ability to strain

harden.

- 4,39-41 : : . .
Finite element analyses of a solid phase die drawing process through a converging

die have concluded that the stresses developed in the process are largely tensile in nature;
the tensile stresses are generated from about 70-80 % of die length and dominate the

post-die deformation zone. Studying the deformation characteristics of a given material

13



with tensile stress-strain curve can be highly informative in the context of its die drawing.

. . . . . 42
A constant strain rate tensile stress-stain curve of a flexible polymer typically shows

five regions as presented in Figure 1.10. Sketches drawn in the figure show a dog-bone

tensile specimen in different deformation regions.

Engineering stress

Engineering strain

Figure 1.10: Typical relation between engineering stress and strain during tensile drawing
of a flexible polymeric material.

As the test specimen is pulled, the engineering stress in the first region increases linearly
with engineering strain until it reaches a particular value denoted as o¢. This region is
known as the linear elastic deformation region. The slope of the linear portion (or tangent
drawn from the origin in the figure) gives the Young’s modulus of the material. The
Young’s modulus of the polymer increases with the addition of reinforcing filler. Beyond
the linear elastic deformation region, the increase in stress becomes less and it progresses
non-linearly with the strain until it reaches the yield point. The stress at this point is
called as the yield stress (oy). The non-linearity is set at lower strains for polymeric

composites than for the corresponding unfilled polymers; sharp kinks can be observed for

14
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microcomposites that are filled with particles bigger than a critical particle size

Beyond the yield point, increased strain leads to a decrease in stress to a certain value

denoted as op. The difference (Ac') between o, and oy has been associated with the

homogeneity of the deformation1 43. A high difference due to greater localized

deformation gives higher reduction of the cross sectional area during necking and vice
versa. In the fourth region the material undergoes plastic deformation where the neck is

propagated by drawing into new portions of weakly deformed areas from the surrounding

.13 . . . S
material™ . In this region the stress-strain curve becomes nearly parallel to the strain axis.

The draw ratio corresponding to the final strain reached at the end of this region is also
known as the natural draw ratio of the material. A non-strain hardening material would
break after reaching its natural draw ratio. A strain hardening or strain softening material

on the other hand, would continue to deform until it is ultimately broken at a stress oy. If
the difference between oyl and op) is positive (AG" ), as shown in the figure, then this
region is termed the strain hardening region, if it is negative (-Ac"), then it is called the

strain softening region; in this case, the plastically deformed section in this case would

shed the load to the surrounding weak areas.

Constant strain rate tensile tests reported on neat PP have shown that the stresses
oy ,0p| ,0yl as well as their differences Acsi and Acii decreased, whereas its natural draw
ratio increased with increase in test temperature44. As the temperature is raised, the

resistance of polymer crystals to plastic deformation goes down, making it possible to

draw the polymer to a higher strain without a premature failure. Similar observations

15
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have been made for some polymers drawn by die-drawing process , and the same results

can be expected during the die drawing process of a polymer composite. In a recent work,

45 . . .
Polec and coworkers ~ have reported enhancements in tensile moduli for drawn neat PP

as well as drawn PP-wood powder (68/32 vol/vol) composites with increased draw
temperature. The composites in their study could reach a drawing temperature very close

to the melting temperature of PP. With regard to the influence of strain rate on

) ) ) ii . i
deformation of neat PP, an increase in Oy ,Gpl :Oul and Ao , but a decrease in Ac have

been reported for the tests carried out at a constant test temperature of 150°C. This means

that drawing with higher draw rates would reduce localized deformation, giving quicker
formation and propagation of a homogeneous neck. The important question is, how
would this affect the final orientation of the matrix phase, especially when it is loaded
with rigid filler particles? The presence of rigid particles bigger than a certain size and

with a poor adhesion (or without any surface treatment) to the matrix phase reduces the
. . I : . . 11-13 :

yield stress of the material with increasing filler loading . More importantly, the

micron size particles get debonded from the matrix phase before the material reaches its
. . .16-18

yield point .

Some of the main questions that need to be answered in the context of high temperature-

high strain rate solid state die drawing of polymeric composites are: How do the micron

sized particles get oriented during the die drawing process? How is the void initiation and

subsequent void growth affected by the interparticle distance? At what deformation

levels can we attain significant degree of matrix orientation, and how would that be

16



affected by the other microscopic damage mechanisms? Does a different crystalline
morphology of the matrix phase due to the presence of particles, affect the plastic
deformation of the material? Our research work on die drawing of a microcomposite was

aimed at answering a few of these important questions.

1.1.5 Research Motivation and Objectives

This research work was focused on unfilled and filled systems of isotactic polypropylene

26-30, 35-36 .

(i-PP) as the model polymer. Isotactic PP can crystallize in lamellae with the

following different crystal forms categorized, based on different packing geometries of
the PP helices: monoclinic (o), trigonal (B), triclinic (y) and smectic (3). The
crystallization of i-PP in various categories is decided by the melting history,
crystallization temperature, stress and cooling rate and presence of foreign particles. The
most stable and common crystal form for i-PP is the monoclinic a-form. X-Ray
diffraction (XRD) has been used frequently to investigate the development of crystal

: . . 44, 46-
structure or texture in processed isotactic polypropylene %30 | the case of neat PP,

the crystalline lamellae are radially oriented in spherulitic structures. Deformation of

polypropylene, either with very low strain rate tensile tests carried out at different

44 T . . 47-49 . . 3-5,46
temperatures  or with high strain rate roll drawing and die-drawing processes

carried out at high temperatures has been shown to transform the initial spherulitic
morphology to fibrous morphology where the block lamellar structures get oriented along

the flow direction.

There are few papers available on the crystalline morphology of extruded and injection

molded PP-talc composite551-53; however, to our knowledge no work has been published

17



on polymer crystal orientation during composite drawing. Presence of filler particles with
anisometric shapes introduces an important difference in crystal morphology of the
matrix phase from that of the unfilled or neat polymer. The inorganic filler particles

provide more nucleation sites, resulting in faster crystallization of i-PP yielding a greater
. .54 . 55 :

number of smaller crystalline domains™ . Naiki et.al ~ showed that under quiescent

conditions, slow cooling of a PP melt resulted in formation of transcrystalline regions at

the interface of PP and talc particles. In these regions the crystalline lamellae grew

orthogonal to the surface of platy talc particles until they impinged on spherulites

nucleated in the bulk, Ferrage and coworkers54 have described that there is a preferred
orientation of PP crystals in the presence of crystalline talc where the mineral c-axis is
merged with the PP b-axis (matching (001) plane of talc with the (010) plane of PP).
Kitayam and others56 found that for the transcrystalline lamellae attached directly to the
fibers, the PP chain folding direction or c-axes were oriented parallel to the fiber length.
Based on these observations, a schematic of a PP transcrystal grown on talc surface can

be drawn as shown in Figure 1.11. The symbols a*, b and c in the figure denote the

equivalent orthogonal axes of the monoclinic a-crystal structure of isotactic

polypropylene.
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Figure 1.11: Schematic of a transcrystalline lamella on the surface of a talc particle and
other lamella attached to it.

Due to an initially different microstructure, the drawability and orientation achieved on
drawing of PP-talc composite would be different than that of neat PP. Moreover, the
process of debonding of rigid particles from the matrix phase, and subsequent void
growth would change the deformation mode and affect the crystalline orientation of the
matrix phase. During die-drawing of PP-talc composites, the debonding of particles was
expected to occur at very small deformation therefore the main objectives of this part of
the research work were:

» To study the effect of process parameters on the content and morphology of
the voids formed in the die drawn PP-talc composites filled with different
levels of filler loadings and

» To investigate and compare the effect of annealing and subsequent
deformation on the content, texture and orientation of the PP crystals in die
drawn PP-talc composite to that unfilled PP drawn under similar processing

conditions.
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1.2 Melt Processing of High Molecular Weight-HDPE

Nanocomposites

1.2.1 Polymer Nanocomposites

To achieve sufficient improvement in mechanical properties polymer microcomposites
are prepared by loading higher levels of micron sized particles (anywhere from 10 to 45
wt/wt basis). These highly filled polymeric systems are often associated with some
inherent drawbacks such as higher density, difficulties in melt processing, lack of
transparency, lack of flexibility, etc. The advances made in the field of polymeric
nanocomposites over the last two decades have been helpful in overcoming some of these
problems. Polymer nanocomposite is a special class of polymer particulate composite in
which the reinforcement (nanofiller) used has at least one dimension that is at nanometer
scale. These composites have attracted significant interest because they have shown
dramatic enhancement in the physical, thermal, gas barrier and mechanical properties for
lower loadings of the fillers. As compared to the traditional microcomposites, this not
only helps in reducing the density, but also in attaining relatively easier processing and
higher flexibility. Lower loading levels of the nanoparticles are effective in obtaining the
above discussed improvements because of their larger surface area to volume ratios;
particularly when they are well-dispersed. Nanoclays (e.g. layered silicates), nanotubes
(e.g. carbon nanotubes) and nanofibers (e.g. ceramic nanofibers) are some of the most
commonly used nanofillers. Among these, the nanoclays are the most widely used
nanofillers due to their ease of availability and cost. The generic term ‘nanoclays’ refers
to natural clays, but also to synthesized nanoclays such as mica, laponite and

fluorohectrorite. The most commonly used nanoclays belong to the structural family

20



known as the 2:1 phyllosilicates. Their crystal lattice consists of two-dimensional layers,
where a central octahedral sheet of alumina or magnesia is fused to two external silica
tetrahedrons by the tip so that the oxygen ions of the octahedral sheet also belong to the

tetrahedral sheet, as shown in Figure 1.12.

Figure 1.12: Schematic of 2:1 layered silicate
(Modified from http://pubs.usgs.gov/of/2001/0f01-041/htmldocs/clays/smc.htm)

The layer thickness is around 1 nm and the lateral dimensions of these layers may vary
from 300 nm to several microns. These layers organize themselves to form stacks with

regular Van der Waals gaps in between them known as the clay galleries. Isomorphic

I 4 . .
substitutions of Si~ for AI3+ in the octahedral sheet cause an excess of negative charge

within the layers. This excess negative charge is counterbalanced by alkali or alkaline

. 2+ + . e .
earth cations such as Ca~ and Na situated within the layer. Because of their excellent

intercalation ability the smectic phyllosilicates commonly used are montmorillonite,

21


http://pubs.usgs.gov/of/2001/of01-041/htmldocs/clays/smc.htm

hectorite and saponite. For this part of our research work we used montmorillonite as the

nanoclay.

Clay nanocomposites can be prepared by dispersing the nanoclay in the polymer by using
different techniques such as in situ polymerization, solution blending or melt mixing.
Melt mixing is the most economical, and hence widely used processing technique to
prepare commercial nanocomposites. Due to their hydrophilic nature, the nanoclays are
difficult to disperse in the organic polymer therefore, they are always treated with an
organic treatment. The first organic treatment used to prepare a polyamide 6-clay
nanocomposite was amino acid. Numerous other kinds of organic treatments have since
been used in the synthesis of polymer nanocomposites. The most popular organic
treatment is done with alkyl ammonium ions, as they can be easily exchanged with the

ions situated between the silicate layers. The commonly used alkyl ammonium ions are

based on primary alkyl amines with chemical structure: CH3-(CH»2),-NH3 where n is

between 1 and 18. Alky ammonium ions based on secondary alkyl amines are also used.

It is interesting to note that the length of the ammonium ion has a strong impact on the

. : 7
resulting structure of the nanocomposites. For example, Lan et aI.5 showed that alkyl

ammonium ions with chain lengths larger than 8 carbon atoms favored delaminated
nanocomposites with well separated nano-layers in the matrix phase. The organic
treatment lowers the surface energy of the base nanoclay, permitting other organic
species with different polarities to get intercalated between the clay layers. For polar
thermoplastics such as nylon6, polysiloxanes some non-polar thermoplastics like
polystyrene, the organic treatment of the nanoclays is sufficient to achieve a good degree

of clay dispersion during melt mixing. However, for polyolefins such as polypropylene or
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polyethylene, which represent the biggest volume of polymers produced, organic
treatment of the nanoclays alone is not enough to get well-intercalated composites. The
incompatibility between a polyolefin and the clays is both thermodynamic as well as
physical in nature. The stacks of nanolayers in given clay are held together by Van der
Waal’s forces of attraction and are unwilling to reach the state of disorder. The chemical
unsuitability between the non-polar organic matrix and the polar hydrophilic clay makes
it difficult to bond the two phases physically or in a non-thermodynamically favorable
manner. Through the organic or surface treatment it is possible to change the interlayer
structure of the smectic clays, both increasing the gallery spacing and modifying the
silicate surface in an organic fashion. This artifice is not enough, and the use of a third
polarizing component better known as ‘compatibilizer’ becomes essential in order to

achieve well-dispersed polyolefin nanocomposites.

In general the compatibilizer used in the melt mixing step is prepared from the base
polymer by introducing some polar group like maleic anhydride in it. For example to
prepare well-dispersed PE nanocomposites, the most suitable compatibilizer is
polyethylene grafted with maleic anhydride (PE-g-MA). This type of compatibilizer is
produced by reactive extrusion using a peroxide initiator, which causes free radical
formation by scission of polyolefin chains. In a simple binary mixture of PE and
organoclay, the task of PE-g-MA would be to establish a bond between the two species.
The hydrocarbon part of the compatibilizer is miscible with the PE matrix, whereas the
polar group is linked with the hydroxyl groups on the clay particles through hydrogen
bonding, making it possible for the nanolayers of the organoclay to get completely

separated. If the nanoclay is treated with some surfactant that has reactive groups on it,
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then there is a possibility of a inducing a chemical interaction between the organoclay
and the compatibilizer. The formation of a strong chemical bond between the two species

will further reduce or completely eliminate the repelling effect between them.

The use of compatibilizer to render the organoclay and the base polymer compatible has
made it possible for the melt intercalation process to be accepted as the most economical,
environmentally and user friendly technique to prepare polyolefin nanocomposites. The
extent of dispersion of the organoclay in a given polymeric matrix depends on the
concentration and interaction abilities of the raw materials as well as the intensity of
mixing. A schematic of the clay dispersion attained in a typical melt mixing process is

shown in Figure 1.13.

— - - »
== N
Organoclay Compatibilizer Base polymer

‘ Melt mixing

Phase-separated Intercalated nanocomposite Exfoliated nanocomposite
(microcomposite) '

Figure 1.13: Schematic representation of clay dispersion process.
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A poor dispersion of the organoclay (for example in the absence of any compatibilizer)
leads to a phase separated structure, where the clay tactoids would exist in their original
aggregated state with no insertion (intercalation) of polymer matrix between the layers. In
this state, the particles can impart only a marginal enhancement in properties of the base
matrix. In an intercalated nanocomposite, the polymer chains are inserted into the clay
galleries, and at the end of the melt mixing process they get crystallized in a stereo-
regular fashion. The penetration of polymer chains in the clay galleries increases the
spacing between the clay layers but retain a well-ordered multilayer morphology. In an
exfoliated nanocomposite, the nanolayers get completely separated from each other and
are well-dispersed in the continuous matrix. Well-exfoliated clay layers offer very high
surface to volume ratio at the filler-matrix interface, and hence, an effective bonding
between the two phases. In general, a nanocomposite is composed of a random
combination of various structures discussed above. A good judgment in selection of the
raw materials and process parameters is necessary to achieve well dispersed

nanocomposites of a given polymer.

1.2.2 Research Objective

The main goal of this part of the research was to prepare and characterize
nanocomposites of different compositions based on HMW-HDPE and organoclays, along
with specific maleic anhydride grafted polyethylene grades. The films made of HMW-
HDPE are used in automotive aftermarket; specifically as masking alternative to paper in
body repair shops. It is supposed to have good tear strength and tensile strength. The
purpose of the research objective for preparing nanocomposites of HMW-HDPE was to

attain improved mechanical properties through the reinforcement of well dispersed
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organoclay without compromising the processability of the base resin during the film

blowing operation. In particular, the project was focused on using the aminosilane treated

organoclay in order to extend advancements58 made with linear polypropylene to high

molecular weight HDPE clay nanocomposites. Addition of aminosilane treated clay to PP
has been shown to impart strain hardening extensional viscosity behavior necessary for
foaming and film blowing. This effect is especially noticeable when the organoclay is
treated with chosen silane coupling agents. The proper formulation of nanocomposite
with HMW-HDPE matrix must have good dispersion and adequate coupling, brought
about by the reaction between the aminosilane and the maleic anhydride in the
compatibilizer. In addition, the entanglement density of the compatibilizer chains must be

sufficient to keep the strain hardening behavior in the melt.
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CHAPTER 2
MATERIALS, PROCEDURES AND CHARACTERIZATION

2.1 Materials

The polymeric matrix used to study solid state die-drawing was isotactic polypropylene

(i-PP) homopolymer (Dow grade 5D37) with a density of 0.905 g/cc and a melting

temperature of 166(+2)°C. The polymer had a My of 249400, a polydispersity index of

4.7 and a melt flow rate of 2.8 g/ 10 min. Two grades of untreated talc particles were
used as fillers. The first grade, TC-100 by Luzenac was used to mold composite billets
for lab-scale die-drawing runs. The talc had specific gravity in the range of 2.7 to 2.8; the
median equivalent spherical diameter of the talc particles was 16.4 microns. Another
grade of talc-FDC by Luzenac was used to mold billets for pilot scale-die drawing runs.
This grade of talc had more controlled particle size, with a median equivalent spherical

diameter of 18 microns. The particle size distribution for this talc is shown in Figure 2.1.

The specific gravity of the talc was 2.8 and it had a surface area of 1-2 m2/g.
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Figure 2.1: Particle size distribution for FDC talc.

2.2 Experimental Procedures and Material Characterization

2.2.1 Billet Preparation

The polypropylene was compounded with TC-100 talc in a continuous mixer (Farrel
CP250) and injection molded into a 45 cm long billet for the die drawing operation on the
lab-scale die drawing set up. The molded billet had cross-sectional dimensions of 1.27
c¢m x 0.317 cm and a 10 cm long shaped tail that would fit the converging die. The filler
content in the molded composite was fixed at 38 wt. % (16.5 vol. %) as determined by

the ash content test (ASTM D5630-06).

For die drawing runs on a pilot scale set up, one billet for each polypropylene/FDC talc
composite (92.5/7.5 vol/vol) and neat PP was compounded in a co-rotating intermeshing

twin screw extruder, at the compounding laboratory at Dow Chemicals, Midland. The

compounding was done in a side fed 3.81 cm single screw extruder operated at 190°C.
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Billets of rectangular cross section (5.08 cm x 1.52 cm) were extruded by controlling the
haul off rate, so as to obtain a shaped tail that will fit in the solid phase die drawing line
in the next step. The filler content as determined by the ash content test (ASTM D5630-

06) in extruded billet was 20 wt. % (16.5 vol. %).

Before performing the die-drawing runs, the molded billets were marked with thick
marker lines along their widths. The intermediate billet sections- between two draw rates
were identified based on the spacing between the marked lines, which were then

discarded.

2.2.2 Die-Drawing Runs

2.2.2.1 Lab-scale Die Drawing

Figure 2 shows a schematic of the lab scale die drawing process and the converging die
used for the same.

The undrawn billet of a given material was supported inside of a heated oven. The
converging die in this setup reduced the cross sectional area of the inlet billet by a factor
of 3.2 (1.6 in the width direction and 2 in the thickness direction). The ratio of billet cross
sectional area to the cross-sectional area of the die exit is also known as the nominal draw

ratio of the die. The converging section of the die is 7.62 cm long and it has a die length

of 2.54 cm. The billet of a given material was preheated to 150°C for an hour and drawn
using 5 different draw rates, specifically, 2.54 cm/min, 12.7 cm/min, 25.4 cm/min, 50.8
cm/min and 101.6 cm/min. At each draw rate the billet was drawn to an approximate

length of 30.48 cm. The drawn material was cooled using a freezer spray to avoid

relaxation before cutting it approximately 4 cm away from the die exit. During the
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drawing process, a load cell attached to the pulling unit recorded the applied load as a

function of displacement of the material away from the die.

|
Hydraullic [Load {Drawn Heated [Mechamcal [Undrawn’ Enclosed
uller cell billet | |wedge die| |supports billet ||oven

20.45 mm

Die block

6.35 mm

Figure 2.2: Experimental setup and the wedge die used for lab-scale die drawing runs.

2.2.2.1 Pilot-scale Die Drawing
The schematics of the die drawing setup and wedge die used for pilot-scale die drawing
runs are shown as Figure 2.3. The shaped tail of a given billet was fitted through a wedge

die and was taken through a water tank to the belt puller. The nominal draw ratio of the
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converging die from the inlet to the exit was 2, with equal reduction ratios (\2) for the

two dimensions of the die cross section.

>131t(4 m) 5ft(1.5m)

Hot die  Water spray tank Belt puller with
block at23 deg C variable speed

Heated oven

“66 cm

Figure 2.3: Experimental setup and the wedge die used for pilot-scale die drawing runs.

The given billet was preheated for an hour and a half to 145°C before drawing through a

wedge die maintained at the same temperature. To avoid breaking of the material, the

preheated billet was drawn by gradually increasing the draw rate. During the drawing

process, the drawn billet was cooled by a water spray tank maintained at 23°C. When

sufficient length of the drawn material was obtained at one speed, the drawing speed was
gradually increased to a higher rate. The drawn material in the transition zone was then
discarded. The die drawing was performed using the following 4 different draw rates:
0.91, 2.44, 3.66 and 5.73 m/min. Specimens of undrawn and drawn PP-talc composite cut

away from the die are shown in Figure 2.4.
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PP-talc-20 wt% composite

Undrawn Die-drawn
Figure 2.4: Samples of PP-talc-20 wt. % (or 7.5 initial vol. %) composite cut from its
billet before and after die drawing runs on pilot-scale setup.

2.2.3 Density Measurements
Densities of the samples before and after drawing were measured using the Sartorius

density determination kit -YDK-01, which works on Archimedes’s principle. The kit is

equipped with hydrostatic balance that enables weighing of the samples in air (Wg;,) as

well as in water (Wjjq,). For die-drawn samples, a minimum of three specimens taken

farther from the die-exit were tested to get an average density for the final draw ratio. The
density of a given specimen was calculated using equation 2.1. There was a variation of

+ 0.003 in the density measurements.

_ W,ir-Oiiq
- Wair _Wliq. @1
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2.2.4 Scanning Electron Microscope

2.2.4.1 Sample Preparation

Microscopic pictures were obtained for cuboidal specimens cut from the composite billet
before and after die-drawing. The specimens for drawn billets were viewed in a plane
perpendicular to the width direction, as well as in a plane perpendicular to the thickness

direction, as shown by filled planes in Figure 2.5(a) and 2.5(b) respectively.

—

]

Score marks
(@) (b)

Figure 2.5: Schematics of specimens used for SEM preparation. The shaded planes
shown (a) perpendicular to the width and (b) perpendicular to the thickness direction
were viewed under SEM; the arrow indicates draw direction.

The composite specimens were scored along the score marks with a razor blade and
immersed in liquid nitrogen for 20 to 30 minutes. The specimens were removed from the
liquid nitrogen and fractured along the score marks. The fractured samples were then
mounted on SEM stubs and sputter coated with either gold or osmium to make the
sample conductive, and to eliminate charging during imaging. The prepared specimens

were kept in a dessicator for a minimum of 24 hrs. to remove any moisture.

2.2.4.2 Testing Procedure
Microscopic images of the specimens were obtained on a JEOL JSM-6400 SEM using an
accelerating voltage of 8 to10 kV. Care was taken to avoid images too close to the edges

of the sample, which may have been altered during scoring and fracturing of the sample.
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For each specimen viewed, multiple images were gathered, at varying magnifications to

ensure that an accurate portrayal of the sample was obtained.

2.2.5 X-ray Diffraction (XRD)

2.2.5.1 Experimental Setup

Crystal orientations in drawn and undrawn billets of neat PP and PP-talc composite were
characterized using a theta-2theta Scintag XDS-2000 wide angle X-ray diffractometer in
reflection mode. The computer-controlled diffractometer consisted of a Huber pole figure
goniometer mounted at its center and coupled to sealed-anode CuK, X-ray tube. The X-
ray tube was operated with an accelerating voltage of either 35 or 40 kV, and a

corresponding amperage of 35 or 40 mA to generate nickel filtered monochromatic beam

of CuK,, radiation (A = 1.542 A°). A high accelerating voltage and amperage was applied

for the composite samples because the crystalline talc present in the material absorbs
much of the X-rays. The incident beam was collimated by a 1 mm diameter collimator.

For die-drawn samples obtained from lab-scale die drawing runs, rectangular specimens

of 15x10x 2.4 mm3 dimensions were cut and machined for XRD studies. Here, 10 mm

and 2.4 mm are the final dimensions of the composite billet drawn at the highest draw
rate along the transverse direction (TD) and normal direction (ND) respectively. For
billet samples collected before and after die drawing runs on the pilot-scale setup, circular

specimens of 14 mm diameter were machined from the cut cuboidal sections of

dimensions 20 x 16.5x 5 mm3. Here, the width=16.5 mm (along the TD) and thickness =

5 mm (along the ND) were same as the final cross-sectional dimensions of the neat PP

drawn at the highest draw rate. The samples were exposed to X-rays by placing the
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thickness parallel to the diffraction plane; an example for a circular sample is shown in
Figure 2.6. The distance between the sample holder and the detector was fixed at 270 mm.
For a given specimen the goniometer was used to get a one-dimensional 2 theta (0) scan
over the detector angle, as well as to get pole figures by rotating and tilting the specimen.
The 2-theta XRD patterns and pole figures were obtained with the help of the DMSNT
software (version 1.37).

MD

k ND

Detector at 2-theta TD

Disc shaped sample

~e
Azimuthal angle Tilt angle
0-355 0-90

X-ray beam

Figure 2.6: Schematic of the X-ray diffraction experiment.

2.2.5.2 Pole Figure Measurements

After an initial linear diffraction (20) scan, azimuthal scans were run with the detector

positioned at a 20 angle of either a(110) crystal plane or a(040) crystal plane reflection of

the iPP matrix. Pole figures were obtained by varying the azimuthal angle (¢) from 0° to

3552 and tilt angle (y) from 0° to 85°, with an angle step of 5° in either sweep. Pole

figures acquired by the azimuthal scans were processed and corrected for background

intensities using BEARTEX 2008 software (version 3.3). The software incorporates
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. 59 . . . L . ..
WIMYV algorithm™", which was used to calculate orientation distribution of the intensities

for pole figures with incomplete range of tilt angles. The pole figure intensities were
plotted in the units of multiplication of a probability density for random distribution
(m.r.d.: 0.01 is equal to the pole density of random distribution). To understand some of
the features of crystal orientation in greater detail, pole figures of individual crystal axes
of the matrix phase were obtained using the PCAL routine of the BEARTEX software, an

orthorhombic symmetry of the PP unit cell was assumed. Figure 2.7 shows the reference

directions and the 15° net of tilt and azimuthal angles used for discussion of the pole

figures.

Azimuthal angle
TD

ND MD

Tilt angle

Figure 2.7: The reference directions and the 15° net used for reading pole figures.

2.2.6 Tensile Tests

Tensile test specimens were cut for undrawn and drawn billets from the pilot-scale setup

as per ASTM D638 type-1 standard. Following the work by Mourad et aI.GO, the length of
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the tensile bars was kept higher than the standard (Figure 2.8) to avoid fracturing of the

specimens at the grip regions.

~——— ¥ _— T
B 13 mm . 1{9 mm
L—Sﬂl‘mm—-t B
‘ 57 mm ‘
= 115 mm —
- 230 mm

Figure 2.8: Schematic of ASTM D638- type | tensile bar with total length of 230 mm.

Tensile tests were carried out on the Universal tensile tester that was fitted with 20kN
load cell and a 50 mm gauge length axial extensometer (Epsilon model-3542-050M-035-
ST). All the tests were carried out at room temperature with a cross head speed of 5.08
mm/min. Experimental data in terms of load cell output and extensometer displacement
were monitored using the data acquisition software Datum 4.0, installed on a personal
computer. The captured data was then post-processed to obtain nominal stress-strain

curves for tensile modulus determination.

2.2.7 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) is a thermo-analytical technique in which a pan
of given sample and a reference pan are subjected to a controlled temperature program;
the changes of the differences in heat flow rate of the sample with respect to the reference

are measured. The pan of a given experimental sample is prepared by taking 5-10 mg of
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the polymeric substance and hermetically sealing it in an aluminum pan. The reference
pan is just an empty sealed aluminum pan without any sample in it. When the sample is
subjected to a specified temperature ramp (dT/dt), the instrument tries to maintain the
reference at the same temperature as that of the experimental sample. The differential
changes in enthalpy involved are recorded with time to produce a differential scanning
calorimeter (DSC) curve. The DSC curve of a given thermoplastic material can provide
information about its various thermal characteristics, such as glass transition temperature,

melting temperature, crystallization temperature, crystalline fraction, etc.

Thermal properties of drawn and undrawn specimens were measured on a DSC-Q10 by

TA instruments operated under a nitrogen purge of 50 ml/min. The DSC curve for a

given billet sample was obtained by heating 5-10 mg specimen, from 40°C to 200°C, at a

heating rate of 5°C/min. Values of heat of fusion were obtained with the help of

Universal Analysis 2000 software (version 4.5A) by TA instruments. The percentage

crystallinity of a given sample was determined using equation 2.2.

~ AH, 100
- AHY -, 22

e

Where, y¢ is the total crystallinity, AHs is the heat of fusion obtained in DSC test, AH%%fis

the equilibrium heat of 100% crystalline polypropylene and wy, is the weight fraction of

the polymer in the material. The heat of fusion of 100% crystalline polypropylene was

taken as 209 J/g for fully crystalline PPO™.
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CHAPTER 3

DRAW STRESS AND MORPHOLOGY OF DIE-DRAWN PP-
TALC COMPOSITES

3.1 Introduction

The deformation of a given polymeric material during its die drawing process takes place
N 1, 37 - : . . . .
mainly in two zones a) within the converging die and b) in the post-die deformation
zone outside the die. The amount of draw load required to make the material flow in the

. : . . : . o 38
die zone is determined by its flow stress which essentially depends on its yield stress

. . s . 2-64
The yield stress of neat PP has been recorded to increase with increased strain rate6 6

, 62,

4 . . . .
and decreased temperature of drawing. In the die drawing operation, the amount

of work required to draw a given billet would also depend on its volume and therefore its
dimensions prior to drawing. For neat PP, the draw stress (ratio of steady die drawing

load to final cross sectional area of the drawn billet) has been found to increase with

. . : : 65
nominal draw ratio of the die, applied draw rate as well as reduced draw temperature

. 41 . :
Mohanraj et al. ~ also observed a positive slope on the plot of draw stress vs. draw ratio

for unfilled PP. When they plotted similar curves for die drawn billets of PP filled with
low modulus elastomer, they noted that the slopes of these curves decreased with

increasing content of the elastomeric phase. With the addition of untreated rigid particles,

the yield stress of PP goes downlz-lg. Therefore, during die drawing of PP- composites

loaded with rigid filler particles, the required draw stress is expected to be lower.
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At the microscopic level, the damage in the material during die drawing of a given PP

composite would take place by various micromechanical mechanisms such as shear

yielding, cavitation in the matrix phase, debonding and crazin921_23. Among these the

last three failures result in dilation of the material and hence a reduced density. Both

15-19, 21-22

. . 23, .
experimental and numerical results  (using finite element method) suggest

that for non-polar polymers such as PE and PP composites filled with untreated particles
like glass beads or talc, debonding is the dominant mechanism of failure, as it requires
lower stress than the other micromechanical mechanisms. Further deformation of the
composite would lead to crazing, shear yielding and void growth. The dominance of one
or the other mode depends on the temperature of drawing, interparticle distance and

stress-strain state in the material.

3.2 Background
: . 15-22 : . .
Room temperature tensile test studies done on polymer composites filled with

micron sized rigid particles have shown that during the drawing process, the particles get
completely debonded from the matrix phase. This process of void initiation is then
followed by void growth around the debonded particles. For lower filler content, the
voids around the debonded particles grow independently. On the other hand for the

composites filled with higher filler contents, the void growth around a given particle is

e . . . .. 19 .
affected by the stress-strain distribution around its neighboring particles™ . Dubnikova et

19 . .
al.”~ observed that the void aspect ratio in the latter case was lower than the mean draw

ratio of the drawn material. Examination of the trends on volumetric strain (ratio of
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change in volume to initial volume of the material) vs. axial strain plots by other

groups15 indicated that the growth in the volumetric strain is proportional to the fraction
of debonded particles. In short, the overall degree of void growth during composite
drawing is largely decided by the extent and manner of particle debonding. The

microscopic phenomenon of debonding is well documented and it is shown to be affected

mainly by the following factors:

Residual Stresses: During its production, when a given polymer composite is cooled from

the processing temperature to room temperature, thermal stresses develop in the material

because of the higher coefficient of thermal expansion of the matrix phase than that of the

filler phase 66. Therefore, the difference in the coefficients of thermal expansion is

inversely proportional to filler fraction as a result highly filled composites will have

lower thermal stresses and vice versa. In case of semicrystalline polymers, the residual

. . ... b7 .
stress is also induced by the phenomenon of crystallization . The magnitude of the

residual stress is directly proportional to the difference in the coefficients of thermal

expansion, crystal volume fraction and the applied cooling rate68. The residual stresses

developed in the material cause the matrix to shrink around the filler particles. Therefore,
for a spherical rigid particle aloof from other particles embedded in a given polymer
matriX, a negative radial stress exists around it. When the polymer composite is annealed
to a high temperature, the thermal stresses in the amorphous domains would relax;

however, the residual stresses in the material would go up due to some additional

. . . 67 . : o
crystallization or crystal thickening  in the crystalline phase. When the composite is
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subjected to a uniaxial tension, the residual stresses at the poles of the particles are

balanced first. The mode of further damage in the material depends on the degree of

interfacial adhesion, as well as the differences in the moduli of the two phases68

Degree of Interfacial Adhesion: For a low modulus (1-5 MPa) elastomeric composite
filled with well-bonded spherical glass beads (treated with vinyl triethoxy-silane) under
tensile stress, the initial failure appeared near the particle by internal rupture of the matrix

and formation of a small vacuole. The vacuole formed in the matrix then grew and

. L . : 17
reached the surface of the particle resulting in its debonding from the matrix phase

When this composite was filled with less-well bonded (untreated) and weakly bonded
(ethylsilane treated) particles, debonding at the interface was found to be the dominant
mechanism of failure. In case of a polar thermoplastic matrix (polystyrene with an elastic

modulus of 3.25 GPa) composite filled with spherical glass beads (elastic modulus ~70

: 18 . .
GPa), Heikens et al.” observed that under tensile loading, crazes formed at the poles of

the glass bead transverse to the direction of tensile stress when the glass beads were
excellently adhered (glass beads treated with Cationic vinylbenzylsilane) to the matrix
phase. For the composite of this polymer, filled with weakly adhered glass beads (treated
with Vinylsilane), the craze formation was preceded by interfacial debonding. Crazes at

the interface for this case were observed between the pole and equator of the spherical

glass bead at about 60° to the direction of tensile stress.

Matrix Modulus: For elastomeric composites filled with spherical glass beads, Gent and

17 : . -
Park™ found that the debonding stress increased with increased modulus of the elastomer

for a well bonded system. In contrast, for less well bonded and poorly bonded elastomeric
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systems it decreased with decreased modulus of the elastomer. For polyethylene-CaCO3

. , . 69
composite under tensile loading, Sudar et al. ~ observed a less number of debonded

particles when the matrix used was softer. Moreover, they found that the sizes of the
voids formed in this case were larger than those formed in the drawn composite with a
stiffer polyethylene matrix.

Particle filler loading and characteristics: Experimental work by Vollenberg et al. showed

that in the case of PP composite filled with glass beads, the debonding stress (¢, =25 %)

increased linearly with 1/\/rIO where ry is the average particle radius. They did not notice
any debonding for the composites that were filled with glass beads of average particle

: 12 : . .
diameter less than 4um. Renner et al.” ~ found that for lower filler fractions, debonding of

particles occurred at stresses much lower than the yield stress of the material. For higher
filler fractions, debonding of particles occurred close to the yield point. Considerable
plastic deformation of the composites started after the yield point. Dubnikova et aI.13
observed that in the case of PP composites filled with spherical beads of untreated
aluminum hydroxide, below a filler volume fraction of 20%, the tensile specimens of the
composite showed a different mode of deformation than for the composites with
@, >20%. Plastic deformation of the former composites occurred macro-heterogeneously.
Microscopic observations of the drawn composites revealed that the voids formed around

the completely debonded particles were uniformly distributed, and had grown

independently or in an uncorrelated manner along the drawing direction. The average

ratio of void length (ly) to particle length (Ip) was close to the mean draw ratio of the
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plastically deformed neck. The composites with higher filler fractions, particularly the
ones with bigger particles (8 um and 25 pum) deformed homogenously. The narrow
plastically deformed sections of these composites showed craze-like areas with micro
voids nucleated in a correlated manner by the debonded particles. These areas were
perpendicular to the drawing direction and were separated by bands of polymers. The
average void stretch ratio for the voids in the craze-like areas was much smaller than the

mean draw ratio of the plastically deformed section. Detailed experimental and

numerical analysis by Oshmyan and Muravin o indicated that the critical volume fraction

of particles above which the stress-strain distribution around one particle affects the stress
strain distribution around its neighboring particles, is dependent on the particle size

distribution.

3.2 Research Objectives

During the die drawing process of PP-talc composite, the required draw stress was
expected to be lower due to decreased yield stress of the material. The reduced yield
stress during composite drawing might be associated with an earlier onset and growth of
crystal orientation of the matrix phase; this is the topic of discussion for Chapter 4. This
chapter is dedicated to the study of microscopic events of debonding and void growth
responsible for density reductions in the die drawn composites of PP filled with talc. In
most of the literature papers discussed in the earlier section, the phenomena of debonding
and void growth were studied at room temperature, using very low tensile strain rates.
The strain rates and the test temperatures in these studies were way below those that are
applied in the process of solid phase die drawing. Nonetheless, the observations and

conclusions of these studies that were useful in drawing some general trends expected
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during the elevated temperature die drawing of PP-talc composites. For weakly adhered
filler particles (relevant to our study), debonding is the preferred mode of stress relief.
When a polymeric composite with these inclusions is subjected to drawing, the maximum
stress in the material gets concentrated at the poles of the particles. This stress is then

relieved by void initiation or debonding at these sites. As shown in Figure 3.1, the

debonded portion initially encompasses about a 20° to 25° region at each pole of the

. .25
spherical particles .

h { {
6666

Figure 3.1: Schematic representation of different stages of void growth around an
untreated particle in control volume element of a composite.

With continued drawing the debonding proceeds along the phase boundary until complete

debonding of the filler particle from the matrix phase take place, and the void covers the

13,19-20,25

entire surface of the filler . At larger deformations, the voids around the

16-19, 25

debonded particles get stretched in the drawing direction Under given

processing conditions, the relative lengthening of the voids formed is decided by the filler

. . 15,70 . .
fraction and the modulus of the matrix . Moreover, bigger particles have a tendency

to debond first. For commonly used particle sizes, the debonding stress for untreated

filler particles is lower than the yield stress of the filled material. If the particle size is
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small, or if the interfacial adhesion between given particles and the matrix phase is strong,

then the stress required to debond is higher and the matrix would undergo yield without
. .16
debonding of the particles™ .

The phenomena of debonding and void growth can be tracked using a morphological

approach as well as a phenomenological approach. The morphological approach25’ iz

is qualitative and involves visual observation of various morphological changes induced

: ) . : 11-23 .
due to various processing conditions. The phenomenological approach involves

studying the tensile stress-strain and volumetric strain-axial strain relationship using the
laboratory scale tensile testing equipment. In our study, we took the morphological
approach. The objective of was to investigate the void content and nature of voids formed
in the die drawn composites of PP that was filled with two different filler loadings of
micron sized talc particles. For a fixed talc concentration, the effect of draw rate on void

volume fraction and void shape was also studied.

3.3 Experimental

3.3.1 Materials
The polymeric matrix used to study deformation and void morphology of solid state die-

drawn composites was isotactic polypropylene (i-PP) homopolymer (Dow grade 5D37)

with a density of 0.905 g/cc and a melting temperature of 166(+2)°C. The polymer had a

M,y of 249400, a polydispersity index of 4.7 and a melt flow rate of 2.8 g/ 10 min. Two

grades of untreated talc particles were used as fillers. The first grade, TC-100 by Luzenac,

was used to mold composite billets for lab-scale die-drawing runs. The talc had a specific
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gravity in the range of 2.7 to 2.8; the median equivalent spherical diameter of the talc
particles was 16.4 microns. Another grade of talc-FDC by Luzenac was used to mold
billets for pilot scale-die drawing runs. This grade of talc had a more controlled particle
size, with a median equivalent spherical diameter of 18 microns. The particle size

distribution for this talc is shown in Figure 2.1. The sp. Gravity of the talc was 2.8 and it

had a surface area of 1-2 m2/g.

3.3.2 Procedures

3.3.2.1 Die Drawing Runs

Two different sized billets, with two different filler loadings were molded as per the
procedure given in section 2.2.1. The small billet which had 38 wt. % (or 16.5 vol. %) of
Luzenac TC-100 talc was die-drawn on the lab-scale setup; and the big billet which had
20 wt. % (or 7.5 vol. %) of Luzenac FDC grade talc was die-drawn on the pilot-scale

setup. The lab scale die-drawing run with the small billet was performed using a wedge

die of nominal draw ratio 3.2, at a draw temperature of 150°C, with five different draw

rates viz. 2.54 cm/min, 12.7 cm/min, 25.4 cm/min, 50.8 cm/min and 101.6 cm/min. The
wedge die had a converging portion that was 7.62 cm long and a die-land that was 2.54
cm long. The load cell on the pulling unit recorded force vs. displacement for a given
draw rate. Billets drawn to the lengths of 30.48 cm were cooled using a freeze spray
before cutting (see section 2.2.2.1 for additional details) ~4cm away from the die exit.

The pilot scale die-drawing run with the big billet was performed using a wedge die of

nominal draw ratio 2, at a draw temperature of 145°C, with four different draw rates of

industrial importance: 91 cm/min, 244 cm/min, 366 cm/min and 573 cm/min. The wedge
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die used was 2.6 cm long and didn’t have any die-land. For each draw rate, the drawn

billet coming outside of the die was cooled with a water spray tank maintained at 23°C.
Additional details of the process can be found in section 2.2.2.2.

3.3.2.2 Characterization

The drawn samples from both lab scale setup and pilot scale setup were analyzed for a
given draw rate farther from the die exit. Billet specimens measuring 1.5 cm and 2 cm in
length along the drawing direction were cut from the billets of lab-scale setup and pilot-

scale setup respectively.

3.3.2.2.1 Density Measurements

Densities of the samples before and after die drawing were measured using the Sartorius

density determination kit —YDK-01, as described in section 2.2.3.

3.3.2.2.2 Morphological Study

Cryogenically cracked specimens of drawn billets were viewed under JEOL JSM-6400
scanning electron microscope, according to the procedure given in section 2.2.4.
Morphologies of the specimens from lab scale die drawn billets were viewed in the MD-
ND plane. For the specimens of the billets from pilot die drawn runs, morphologies were
viewed in both the MD-ND plane as well as the MD-TD plane. The two crack planes are

shown schematically in Figure 2.5.

Die drawn composites from the pilot-scale setup were further analyzed for the
dimensions of the voids formed. The dimensions of the particles and voids in all of the

SEM pictures were measured with the help of image analysis software — ImageJ (version:
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1.43). Histograms of the measured dimensions were plotted using statistical analysis

software- Minitab16.

3.4 Results and Discussion

3.4.1 Draw Stress
Figure 3.2 shows a plot of force vs. displacement measured during die drawing of the PP-

talc-38 wt. % composite billet at 101.6 cm/min on the lab-scale die drawing setup.

600
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i 200 Draw load
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O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J
0 4 8 12 16 20 24 28 32

Displacement away from die exit (cm)

Figure 3.2: Drawing force vs. displacement during die drawing of PP-talc-38 wt. %
composite for the draw rate of 101.6 cm/min.

The measurements made for different draw rates showed similar trends on their load
displacement curves; the die drawing loads were lower for the lower draw rates. The
draw stress for a given draw rate was calculated by dividing the draw load by the cross-
sectional area of the drawn billet. During the die drawing runs of PP-talc-38 wt. %
composite, the draw stress increased and the density decreased with increased draw rate,

as shown in Figure 3.3.
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Figure 3.3: Variation in die drawing stress and density for drawn PP-talc-38 wt. %
composite as a function of draw rate.

For the billets drawn to the same extents, higher draw ratios and/or strain rates attained
with higher draw rates must be the main reason for the observed trends. The actual draw
ratios (DR) of the drawn samples were calculated using Equation 1.1 and are presented in
Figures 3.4 and 3.5 as a function of draw rate. Area ratios corresponding to these figures
are given in the Figures A.1 and A.2 of Appendix A. Because of the free tensile drawing
of the billets outside the die, the actual draw ratios obtained for the drawn samples were
higher than the nominal draw ratio of the die used. Despite the lower nominal draw ratio
of the die, the actual draw ratios obtained for PP-talc-20 wt. % composite drawn on the
pilot-scale setup were relatively higher- primarily because of the higher draw rates

employed for drawing this material.
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Figure 3.4: Actual draw ratio vs. draw rate for die drawn PP-talc-38 wt. % composite.
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Figure 3.5: Actual draw ratio vs. draw rate for die drawn PP-talc-20 wt. % composite.

R N W b OO N 00O
T 1

The draw stress during composite drawing increased linearly with draw ratio as shown in

Figure 3.6.
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Figure 3.6: Draw stress vs. draw ratio for drawn PP-talc-38 wt. % composite.

. 65 . : . .
Taraiya et al. "~ have reported a linear relationship between draw stress and draw ratio for
unfilled or neat PP drawn at various temperatures. They found that for neat PP, the slopes
of the lines decreased with increased draw temperatures. From their work, the slope of

the line for neat PP drawn at 155°C is seen to be ~6 MPa, which is more than twice the

slope we saw (2.7 MPa) for the die drawn PP-talc-38 wt. % composite drawn at 150°C.

From these results it can be concluded that in die drawn composites, we can get
equivalent draw ratios as that of drawn neat PP by applying lower levels of draw stresses.

This is expected because for similar processing conditions the yield stress or the plastic

. . . . 11-
flow during composite drawing sets in at a lower stress levels than the neat polymer

and 16
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3.4.2 Void Growth

As described in the introduction, during die drawing runs in our study, the materials
underwent deformation in the die zone and in the post-die zone. The deformation in the
post-die zone was controlled by forced cooling, using a freezer spray for the smaller
billets drawn on the lab-scale setup and using a water spray tank for the bigger billets
drawn on the pilot-scale setup. For discussion purposes, the draw ratio calculated for a

sample of drawn billet at the final location (where the deformation was almost complete )
is called the DRfina)- Figures 3.7(a)-(b) show that the die drawing runs on the lab-scale
setup, as well as on the pilot-scale setup, led to saturation in density or the void volume

fraction above a DRfjpq) Of 7.
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O 115 ¢
S i
b L
T 1.05 i
[
8 [

0.95 i

085 [ 1 1 1 1 1 1 1 1 )

4 5 6 7 8
DRfinal
@

Figure 3.7: Density vs. DRjng) for (a) PP-talc-38 wt. % composite drawn on lab-scale
setup and (b) PP-talc-20 wt. % composite drawn on pilot-scale setup.
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Figure 3.7 (cont’d).
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The increment in the values of DRying for higher draw rates was gradual and for saturated
density levels it was mainly due to a slightly higher reduction in the cross-sectional areas
at these draw rates. The final void volume fraction calculated using density
measurements, was 30 % for die drawn PP-talc-38 wt. % composite and 17 % for die
drawn PP-talc-20 wt. % composite. The ratio of final void fraction to initial filler volume

fraction was found to be lower (1.81 vs. 2.26) for the drawn composite with higher talc

. . -17 . : : :
loading. Room temperature tensile tests9 on PP composites with different filler

loadings of big micron sized particles have frequently shown that the debonding of
particles for the composites with higher filler loadings occurs close to the yield point.
Once the material yields and deforms plastically, further deformation leads to void
growth around the debonded particles. The observed differences in the above discussed

ratios of the drawn composites could be due to the differences in their stress amplification
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factors. Higher stress amplification in the case of composite with higher talc loading
might have led to an earlier yield of the material, permitting only a fraction of particles to
get debonded from the matrix phase. SEM images in the MD-ND plane of the die drawn
samples obtained on the lab-scale die drawing line and the pilot-scale die drawing line are
presented in Figure 3.8(a)-(b) and Figure 3.9(a)-(b) respectively. The drawing direction

for each sample is indicated by a two headed arrow in the right corner of the image.
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(b)
Figure 3.8: SEM images of PP-talc-38 wt. % composite drawn on lab-scale setup with a
draw rate of (a) 12.7 cm/ min, DR¢jpai=5.3(scale bar =200 pm) and (b) 50.8 cm/min
DR=6.6 (scale bar =100 pum)
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Figure 3.9: SEM images of PP-talc-20 wt. % composite drawn on lab-scale setup with a

draw rate of (a) 91.4 cm/ min, DR¢jpna1=6.1 (scale bar =200 um) and (b) 573 cm/min
DR=8.1 (scale bar =200 pum)
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Morphological images of the drawn composite samples did not show any particles that
were bonded to the matrix phase. All the particles in these images were seen debonded

and trapped inside the elongated voids. The voids were stretched in the drawing direction,

and voids with higher stretch ratios were seen at higher values of DRgjpal- Unlike the

samples of die drawn PP-talc-38 wt. % composite, the polymer ligaments in the die
drawn samples of PP-talc-20 wt. % appeared much more intact. The cracked surfaces in
the former case were severely torn; a relatively larger number of particles had left these
surfaces. The differences in the voids formed in the two drawn composites can be
highlighted with the help of SEM images filled with colors, see Figure 3.10(a)-(b). Figure
3.10 (a) corresponds to the SEM image given in Figure 3.8 (a) and Figure 3.10 (b)

corresponds to the SEM image given in Figure 3.9 (a).

In addition to a lower interparticle distance in die drawn PP-talc-38 wt. % composite, the
highlighted areas also indicate that the void thickness around the debonded particles was
relatively higher. There was a wider distribution of void lengths due to coalescence of
voids in some areas. This effect, combined with the highly uneven surface of the
cryogenically cracked samples made it difficult to measure the void dimensions with
enough accuracy. From the void morphologies, it seems that stress in the composite was
largely concentrated in the pole, as well as equatorial regions of the flake shaped talc
particles. This type of stress distribution must have led to a slight triaxial debonding of
the particles and voids of lower aspect ratios. The presence of voids of higher aspect
ratios in the die drawn samples of PP-talc-20 wt. % composite suggests concentration of
the stress points mainly in the pole areas of the particles. The stress distribution in

drawing of this composite must have been more of tensile or uniaxial in nature.
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(b)
Figure 3.10: Colored SEM pictures of (a) drawn PP-talc-38 wt. % DRfijn51=5.3 (scale bar
=200 pum) and (b) drawn PP-talc-20 wt. % DRfjng1=6.1 (scale bar =200 pm)
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The void dimensions of the die drawn composite with lower talc loading could be
measured with better accuracy, so more SEM images of these samples were obtained
both in the MD-ND as well as in the MD-TD planes. Microscopic images of PP-talc-20
wt. % composite before and after die drawing at a draw rate of 366 cm/min are shown in
Figure 3.11(a)-(b) and Figure 3.12(a)-(b). When observed in the MD-ND plane (Figure
3.11), the particles in drawn PP-talc-20 wt. % composite were seen well trapped inside
the voids. When the specimens of drawn samples were cracked for viewing their MD-TD
planes (Figure 3.12), the particles could not be confined inside the voids. The dimensions
of voids in the TD-ND plane (plane perpendicular to the MD) were assumed to be same
as that of the particles trapped inside them. Based on the visual examination of SEM
images given in Figures A.3 to A.6 in Appendix A, as well as many other additional

images (not presented here) this assumption seemed reasonable.
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(b)
Figure 3.11: SEM images of MD-ND planes for (a) undrawn PP-talc-20 wt. % (scale bar

=100 um) and (b) drawn PP-talc-20 wt. % DRfjna=7.7 (scale bar =200 pum)
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Figure 3.12: SEM images of MD-TD planes for (a) undrawn PP-talc-20 wt. % (scale bar

=100 pum) and (b) drawn PP-talc-20 wt. % DRfing=7.7 (scale bar =200 pm)

62



Histograms of the particle dimensions for more than 1800 talc particles in each of the
MD-ND and MD-TD planes of the drawn samples are given in Figure 3.13 and Figure

3.14 respectively.

It was clear that for the most part, the particles were oriented with their longest dimension

along the MD and the shortest dimension along the ND. The average particle size of these

elliptical disc shaped particles was found to be 37 x 14 x 7.5 (umg).

For each draw rate, histograms of void stretch ratios (i.e. the ratios of measured void
lengths to the corresponding particle lengths) in the MD were obtained; these are
presented in Figure 3.15 (a)-(d). The average void stretch ratio against the final DR is
plotted in Figure 3.16. As seen there, both the void stretch ratio as well as the density
ratio leveled above an actual draw ratio of 7. The final void lengths were 4-6 times that of
the particle lengths. The details on how the final draw ratios affect the crystal orientations

and tensile moduli of the drawn products are covered in the next chapter.
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Figure 3.13: Particle lengths (a) in MD and (b) in TD measured in MD-ND planes for
pilot die drawn samples.
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Figure 3.14: Particle dimensions measured in MD-TD planes of pilot die drawn samples.
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Figure 3.15: Histograms of void stretch ratio for PP-talc-20 wt. % composite samples
drawn on the pilot-scale setup at (a) 91, (b) 244, (c) 366 and (d) 573 cm/min.
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Figure 3.15 (cont’d).
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3.5 Conclusions

During elevated temperature die-drawing of PP-talc composite, the draw stress increased
linearly with draw ratio. Die drawing runs with the lab-scale setup as well as the pilot-

scale setup led to saturation in density or in void volume fraction above an actual DR of 7,

as given in Figure 3.16. At higher draw rates, the increment in the values of DR¢jnq) Was

gradual, and for saturated density levels it was mainly due to an increase in the area ratios
of the drawn billets. The final void volume fraction calculated using density
measurements was 30 % for drawn PP-talc-38 wt. % composite and 17 % for drawn PP-
talc-20 wt. % composite. The ratio of final void fraction to initial filler volume fraction
was found to be lower (1.81 vs. 2.26) for the drawn composite with higher talc loading.
Morphological analysis of the drawn samples showed that all of the particles were
debonded and the voids around them had grown in the drawing direction. Visual
examination of the SEM images indicated that the voids formed in drawn composite with
a higher talc loading had lower aspect ratios and wider distribution of stretch ratios. In the
MD, the lengths of voids formed in drawn PP-talc-20 wt. % were 4-6 times that of the
lengths of particles trapped inside of them. The average void stretch ratio in these

composites saturated above an actual DR of 7 (Figure 3.16).

68



1.0 —— 7

L (PPo) (U f17) .
1.0 -A/g/i——_‘

[ Void stretch ~~ ——» 1°
09 1 {4
09 | 13

I 12
0.8 | .

- <—Density 11
g b————— 0

6.0 6.5 7.0 7.5 8.0 8.5
DRfinal
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talc-20 wt. % composite.
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CHAPTER 4

CRYSTAL ORIENTATION AND MODULUS OF DIE
DRAWN PP-TALC COMPOSITE

4.1 Introduction
4.1.1 Crystalline Morphology of PP-talc Composites

. . . . . 26-
Isotactic polypropylene contains hierarchical polycrystalline structures 6-36 such as

various levels of micro-scale spherulites, axialites or shish-kebabs, nano-scale crystalline
lamellae and atomic-scale crystal unit cells with different packing geometries like
monoclinic (a), trigonal (B), triclinic (y) and smectic (3). The stacks of lamellae are
separated by highly disordered amorphous domains, and within the stacks the lamellae
are separated by thin sections of amorphous phase which contains tie chains. The
fractions of various structures in a given sample of PP are decided by the material factors
such as its molecular weight and molecular weight distribution, presence of foreign
particles, as well as the external factors, such as temperature and stress-strain profiles to
which the polymer is subjected. Foreign particles like nucleating agents or fillers, when
present in the material, provide high nucleation densities during the crystallization of the
polymeric melt and force the crystals to grow in one direction: perpendicular to the fiber

surface. This type of forced crystallization typically results in formation of layers with

73 .
columnar crystals known as transcrystals . Since the transcrystals are formed on the

filler surfaces, reinforcements that have higher surface areas are more likely candidates to

: . : 74 :
give greater amounts of transcrystalline regions. Quan et al.” = have reviewed the

literature on transcrystallinity to study different mechanisms responsible for the
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formation of transcrystals. Most of the studies in their review have reported
transcrystallinity in the case of polymeric composites filled with reinforcing fibers;
however, this is not always a necessary criterion. Transcrystalline regions have also been
found in the composites filled with particulate fillers such as talc, copper, aluminum, etc.
From the summary of their work, it can be concluded that the extent and nature of the
transcrystalline regions are composite specific and are decided by the filler fraction,
molecular weight of the semicrystalline polymer, differences in the thermal
conductivities, moduli and surface energies of the two phases, nucleation ability of the

substrate, residual stress in the material and the applied cooling rate.

The morphology of the matrix phase in PP-talc composite extruded for our study was

expected to be different than that of neat PP. Naiki et aI.55 observed micron sized

transcrystalline regions when the iPP melt was crystallized under quiescent conditions, on
the surface of a talc-rock. At a given crystallization temperature, the thickness of the

transcrystals increased with increased cooling time. For instance, when the PP melt was

crystallized to 140°C, the thickness of the transcrystalline region increased from 30 pum to

50 pum as the cooling time was increased from 30 min. to 50 min. For the extrusion-
molded composite in our case, where the crystallization had occurred at room
temperature with a rather short cooling time, the thickness of the transcrystalline regions
was expected to be lower. The relative size of the micro-scale crystals (spherulites vs.

transcrystals) formed in a given PP-talc composite seems to be affected not only by the

. . . 55
cooling rate, but also by the size of the talc used. For example, when Naiki et al.

carried out isothermal crystallization of PP melt on a talc-rock, they obtained
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transcrystalline regions, which were as thick as the radius of the spherulites nucleated in

4 g : .
the bulk. In another study5 on PP-talc composite filled with talc powder, crystallization

of PP under isothermal condition resulted in a large number of relatively smaller
spherulite type structures, most of which were on the surface of talc-particles. The
reported wide angle X-ray diffraction studies indicated that in the former case, the growth
direction of the transcrystals was along the a*-axis of the PP phase. In the latter case, the
growth direction of the spherulite type crystal structures was along the b-axis of the PP

phase. The growth of crystals along the b-axis of PP phase in PP-talc microcomposites

52-55 . N
has also been observed by other groups under non-isothermal crystallization

conditions, which are frequently encountered in common molding processes. For the

spherulitic type crystal structures, from now on referred as the radially oriented crystal

. 30, 55
structures, 300 to 500 nm thick layers of closely packed lamellae were observed

near the PP-talc interface. Farther from the interface the lamellae were seen to be loosely
packed and randomly oriented. For our study we used a talc powder of flake shaped talc
particles with an equivalent spherical diameter of 18 um. In our case, we expected
radially oriented crystal structures with 1 micron thick layers, at the most, of closely
packed lamellae. We were interested in understanding the effect of an initially different
morphology on the crystal orientation of the matrix phase, during the high temperature

solid phase die drawing process.

In a typical die-drawing process, the billet of a given polymeric material is annealed at

the draw temperature for an hour or two. The step of annealing of PP at elevated

. . . .28, 63 S .
temperature raises its crystallinity ; the amount of crystallinity increases with
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increasing annealing temperature, as well as the annealing time. Increased levels of

crystalline volume fractions are useful for obtaining higher draw ratios3 in a die drawing

operation. The increase in crystalline volume fraction during the annealing step is

attributable to the transformation of more and more amorphous domains into crystalline

24-29, 75

structures. Higher annealing temperatures also result in transformation of other

crystalline forms namely, B, y and 6, to the most stable o-form. During these

transformations, the polymeric chains get disentangled, and the residual entanglements

: 76 : . . .
get pushed into the amorphous phase . Therefore, in addition to the increased crystalline

volume fraction, the annealing step may also lead to an increased entanglement density of

the interlamellar amorphous phase.

4.1.2 Crystal Orientation during Die Drawing
During a die drawing operation, the annealed material would yield and undergo plastic

deformation. Before the material yields, its deformation is governed mainly by the

34, 68, and 77

amorphous phase within the stacks of lamellae The strained amorphous

phase leads to separation, rotation and twisting of lamellae. Once the material has

yielded, its deformation is largely governed by the crystal plasticity and the amorphous

34, 68, 77

phase plays a role of stress transfer. In the post-yield deformation the

crystalline lamellae undergo coarse slip; the crystals get fragmented and the broken
lamellar blocks get oriented in the direction of maximum stress. The extent of crystal
disintegration and orientation is determined by the crystal morphology, the degree of
entanglement in the inter-lamellar amorphous phase (concentration of tie chains), and the

temperature and rate of drawing. For PP, the critical temperature range above which it is
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easier to initiate plastic deformation of crystals, without breaking the network of

interlamellar amorphous chains (that causes voiding or stress whitening), is found to be in

the range of 40°C to 700¢™®,

The smectic or mesophase (an intermediate phase which is neither highly ordered nor

highly disordered) in the matrix phase gets melted and becomes orientable above 60°C.

The amorphous phase orientation during plastic deformation has been shown to progress

. . . 49,79 : :
with crystal orientation . The deformation of PP crystals is expected to occur largely

by slip than by twinning and martenstic transformations77. Since the slip planes cannot
cross the chain axis (which has the strong C-C covalent bond), they are largely of (hkO0)
type. Pole figure measurements using the wide angle X-ray diffraction technique are

. . o . .44
frequently used to characterize the crystalline chain axis orientation in processed i-PP

46-50 .. . . . .
. The monoclinic unit cell of i-PP doesn’t have a reflecting plane of symmetry that is

perpendicular to the crystalline c-axis (equivalent to the chain axis). As a result, its

orientation needs to be characterized indirectly using diffraction measurements of any

two sets of planes that contain the c-axisSO. To this end, in our study we measured the
pole figures of o(110) and a(040). Figure 4.1 shows schematics of both an actual
(monoclinic) and modified (orthorhombic) unit cell of a-iPP. As shown in this figure, the

a-040 crystal plane has its plane normal parallel to the crystalline b-axis whereas the a-

110 crystal plane has its plane normal parallel to bisector of crystalline a* and b-axes.
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Figure 4.1: Schematics of real and modified unit cell of i-PP.

There are few papers available on crystal orientation of PP phase in molded PP-talc

., 51-54
composites ; however, to our knowledge no study has been reported on crystal

: : . L : . 4
orientation of the matrix phase in die drawn PP composites. The literature 6 on texture

development in die drawn neat PP is also limited, and that too is confined to the samples
collected away from the die, where the deformation of the drawn materials is almost
entirely complete. In this chapter, besides studying the crystal orientation of PP in the
saturated deformation zone (farther from the die exit), we studied its progress within the
die deformation zone, as well as the developing post-die deformation zone close to the
die exit. The crystal orientation of the matrix phase was studied for both die drawn neat
PP and die drawn PP-talc composite. Besides an initially different crystal morphology
introduced by the particles, the orientation of the matrix phase during composite drawing
was affected by other micromechanisms or phenomena, such as particle debonding and
voids growth. We also analyzed the development of this void growth in various
deformation zones. The modulus attained for the final expanded and oriented composite

in comparison with the oriented neat PP is discussed in the last section.
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4.2 Experimental

4.2.1 Materials
The materials used for the study on crystal orientation involved the polymeric matrix of

isotactic polypropylene (i-PP) homopolymer (Dow grade 5D37) with a density of 0.905

g/cc and a melting temperature of 166 (+2)°C. The M,y of the polymer was 249400. It

had a polydispersity index of 4.7 and a melt flow rate of 2.8 g/ 10 min. The filler used
Luzenac FDC talc with controlled particle size distribution. The median equivalent
spherical diameter of talc particles was 18 microns. The particle size distribution for this

talc is shown in Figure 2.1. The sp. Gravity of the talc was 2.8 and it had a surface area of

1-2 m2/g.

4.2.2 Procedures

4.2.2.1 Die Drawing Runs

For this part of the work, die drawing runs made only on the pilot-scale die drawing setup
are considered. The issue with the samples from the lab-scale setup is discussed in

Appendix B. Billets of neat PP and PP composite filled with 20 wt. % talc were drawn

using a wedge die of nominal draw ratio 2, at a draw temperature of 145°C, using four

different draw rates of industrial importance (91 cm/min, 244 cm/min, 366 cm/min and
573 cm/min). The wedge die used was 2.6 cm long and didn’t have any die-land. The
extruded billet was annealed at the draw temperature for one and half hours; it was then
pulled slowly by grabbing its pre-shaped tail at a very slow speed. Once the stable
drawing of the billet was ensured, it was then drawn with the lowest draw rate of 91

cm/min. On drawing sufficiently long sections at a given draw rate, the drawing rate was
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increased to the next level and the intermediate billet sections were discarded. For each

draw rate, the drawn billet coming outside of the die was cooled with a water spray tank

maintained at 23°C. Additional details are given in section 2.2.2.2. On drawing

sufficiently long billets at the highest draw rate of 573 cm/min, the belt puller and the
oven were switched off and the strained billet in the die-drawing line was cooled to room
temperature under stress. The entire cooled billet for each of neat PP and PP-talc-20

wt. % composite was unloaded from the oven side.

4.2.2.2 Characterization

The undrawn and final drawn billet sections (farther from the die exit) were analyzed for
density, crystallinity and crystal orientation measurements at different draw rates. In
order to study the structural evolution in the material as a function of deformation in
different zones, additional measurements were made on the billet sections of neat PP and
PP-talc-20 wt. % composite that were collected after the die drawing run was over. Since
the billets were annealed before die drawing operation, all the specimens collected

including that of undrawn billet, were annealed for about one and half hour.

4.2.2.2.1 Density Measurements

Densities of the samples before and after die drawing were measured using the Sartorius

density determination kit -YDK-01 as described in section 2.2.3.

4.2.2.2.2 X-ray Diffraction

Crystal orientations in drawn and undrawn billets of neat PP and PP-talc composite were
characterized using a theta-2theta Scintac XDS-2000 wide angle X-ray diffractometer in

reflection mode. The computer-controlled diffractometer consisted of pole figure device
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associated with a wide-angle goniometer coupled to sealed-anode X-ray tube. The X-ray

tube was operated with an accelerating voltage of either 35 or 40 kV and a corresponding

amperage of 35 or 40 mA to generate nickel filtered monochromatic beam of CuK,

radiation (A = 1.542 A°). Higher accelerating voltage and amperage was applied for the

composite samples because the crystalline talc present in the material absorbs most of the
X-rays. The incident beam was collimated by a 1 mm diameter collimator. Only the solar
slits were used on the detector side. For billet samples collected before and after die
drawing runs, circular specimens of 14 mm diameter were machined from the 20 x 16.5 x
5 cuboidal specimens. Here, 16.5 mm and 5 mm are the final dimensions of the neat PP
drawn at the highest draw rate along the TD and ND respectively. The samples were
exposed to X-rays by placing the thickness parallel to the incident beam; a schematic of
the experimental setup for a circular specimen is shown in Figure 2.6. The distance
between the sample holder and the detector was fixed at 270 mm. For a given sample, the
goniometer was initially used to get a one dimensional 2 theta (0) scan over detector
angle, and later on to measure pole figures by rotating and tilting the specimen. The 2-
theta XRD patterns and the experimental pole figures were obtained with the help of the

DMSNT software (version 1.37).

After an initial linear diffraction (20) scan, azimuthal scans were run with the detector

positioned at a 20 angle of either a(110) crystal plane or a(040) crystal plane reflection of

the iPP matrix. Pole figures were obtained by varying the azimuthal angle (¢) from 0° to

355°, and tilt angle (x) from 0° to 85° with an angle step of 5° in either sweep. The

experimental pole figures acquired by the azimuthal scans were processed and corrected
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for defocusing and background intensities using BEARTEX 2008 software (version 3.3).

. . 27 . . .
The software incorporates WIMV algorithm™, which was used to calculate orientation

distribution of the intensities for pole figures with incomplete range of tilt angles. The
pole figure intensities were plotted in the units of multiplication of a probability density
for random distribution (m.r.d.: 0.01 is equal to the pole density of random distribution).
To understand some of the features of crystal orientation in greater detail, pole figures of
individual crystal axes of the matrix phase were obtained using PCAL routine of the
BEARTEX software, assuming an orthorhombic symmetry of the PP unit cell. All the

pole figures obtained by this software show the MD oriented horizontally. The reference

directions and the 15° net of tilt and azimuthal angles used for discussion of the pole

figures are shown in Figure 2.7.

4.2.2.2.3 Tensile Tests

Tensile test specimens were cut and machined for undrawn and drawn billets from the

pilot-scale setup as per ASTM D638 type-I standard. Following the work by Mourad et

aI.28, the length of the tensile bars was kept higher than the standard (Figure 2.8) to avoid
fracturing of the specimens in the grip areas.

Tensile tests were carried out on the Universal tensile tester fitted with 20kN load cell
and a 50 mm gauge length axial extensometer (Epsilon model-3542-050M-035-ST). All
the tests were carried out at room temperature with a cross head speed of 5.08 mm/min.
Experimental data in terms of load cell output and extensometer displacement were

monitored using data acquisition software Datum 4.0, which installed on a personal
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computer. The data captured was then post-processed to obtain nominal stress-strain

curves for tensile modulus determination.

4.2.2.2.1 Differential Scanning Calorimetry (DSC)

Thermal properties of drawn and undrawn specimens were measured on a differential
scanning calorimeter (DSC) Q10 by TA instruments, operated under nitrogen purge of 50
ml/min. The working principle of this analytical instrument is described in section 2.2.7.

The DSC curve for 5-10 mg of the sample cut from a given billet specimen was obtained

by heating from it from 40°C to 200°C at a heating rate of 5°C/min. Values of heat of

fusion were obtained with the help of Universal Analysis 2000 software (version 4.5A)
by TA instruments. The percentage crystallinity of a given sample was determined using

equation 2.2.

4.3 Results and Discussion

As shown in Figure 1.7, the deformation of given material during its die drawing takes
place mainly in two zones: (a) die zone- within the converging die and (b) post-die
deformation zone- in the free drawing region outside the die. The post-die deformation
zone can be further subdivided into two zones (i) the developing zone and (ii) the final
zone where the material ceases to deform. The relative volume of each of the deformation
zone is determined by the material and process parameters. The extent of deformation
experienced by a given material can be quantified in terms of its actual draw ratio®®,
which can be calculated using Equation 1.1. During a die-drawing process, the actual
draw ratio of a given billet in various deformation zones increases progressively with the

distance. At some point in the post-die deformation zone, it gets plateued to a final value
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(DRfinal)- Due to free surface drawing of the material in this zone, the DRgjpa) iS always

higher than the nominal draw ratio of the die (DRyn= ratio of the un-drawn billet cross-

sectional area to that of the die exit). The difference between DRfipa and DRy is

determined by the process parameters and material properties. For the die-drawing runs
reported here, we used a wedge die of nominal draw of 2. For various draw rates, the
values of the final area ratios and the final draw ratios attained for PP and its composite
are presented in Figure 4.2 and Figure 4.3, respectively. At each draw rate, both of these
ratios were larger for drawn neat PP than for drawn composite. Higher values of area
ratios indicate of higher degree of necking. Neat PP did not show any change in its

density on die-drawing, and with the highest draw rate (573 cm/min) the final draw ratio

(DRfinal) attained for it was 8.8 (£ 0.05). For the same draw rate, the DRgjpa1 attained for

drawn PP-talc-20 wt. % composite was 8.1 (x 0.05). Debonding of the talc particles and

subsequent void growth had led to around 17% reduction in the density of the composite

at this DRfinal-
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Figure 4.2: Final area ratio of the die drawn neat PP and PP-talc-20 wt. % composite Vvs.
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Figure 4.3: Actual draw ratio of die drawn neat PP and PP-talc-20 wt. % composite vs.

draw rate.
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To understand the progress of void growth and crystal orientation, billet sections of PP-
talc composite and neat PP collected from the die deformation zone and the developing
portion of the post-die deformation zone were analyzed. Photographs of these billet
sections are shown in Figure 4.4; die entry and exit lines for each billet, as well as the
reference directions are also shown in the figure. Depending on the die geometry and
other process parameters, the billet in the die-zone may leave the die wall before the die
exit***!. In our study, the billets of both neat PP and its composite were observed to be in

touch with the die-wall, all the way to the die exit.

Dieentry  pjg exit I

1 2 3 4 5 6 7 8

(b)

Figure 4.4: Billet sections of (a) neat PP and (b) PP-talc-composite collected after die-
drawing runs at 573 cm/min.
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4.3.1 Rates of Density reduction and Draw Ratios

Through visual inspection of the billet sections, it was noticed that the billet of neat PP,
which was opaque before entering the die, turned transparent at the die exit; the
transparency of the billet increased farther from the die exit. The composite billet showed
a color change at the die entry; which must be due to the debonding of the talc particles in
this region as established by the density measurements. Density measurements of the two
billets at different locations are presented in Figure 4.5. Vertical lines in the figure show

die entry and exit points.
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Figure 4.5: Density variations in different deformation zones.

Within the error of experimental measurements, the density of drawn neat PP remained
unchanged. On the other hand, the composite density was reduced in three zones: (i)
within the die zone, where it reduced gradually (ii) in the developing post-die
deformation zone close to the die exit, where a maximum density reduction occurred and

(iii) in the final post-die deformation zone- farther from the die exit, where it again
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reduced slowly before leveling to a value of 0.87 g/cc. Neat PP billet showed a shaper
reduction in cross-sectional area than billet of PP-talc composite. The cross sectional
dimensions of each billet were measured at the center lines of the circles marked at
different locations (Figure 4.4). These circular discs with 14 mm diameter in the MD-TD
plane and 5.0 mm thickness in the ND, were then cut and characterized using density and
XRD measurements. The actual draw ratio (Equation 1.1) for a given disc was calculated

using the measured values of density and cross sectional dimensions at the disc location.

The relative velocity profiles for the two billets at different DRs were established based

on the assumption that they reached the applied draw rate of 573 cm/min at their final

draw ratios (DRfinal)- A rough estimate of the flow time for each disc was then calculated

using its distance from the first specimen. The trends in the actual draw ratio with flow
time for the two materials are presented in Figure 4.6. From this graph, it can be seen that
higher values of actual draw ratios were obtained for neat PP. For each of the drawn
material, maximum in the draw ratio rate was reached in the post-die deformation zone

just outside the die; this rate was relatively higher for the drawn billet of neat PP.
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Figure 4.6: Rate of change of DR in the die and developing post-die deformation zones.

4.3.2 Crystallinity and XRD Patterns

The linear 26 XRD patterns for the two undrawn materials are presented in Figure 4.7.

Intensity ——

| Talc peak — Undrawn neat PP
[ l\l (002) — - Undrawn PP-talc-20 wt%
[
[ I','\ PP
| a(040) PP
l! A a (130)

e

20 (deq)

Figure 4.7: Linear XRD patterns of un-drawn neat PP and un-drawn PP-talc composite.
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Crystalline reflection peaks occurring at 26 = 13.8°, 16.7° and 18.5° correspond to the

46, 51, 81

Miller indices of (110), (040), (130) in the monoclinic a- crystal of iPP The

smectic or mesoform of PP crystals can be identified by the appearance of the crystalline

51,8

peak44’ 81 occurring at 20 =21.2°. In some studies29 2, the appearance of the peak at

this position is ascribed to the a(111) plane, and it has been associated with the alpha
crystals with a better packing of the polymeric chains. Linear XRD patterns of the two
materials indicated crystals of a-form, as well as smectic form before drawing.
Additional peaks for crystalline talc appeared on the XRD patterns of the composite
samples. The relative intensity of the (130) and (040) crystal planes w.r.t. (110) crystal
planes was higher for the composite. In some of the X-ray diffraction investigations on

molded PP-talc composites, the ratio of intensity 1(040)/1(110) has been associated with

0,52

the nucleation ability of talc3 on the PP crystallization.

The billets of neat PP, as well as PP-talc-20 wt. % composite were annealed at 145°C for

an hour and a half before drawing. Figure 4.8 shows the endotherms of a neat PP pellet

and a sample from the neat PP billet that was annealed before drawing. It is clear that

annealing of neat PP at 145°C resulted in an increase in the enthalpy of the crystalline

melting peak. Calculations with equation 2.2 showed an increase of 7 to 8 % in the

crystallinity. The endotherms of undrawn materials also showed a shoulder at around

150°C. The presence of the shoulder at this temperature can be attributed to the presence

of thermally less stable crystal structure or smectic phase in the polymer.
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Figure 4.8: DSC endotherms of neat PP before and after annealing.

The DSC endotherms measured for deformed samples of neat PP and PP-talc-20 wt. %
composite, collected from locations close to the different specimens shown in Figure 4.4,
are presented in Figure 4.9(a)-(b). The actual draw ratio, to which the specimen at a given
location was deformed, is also indicated for each curve. The DSC endotherms of the
deformed specimens appeared narrower, and their depths increased at higher draw ratios.
The endotherms of the final drawn samples were nearly 2 to 2.5 times longer than that of

the corresponding undrawn materials.
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Figure 4.9: Effect of deformation on DSC endotherms of (a) die drawn neat PP and (b)
die drawn PP-talc-20 wt. % composite.
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The crystalline volume fractions of the two materials for different draw ratios are given in

Table 4.1.
Sample No. Neat PP PP-talc-20 wt. %
1 49.8 50.4
2 51.3 47.6
3 49.1 51.5
4 52.7 50.6
5 52.4 50.9
6 52.0 52.1
7 53.2 54.2
8 53.9 56.2
9 54.0 53.7
Final 55.4 57.3

Table 4.1: Percentage crystallinity of neat PP and PP-talc-20 wt. % billets at different
locations. The sample numbers in the table correspond to different locations shown in
Figure 4.4.

It can be seen that the process of die drawing led to about a 5-7 % increase in the

crystallinity of the matrix phase in die drawn billets of both the materials. The

endotherms of drawn samples were shifted towards a slightly lower temperature, and they

occasionally showed a secondary peak at 160°C. Taraiya et al.65 have related the

appearance of this type of secondary peak to the presence of ‘extended chain crystals’ in
drawn PP. The term ‘extended chain crystals’ was used to describe crystals formed from
unfolded tie chains, these crystals are of different form than the regular a-form with well-
folded chains. The XRD patterns of neat PP and PP-talc-20 wt. % composite

corresponding to the positions given in Figures 4.9(a)-(b) are presented in Figure 4.10(a)-

(b).
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Figure 4.10: Effect of deformation on the linear XRD patterns of (a) die drawn neat PP
and (b) die drawn PP-talc-20 wt. % composite.
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Figure 4.10 (cont’d).
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With an increasing draw ratio, the crystalline peak occurring at 20 =21.2° started

disappearing. Above an actual draw ratio of 4.5, it disappeared completely for both the
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drawn materials. The absence of the peak at this position can be noticed on the linear

XRD patterns reported for die drawn neat PP by Chaffey and others46. Zuo et aI.44 have

related the disappearance of the crystal peak at this position to the orientation of iPP
crystals. With the help of in-situ wide angle XRD measurements, they concluded that the
concentration and mobility of the interlamellar tie chains play key roles in determining
the mode of crystal orientation. If the highly entangled tie chains offer significant

resistance, then it would lead to crystal fragmentation and formation of oriented

. 84-85 . . . 86-87
mesomorphic phase , with extended chain conformation. Some groups have

proposed that stretching of PP restricts the configuration of the polymeric chains, and
they cannot form crystals with correct helical hand registration resulting in lamellae with
less perfect crystals. The presence of an oriented mesomorphic phase with extended chain

crystals can be evidenced by overlapping of the a(110), a(040) and a (130) crystal

82, 88 : .
peaks . The linear XRD patterns of the drawn samples in our study showed some

overlap of a(040) and a (130) crystal peaks; the extent of this overlap increased gradually
with draw ratio. These patterns however, indicated that for the most part, the orientation

of the matrix phase by die drawing had resulted largely in folded-chain crystals. As

proposed by Zuo et al.44, the higher draw temperature in our study would have resulted

in a relatively higher mobility of the interlamellar amorphous phase, allowing chain
disentanglement during the orientation process. This, not only resulted in formation of
well-folded crystals but also in increased volume fraction of the crystals. The texture of
these crystals and their orientation levels were characterized with help of pole figure

measurements.
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4.3.3 Texture Evolution

Optical microscope images of undrawn and die drawn samples of neat PP (drawn at 573
cm/min) are presented in Figure 4.11(a) and Figure 4.11(b), respectively.

The spherulitic morphology in undrawn PP changed to axialite morphology (lamellar
stacks oriented along the draw direction) on die-drawing. Optical transmission images for
the composite specimens could not be obtained due to the presence of talc particles. The
orientation levels in both of the materials were therefore tracked using the X-ray pole

figures.

:i;;
,‘?-7

Figure 4.11: Optical images of neat PP (a) un-drawn and (b) die-drawn at 5.73 m/min
(DRfinal=8.8).
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Figure 4.11 (cont’d).

(b)

4.3.3.1 Polymer Crystal Morphology in Undrawn Materials

As explained in section 4.1.2, the monoclinic unit cell of i-PP doesn’t have a plane of
symmetry that is perpendicular to the crystalline c-axis (equivalent to the chain axis).

Therefore, its orientation needs to be characterized indirectly from the diffraction

.. . 80 .
measurements of any two planes containing the c-axis . From the comparison of 26

XRD patterns of PP-talc composite and the talc powder (Figure B.2 in Appendix B), it
was noticed that the crystal peaks of o(040) and a(110) of the PP phase were not
interfered with any of the crystal peaks of the base talc. Pole figure of these planes were
measured in order to evaluate crystal orientation in the matrix phase. As shown in Figure

4.1, the a-040 crystal plane has its plane normal parallel to the crystalline b-axis, whereas
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the a-110 crystal plane has its plane normal parallel to bisector of crystalline a* and b
axes. Pole figures of a(110) and a(040) measured for undrawn neat PP and PP-talc

composite are presented in Figures 4.12(a) and 4.12(b) respectively.

O=_2PO,LOON

Linear Scale
MaxPf =2.74 mrd
MinPf = 0.01 mrd
MaxPlot = 7 mrd
Min Plot = 0 mrd

ND MD (@)

O=_2NWRROON

Linear scale
MaxPf = 8.95 mrd
MinPf = 0.01 mrd
MaxPlot = 7 mrd
MinPlot = 0 mrd

(b)

Figure 4.12: Pole figures of a(040) and a(110) crystal planes of iPP in (a) un-drawn neat
PP and (b) un-drawn PP-talc-20 wt. % composite
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In the case of undrawn neat PP (Figure 4.12(a)), (110) poles showed strong orientation

around the ND, extending in the spherical region up to 45° from the ND. The maximum

corresponding to this crystal orientation on the (040) pole figure can be seen in the region

between 30° to 75° from the ND. The orientation of (110) poles in undrawn composite

was nearly similar to that of undrawn neat PP; however, the (040) poles in the composite
specimen were strongly oriented along the ND. This peculiar orientation can be attributed

to the nucleating effect of the talc particles, which provide additional nucleation sites and

trigger piling up of the a(040) planes of PP on their surfaces. Other groupsgo' > have

also reported preferred orientation of the PP crystals, perpendicular to the plate planes of

the talc particles.

Calculated pole figures of the individual crystal axes of PP, corresponding to the
measured pole Figures 4.12(a) and Figure 4.12(b), are presented in Figure 4.13(a) and
Figure 4.13(b), respectively. The calculated pole figures are useful in decoupling the

information on the measured pole figures of a(110) and a(040) crystal planes. For

instance, the crystal orientation which showed higher intensities 45° from the ND on the
(110) pole figure, would give maximum intensities in the regions ~15° to 60° from the

ND, on (100) or a*-axis pole figure and ~30° to 75° from the ND, on the (010) or b-axis

pole figure. Additional details on the orientation state of the crystalline c-axis equivalent

to the chain axis of interest could be obtained directly from the (001) pole figure.
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Figure 4.13: Pole figures of individual crystal axes of iPP in (a) un-drawn neat PP and
(b) un-drawn PP-talc-20 wt. % composite.

Before die drawing, the crystalline c-axis in both of the materials was randomly oriented.

However, its intensity was concentrated mainly in the flow plane (MD-TD); more so for

the composite, than for the neat PP. The intensity distributions of the maxima in the 15°

to 60° region from the ND on the a*-axis pole figure, and the 30° to 75° region from the

ND on the b-axis pole figure of the undrawn composite were nearly similar to that of
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undrawn neat PP. This indicated presence of radially oriented crystal structures in the
undrawn composite. For an extruded PP-talc powder composite that was cooled to
ambient temperature using a fast cooling rate, the presence of spherulite type domains in
the matrix seemed obvious. The intensity of the b-axis along the ND in the composite
sample was more than double the intensity of corresponding maximum for neat PP. This
suggests that a majority of the spherulitic type domains in the composite were nucleated

on the surface of the talc particles. This is in agreement with the observations made by

30, 55, and 89

others . Keeping with these observations, the radially oriented crystal

structures formed in the undrawn composite must have been of smaller size than the

spherulites formed in the unfilled PP.

4.3.3.2 Texture Development in Die Drawn Materials with Draw Ratio

Under a similar set of processing conditions, higher draw ratios and rate of draw ratio
were developed during die drawing of neat PP (Figure 4.6). These differences combined
with the above discussed difference in the crystalline morphology of the matrix phase in
un-drawn materials were expected to result in different textures on die-drawing. The
analyses of linear XRD patterns and DSC endotherms were useful in understanding the
transition of the amorphous and smectic phases to a highly oriented crystalline phase on
die-drawing. However, these analyses were insufficient to understand any significant
differences in the textures of matrix phases between the die-drawn PP-talc composite and
the die-drawn neat PP. The differences and similarities in the texture development of the

two materials were analyzed with the help of X-ray pole figure measurements.

Pole figures of the individual crystal axes of the matrix phase in die drawn samples of

neat PP and PP-talc composite collected at different locations corresponding to Figure 4.4,
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are presented in Figure 4.14-Figure 4.18. Figure 4.14(a)-(b) shows pole figures for the
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two materials at the die entrance.
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Figure 4.14: Pole figures of individual crystal axes of iPP for (a) neat PP at the die
entrance, DR=1.07 and (b) PP-talc-20 wt. % composite at the die entrance, DR=1.06.

Neat PP pole figures at this location (DR=1.07) showed no change from that of the un-

drawn PP sample; the a*-axis was oriented 15° to 60° from the ND, the b-axis was

oriented 30° to 75° from the ND, and the c-axis was oriented randomly in the MD-TD
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plane. As like un-drawn composite, the composite sample at this location (DR=1.06) too

showed the b-axis strongly aligned along the ND. However, the c-axis and a*-axis of the

composite at this location were oriented 45° between MD and TD. A possible reason for

this type of texture could be the orientation of the crystalline domains close to the talc
particles. On entering the converging section of the die, the dispersed talc particles in the
partly molten matrix might have started to orient with their longer dimension parallel to
the MD. Pole figures of the two materials at the die exit are given in Figure 4.15(a)-(b).
Neat PP at this location (DR=1.47) showed dramatic changes on its pole figures. The a*-
axis was strongly oriented in the ND, whereas the b-axis was oriented in the flow plane
particularly along the TD. The c-axis orientation in the flow plane was still random. Such
types of sudden changes on the pole figures of neat PP have been reported at its yield

point, and are associated with the coarse slip or breaking of the spherulitic domains

- 44,7 . :
containing the cross-hatched a-crystals 9. The pole figures of the composite sample at

the die exit (DR=1.44) showed the b-axis still aligned in the ND, but at this point, the a*
and c axes were randomly oriented in the flow plane, probably due to increased

concentration of the debonded particles.
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Figure 4.15: Pole figures of individual crystal axes of iPP for (a) neat PP at the die exit,
DR=1.47 and (b) PP-talc-20 wt. % composite at the die exit, DR=1.44,

Pole figures of the samples collected from the free surface drawing region right outside
the die (location 4) are presented in Figure 4.16(a)-(b). For drawn neat PP at this location
(DR=2.49), a* and b axes were clustered in the ND-TD plane, largely between ND and
TD. The crystalline c-axis in drawn neat PP at this location showed a noticeable
orientation along the MD. As like neat PP, the drawn composite (DR=2.36) at this

location showed clustering of the a* and b axes in the ND-TD plane. But unlike neat PP,
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the b-axis poles in the composite were still oriented strongly along the ND and the c-axis

exhibited a gradual orientation in the flow (MD-TD) plane.
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Figure 4.16: Pole figures of individual crystal axes of iPP for (a) neat PP at location 4,
DR=2.49 and (b) PP-talc-20 wt. % composite at location 4, DR= 2.36.

Figure 4.17(a)-(b) shows pole figures of the two materials collected from location 6,
where they were subjected to some additional free surface deformations. Neat PP at this

location attained a DR of 5.14, and showed increased orientation of the c-axis along the
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MD; the a*-axis was more uniformly oriented midway between ND and TD, while the b-
axis orientation was split between the ND, and midway between the TD and the ND.
Drawn composite sample collected from this location had reached a DR of 4.55, and it

also showed well developed orientation of the c-axis along the MD.
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Figure 4.17: Pole figures of individual crystal axes of iPP for (a) neat PP at location 6,
DR=5.14 and (b) PP-talc-20 wt. % composite at location 6, DR=4.55.
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The orientation of a* and b axes in the drawn composite was nearly similar to the
corresponding neat PP sample, but with a wider spreads of the intensities. With an
increased draw ratio in the post-die deformation zone, the orientation of all crystal axes

became similar between neat PP and PP-talc composite, as displayed in Figure 4.18(a)-

(b).
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Figure 4.18: Pole figures of individual crystal axes of iPP for (a) neat PP at location 8,
DR=6.04 and (b) PP-talc-20 wt. % composite at location 8, DR=5.79.
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To see the effect of DR on the crystal orientation, we quantified the crystalline c-axis

orientation in terms of its Herman orientation parameter. In pervious studies by other

s46, 49-50, 92-93

group , the c-axis orientation in processed isotactic PP has been quantified

indirectly, with the help of orientation distributions on the measured pole figures of (110)
and (040). In our work, we were able to calculate the c-axis orientation directly from the

intensity values of (001) pole figures using Equation 4.3:

TT (¢, 7)cos’ psin® ydgdy
<COSZ¢°M>: T
.[.[ (g, x)sin ydgdy (4.3)

00

Herman orientation parameters for the c-axis orientation in MD were then computed

using Equation 4.4:

3(cos® g, ) -1
fon = 5

(4.4)

The range of values for fyy is between -0.5 and 1. When it is -0.5, the c-axes are all
aligned perpendicular to the draw direction. When f.y is O, the orientation is random;

when foy=1, the chain axes are all aligned with the draw direction.

The calculated values of Herman orientation parameters for the crystalline c-axis, with

respect to the MD vs. DR, are plotted in Figure 4.19.
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Figure 4.19: Evolution of the Herman orientation parameter of the crystalline c-axis of PP
phase.

Before subjecting them to die drawing, the c-axis orientation parameters in the two
materials (1% point on each curve) were nearly similar. Initial deformation of both neat

PP and PP-talc-20 wt. % composite led to a decrease in the c-axis orientation. Huy and

79 . . . ) )
coworkers ~ have associated the randomization of c-axis orientation to an increased level

of local strains, which ultimately cause the matrix to yield. It is clear from this plot that
the composite yielded at a lower DR (< 1.1) attained at or before the die entrance (2™
data point on the composite graph), whereas neat PP yielded at a higher DR of ~1.5,
attained close to the die exit (3" data point on the neat PP graph). For both the drawn
materials, the crystalline c-axis of the matrix phase started to get oriented strongly along

the MD, right outside the die-exit. From Figure 4.16, it can be seen that this transition
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occurred for both the materials at their inflection points on the plot of DR vs. flow time.
Despite an earlier onset of the plastic deformation region, the post-yield crystal
orientation of the matrix phase in drawn composite was more gradual than that of drawn
neat PP. In the final, saturated portion of the post-die deformation zone, drawn samples
of both the materials showed saturation in c-axis orientation, as indicated by the last point
on each graph. The error bar on this point was established by characterizing 3 different
samples of drawn materials collected farther from the die exit. The c-axis orientation
parameter in drawn neat PP leveled above a DR of 5.14. The leveling of c-axis

orientation in die-drawn composite started at a higher DR of 6.2.

The process of die-drawing led to increased orientation of the crystalline c-axis of the
matrix phase in both neat PP and PP-talc composite. The intensity profiles on the pole
figures indicate that the development of (hk0)[001] type texture elements in drawn
samples are largely responsible for this type of crystal orientation. A (hk0)[001] type

texture shows that the majority of the crystals are oriented with their (hkO) poles

perpendicular to the surface and the c-axis oriented along the drawing direction O. During

their plastic deformation, crystals of PP undergo coarse slips; because they cannot cross
S . 47-58,
the chain axis with the strong C-C covalent bond, the slip planes are of (hk0) type

77,and 91 T . :
9 The chain slip is the easiest system to be activated. The texture analyses of neat

. . : . .44 :
i-PP, deformed by wvarious processes like free tensile drawing , plane-strain
.48 e . .49, 53 . AT .
compression , unidirectional film drawing , sequential = and simultaneous

bidirectional film drawing47 % have shown development of (hk0)[001] type texture

108



elements. The calculated pole figures of the individual crystal axes, corresponding to the
ideal orientations of commonly found (110)[001] and (010)[001] type textures are shown
in Figures 4.20 (a) and (b), respectively. Comparing these ideal textures with the pole
figures in our study, particularly from the free surface drawing zone, indicated

development of (110)[001] and (010)[001] type texture elements in the matrix phase. The
pole figures show an approximate spread of 45° in the ND-TD plane, most likely due to

the non-ideal polymorphic nature of the crystals.

(b)

Figure 4.20: Calculated positions of ideal (a) (110)[001] type and (b) (010)[001] type
texture elements on (100) and (010) and (001) pole figures
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Figure 4.21 (a)-(d) provides more details on the orientation of the a* and b axes in the

ND-TD plane for various draw ratios, particularly in the post-die deformation zone. The

TD is shown by the + x-axis; the y-axis at 0° represents the ND. Intensity values
collected at 90° azimuthal angles, at various tilts are presented on the positive x-axis,

whereas the values collected at 270° azimuthal angles are presented on the negative x-

axis.
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Figure 4.21: Peak intensities in the ND-TD plane on (a) 100-axis and (b) 010-axis of neat
PP at locations 4, 6, 8, 9 and 10 or Final with corresponding DRs of 2.5, 5.1, 6.0, 6.5 and
8.8 (c) 100-axis and (b) 010-axis of PP-talc-20 wt. % at locations 4, 6, 8, 9 and 10 or
Final with corresponding DRs of 2.4, 4.5, 5.8, 6.2 and 8.1.
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Figure 4.21 (cont’d).
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The stronger alignment of the b-axis along the ND within the drawn composite, at the

final draw ratio is strikingly evident. In case of neat PP, the b-axis orientation was
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stronger at the midway position between ND and TD. For comparison purposes, the

relative extents of the two textures: (110)[001] or T4 and (010)[001] or T in the drawn
materials were evaluated using the intensity maxima in the ND-TD planes of a*-axis and
b-axis pole figures. Specifically, we noted the maximum values at + 35° on the (100) pole
figures to asses T1 and at 0° on the (010) to asses the T». The relative intensities of the

two texture components T1 and T2 have been plotted against draw ratio for the neat PP in

Figure 4.22(a) and for the PP-talc composite in Figure 4.22(b).
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Figure 4.22: Development of the two texture elements viz. (110)[001]=T1 and
(010)[001]=T2 vs. DR in (a) die drawn neat PP and (b) die drawn PP-talc composite.

The original (110)[001] texture is destroyed at the yield point, which occurs close to the
die exit for neat PP (DR=1.5) but near the die entrance (DR=1.1) for the composite. After

yield, both texture components are built up well into the free draw zone but the texture
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development saturates for the neat PP at a draw ratio of 5.1 while this continues to a

higher draw ratio of 6.2 in the case of the PP-talc composite. Furthermore, the

developing texture and the final texture are dominated by T1 for the neat PP while in the

case of the composite; the final texture is dominated by T,. The ratio of T, to T1 was

always higher for the composite (Figure 4.23). For both materials, the maximum draw
ratio achieved is greater than the draw ratio at which the texture development saturates.
This would indicate that the amorphous phase orientation continues to develop after the

crystalline texture saturates.
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Figure 4.23: Plot of intensity ratios of texture T to texture T4 vs. draw ratio for the die-
drawn samples of PP-talc-20 wt. % composite and neat PP.

The final crystalline c-axis orientation; attained at each draw rate tested is plotted against

draw ratio in Figure 4.24. For similar draw rates, lower values of DRfjpa and c-axis

orientation parameters were attained for the drawn composite than for the drawn neat PP.
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Within the error bar, the crystal orientation in both drawn neat PP and drawn PP-talc-20

wt. % composite saturated above a DRfjnq) Of 7.
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Figure 4.24: Herman orientation parameter of drawn materials as a function of final draw
ratio attained at different draw rates.

4.3.4 Tensile Properties of Final Drawn Products

Tensile stress-strain curves for the undrawn and final die drawn (at 573 cm/min) billets of
neat PP and PP-talc-20 wt. % composite are shown in Figure 4.25. Before die-drawing,
the tensile modulus (slope of initial linear elastic region) of the composite was higher
than the neat PP. The modulus of the composite before die drawing was mainly due to the
reinforcement effect of the rigid talc particles. Die drawing led to an increase in the
modulus for both the materials. Die drawing changed the relative trend in the moduli; for
similar die drawing rates the modulus achieved for drawn neat PP was higher than drawn

PP-talc composite. This trend was observed at all the draw rates studied here. In the case
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of die drawn composite, the reinforcement was completely lost and the modulus

enhancement was purely due to the highly oriented state of the matrix phase.
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Figure 4.25: Tensile stress-strain curves for undrawn and die drawn (drawn at 573
cm/min) neat PP and PP-talc-20 wt. % composite.

o

The variation in tensile moduli for neat PP and its composite for different DR¢jpgl 1S

shown in Figure 4.26. Despite the saturation in crystal orientation (Figure 4.24), as well

as void growth (Figure 3.7(b)), the tensile modulus of the drawn composite increased

with DRfijpal- A modulus increase of 4.4 fold was obtained for neat PP with the highest
DRfinal- Despite voiding in the material, the die drawn composite showed enhancement

in tensile modulus with DR¥jn41- For the highest draw ratio that could be attained in case

of PP-talc composite, the modulus achieved on die drawing was as much as 3 times that
of the undrawn neat PP, and 2 times that of the undrawn composite. The percentage

crystallinity in drawn samples collected from the final deformation zones in our study
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didn’t change with draw rate. The crystalline volume fractions in the drawn samples of
both of the materials were in the range of 55 to 59 %. The modulus enhancement for
saturated levels of crystallinity, crystal orientation and void growth can be attributed to
increased level of interlamellar amorphous phase orientation or higher aspect ratio of the
oriented lamellar stacks in the drawn materials, as manifested by the larger area ratios

(Figure 4.1) at higher draw rates.
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Figure 4.26: Tensile modulus of drawn materials as a function of DRyjn4 attained for
different draw rates.

4.4 Conclusions
In this research work we have studied the development of crystallinity and crystal

structure in the matrix phase of PP-talc-20 wt.% composite as well as neat PP, that were

die-drawn at 145°C. In both of these materials, the processes of annealing and subsequent

die drawing at a given draw rate led to about a 12 to 15 % increase in the crystallinity of
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the matrix phase. Analyses of DSC endotherms and 26 linear XRD patterns indicated that
the die drawing operation resulted in transformation of the thermally less stable
crystalline phase (mesophase) in un-oriented materials, to a more stable crystalline phase
containing folded-chain a crystals. Pole figure measurements suggested presence of
radially oriented crystal structures in undrawn composite. These crystal structures
resembled the spherulitic domains found in unfilled PP, but with a different nucleation
direction, because of the presence of talc particles. The differences in the initial
morphologies of the undrawn materials were largely responsible for the differences in the
modes of texture development found in the die drawn samples. Both neat PP and PP-talc
composite yielded in the die deformation zone and showed well developed texture
elements of (110)[001] and (010)[001] type in the post-die deformation zone. The results
presented here show that the composite yielded at lower DR, but exhibited the above
mentioned textures at higher DR than that of neat PP. In the intermediate range of draw
ratios, a sharp void growth was observed for the drawn composite. When the two texture
elements were quantified as a function of DR, it was noticed that the ratio of (010)[001]
to (110)[001] was always higher for the die drawn composite. For comparable strains, the
degree of crystalline c-axis orientation achieved for drawn composite was less than that
of the drawn neat PP. The phenomena of particle debonding and void growth during
composite drawing would have reduced the effective stress available for the molecular
orientation of the matrix phase. Despite the saturation in crystallinity and crystal

orientation (and void growth in the case of composite), the tensile modulus of the drawn

materials increased with DRfin4|, that was obtained using increasing values of draw rates.
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CHAPTER 5

MELT PROCESSING OF HIGH MOLECULAR WEIGHT
HDPE-CLAY NANOCOMPOSITES

5.1 Introduction

Addition of a small percentage of nanoclay (layered silicates) to a polymer to achieve
large improvements in the mechanical, barrier, thermal and other properties is well
documented. Experimental studies on polymer-clay nanocomposites have frequently
shown that complete exfoliation of the inorganic fillers in the polymer yields best
performing systems. Because of the very high interfacial surface to volume ratio provided
by the clay layers in this dispersion state, substantial improvements in the above
mentioned properties are possible with lower levels of filler loadings. Relatively lower
concentrations of the reinforcing fillers also offer some added advantages, such as low
density, transparency, flexibility and ease of processing. The most commonly used
layered silicates belong to the structural family known as the 2:1 phyllosilicates; more
details on their smectic nature can be found in section 1.2.1. Because of its hydrophilic
nature, it is difficult to disperse the nanoclay in a given polymeric matrix without some
sort of organic modification. In general, the clay is organically treated with a primary
alkyl ammonium ion. It is relatively easier to disperse the organoclay in a polar polymer
matrix such as nylon. However, for polyolefins such as polypropylene or polyethylene
the organic treatment of the nanoclays alone is not enough, and a third polarizing
component is added to get well exfoliated clay nanocomposites. The polarizing
component or the compatibilizer used is obtained by grafting the base polymer with some

polar group like maleic anhydride. The reaction is carried out in a melt extrusion process
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using a peroxide initiator. This leads to polymer scission, due to the formation of free
radicals, and the melt viscosity of the compatibilizer formed is lower than that of the
original polymer. During melt mixing step, the polar part of the compatibilizer gets
bonded to the organoclay, whereas the non-polar part gets blended with the hydrocarbon
chains of the base polymer. The final degree of dispersion in a given nanocomposite is
decided by the extent of interaction among the various components of the blend, as well

as the intensity of mixing.

5.2 Research Objective

Thin gauge sheeting made from high molecular weight high density polyethylene
(HMW-HDPE) is used in automotive aftermarket-specifically as a masking alternative to
paper in body repair shops. To obtain required tear strength and tensile strength the
sheeting is typically manufactured in a 3-layer film blowing process. The film
thicknesses can range from 12 pm down to 8 pm. Attempts to blow films with thickness
less than 7.5 microns would result in unacceptable process instabilities and mechanical
properties. This problem can be addressed by adding a small percentage of organoclay
with appropriate compatibilizers. The main objective of this research work was to prepare
well-dispersed nanocomposites of film grade HMW-HDPE, which would have an
enhanced or equal processability as the base polymer. The intention was to obtain a

similar level of mechanical properties with a reduced level of film thickness.

As described in the earlier section, maximum enhancement in the properties of the
nanocomposite can be realized if the clay nanolayers or the platelets are completely
separated from each other. Because of the very low melt flow rate (0.06 g/10 min.) of the

base polymer, the task of preparing a well dispersed clay nanocomposite of HMW-HDPE
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is faced with several challenges. First, the melt blending of this low MFR HDPE with
other components would be hard without an execution of rigorous process parameters.
Secondly, the very high molecular weight of the polymer chains would not only hinder

the penetration of their own, but also of the compatibilizer chains into the clay galleries.

For a HDPE of relatively higher melt flow rate (2 g/10 min.), Spencer and coworkers94

were able to achieve exfoliated nanocomposites using > 25% of maleated HDPE (HDPE-
g-MA) of comparable melt flow rate (MFR). The very high molecular weight of the
polymer in our case would necessitate higher concentration of a maleated polyethylene
(PE-g-MA) compatibilizer. Moreover, since it is difficult to obtain a maleated PE (PE-g-
MA) with as low MFR as the HMW-HDPE used in this study, the required loading level
of PE-g-MA with a different MFR would be even higher. Lastly, a judicious selection of
the process and material parameters is critical in deciding the melt strength of the
nanocomposite formed; this is the most important criteria for getting a stable film during
film blowing operation. The blowability of a polymeric material can be judged from its

strain hardening ability in extensional flow; if strain hardening is observed in uniaxial

. . . ) 95-97 .
extensional flow, it will be observed in biaxial extensional flow as well . Thus, in

order to qualify as a potential material for the film-blowing process, the nanocomposite

must exhibit strain hardening ability in melt extensional flow96

To overcome the above discussed challenges, and to meet our objective we employed

following strategies:

1) Raw material selection:

Organoclay
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. . . 58 .
In their recent invention, Chaudhary, Pathak and Jayaraman ~ were able to obtain the

strain hardening extensional viscosity behavior that is essential for foaming and film
blowing for well-intercalated nanocomposites of linear polymers. They reported that this
effect was especially noticeable when the organoclay was treated with chosen silane
coupling agents. The silane treatment triggers higher physical, as well as reactive
compatibilization with the compatibilizer. To extend this development, we decided to use
the aminosilane treated organoclay used in their work.

Compatibilizer

The level of maleic anhydride (MA) provided by the compatibilizer must be sufficient to
couple to all the reactive sites available on the organoclay surface and edges. If the MA
level of the compatibilizer is too high, it may be immiscible with the bulk polymer
because of the large polarity difference. Moreover, a high level of MA in the
compatibilizer is usually associated with low molecular weights, which can also lower
the mechanical properties of the final composite. Finally, the molecular weight of the
compatibilizer or linking chains must be sufficient to raise the entanglement density with
potential for strain hardening in melt extension. This work was done with two different
compatibilizers - a low molecular wt. compatibilizer (with a higher MA content) and a

higher molecular wt. compatibilizer of maleated HDPE (with a lower MA content).

2) Selection of Process Parameters:

We developed a mixing protocol in terms of sequence of addition of the raw materials
and setting up the appropriate process parameters, such as mixing time, temperature, rpm,

etc.
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5.3 Material and Experimental Details

5.3.1 Materials
All the materials used for this part of the research work are listed in Table 5.1 with their

commercial suppliers and technical specifications.

Material Supplier-Grade | Designation | Specification
High molecular weight Exxon-HD7960 HMW- MI=0.06 g/10 min,
high density polyethylene HDPE density=0.952 g/cc,
Tm=134°C
Low molecular wt. Sigma Aldrich- SA MA content=3 wt. %,
compatibilizer 456632 Tm=103°C
ALDRICH Viscosity=1700-4500
cPs
High molecular wt. Dow Amplify GR205 MA content=1.2 wt. %,
HDPE-g-MA GR205 Tm=134°C
compatibilizer
Organically treated Southern Clay CI-15A Organic content =43
nanoclays Products- Cloisite wt. %,
15A density=1.66 g/cc,
d-spacing=3.10 nm
Nanocor-1.44P 1.44P Organic content =35
wt. %,
density=1.44 g/cc,
d-spacing=2.50 nm
Nanocor- Si-1.44P Organic content =38
NANOMER (Silylated | wt. %,
1.44P 1.44P) density=1.77 g/cc,
d-spacing=2.60nm
(broader XRD peak)
Low molecular wt. Ashland Inc.- HIVAL MI=21 g/10 min,
HDPE HIVAL 521054 density=0.952 g/cc
Commercial masterbatch | Nanocor- Nanomax Clay used: 1.44P,
of 1.44P nanoMax HDPE clay loading=50 wt. %

Table 5.1: Constituents of HMW-HDPE nanocomposites with clay
The organoclay most suited to polyolefins has an onium ion surfactant specifically with
two alkyl tails. The surfactant used in the organoclays for our study was dimethyl-di-

octadecyl ammonium cation, with two —C18 tails in the case of 1.44P from Nanocor,
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whereas in case the of Cloisite 15A from Southern Clay Products, it was the onium ion
with hydrogenated tallow. The 1.44P had been further treated with an organic silane

coupling agent, specifically Dow corning grade Z-6094 which was
aminoethylaminopropyltrimethoxysilane  (NH»-(CH>2)2-NH-(CH;)3-Si(OCHj3)3);  the

resulting product is referred as Si-1.44P. The base polymer was a very high molecular

weight HDPE with a melt flow of 0.06, which is processed at temperatures from 210 to
220°C. The low molecular wt. compatibilizer (SA) has 3 wt. % MA, and the higher

molecular wt. compatibilizer (GR-205) has 1.2 wt. % MA.

5.3.2 Nanocomposite Preparation

Compounds with various levels of clay, compatibilizer, and base polymer were prepared
by melt mixing, either in a single stage or in a two-stage process. In single stage mixing,
all the components, i.e. bulk polymer, organoclay and compatibilizer, were added at the
same time. Two-stage mixing involved preparation of a masterbatch with a high loading

of clay. Prior to compounding, the organically treated nanoclays, as well the PE-g-MA

compatibilizers, were dried for 12 hrs., using a vacuum drier maintained at 80°C and a

vacuum of 20 in. Hg. Most of the mixing was carried out in Banbury type batch mixers.
A schematic of this type of mixer is shown in Figure 5.1. Banbury type batch mixers of
two different mixing capacities were used for melt mixing- one with 50 g capacity from
Brabender, and another with 200 g capacity, which was mounted on a Polylab OS torque

rheometer. The torque—time curve obtained from the torque rheometer was used to decide

. . . 100
the time required for mixing, as done by Rezanavazz etal.” .
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Feeding Hopper

Heated Mixing Bowl
LY

Intermeshing Mixing Screws

Figure 5.1: Schematic of a Banbury type batch mixer used for melt blending.

Preparation of the masterbatch (MB), which did not involve the HMW-HDPE, was

carried out at 150 to 160°C and at 150 rpm, for 12 to 15 minutes. For single-stage

mixing, as well as for the let-down step of the two-stage mixing, the melt temperature

was maintained at 210°C for 20 minutes. The very high viscosity of the HMW-HDPE

leads to an increase of up to 80°C in the melt temperature, and therefore, temperature
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control was critical during mixing. The melt temperature was maintained below 220°C by

controlling the set temperatures and mixing speed (rpm). The mixing was carried out
under a nitrogen blanket and with Irganox to minimize oxidative thermal degradation.
Chunks of melt mixed material were collected from the mixing bowl using a copper
spatula and brass scraper. These chunks were then molded to prepare samples for X-ray
diffraction (XRD) and rheological studies. For molding flexural bars, the chunks were

granulated in a mini granulator.

Continuous melt-mixing was used to prepare kg samples of one masterbatch (MB3) and
its two let-down batches, LD1-3 and LD2-3 (to be discussed later). This was done with a
Cooperion intermeshing and co-rotating twin screw extruder ZSK-25 (screw diameter=

25 mm, L/D=44). The masterbatch was compounded using a feed rate of 1 to 2 kg/hr, a

barrel temperature of 140-145°C (melt temperature =160 to 165°C), and an rpm of 250.
During let-down, the barrel temperature was set to 130-140°C (melt temperature =210 to

224°C), and mixing was done with a feed rate of 1.5 kg/hr. and 300 rpm.

5.3.3 Sample preparation
Specimens for X-ray diffraction (XRD) and rheological tests were molded in a Wabash
compression molder. A 1 mm thick circular mold with 40 mm diameter was used to mold

XRD samples, whereas to mold samples for testing elongational rheology, a mold with a

grid of rectangular cavities (each with 18 x 10 x 0.75 mm3) was used. The polymer blobs

were put on the mold and allowed to melt at 200°C, and then subjected to a pressure of 5

tons for 3 minutes, and 8-10 tons for 5 minutes. The melt was cooled under pressure to
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room temperature using cooling water circulated through the mold. The molded samples

were visually checked to make sure that they were free of any voids and foreign particles.

To prepare flexural bars, the materials were melted using a DSM microl5 compounder (a

conical and co-rotating mini twin screw extruder) operated with a set T of 210°C and 50
to 100 rpm. The melt was then transferred at 210°C, using a Daca micro injector system

with pressure of 150 psi to a mold maintained at 70°C.

Blown films of the nanocomposite and base HDPE were obtained using a lab-scale film
blowing unit that was fitted with a die of 25.4 um annular gap. The L/D of the extruder
screw was 31. For preparing films using LD2-3, a let- down batch with 5 wt. % of Si-
1.44P clay and a blow up ratio of 4.5:1 was used. A film of base HDPE was also

produced for comparison. The extrusion temperature for the nanocomposite was set to

190°C, which is 20°C below the processing temperature used for base HDPE. For

preparing blown films using LD1-4: a let-down batch with 3 wt. % Si-1.44P a blow up
ratio of 2.5:1 was used. The films of LD1-4 could be blown with the same settings as that

of neat HMW-HDPE.

5.3.4 XRD

X-ray diffraction technique (XRD) was used for structural characterization of the
organically modified clays; their concentrates or masterbatches and the final let-down
batches or HMW-HDPE nanocomposites. The technique works on the principle of X-ray
scattering. The crystals in a material are assemblies of regular spaced atoms, which

scatter or diffract the X-ray beam in a certain pattern based on their inter-atomic distance.
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The d-spacing between the scattering sites is obtained using Bragg’s law given by

equation 5.1.
nA = 2d sin(6) (5.1)

Where, ‘n’ is the order of reflection, ‘A’ is the wavelength of the X-ray beam, ‘d’ is the

spacing between atoms or plane, and ‘@’ is the angle of diffraction. In this part of the

work, only first order diffraction was considered.

XRD patterns in reflection mode were obtained using a theta-theta Bruker Davinci
Diffractometer which was equipped with a Ni-filtered Cu Ka radiation source, and
operated at 45 kV and 45 mA. This instrument has four diffraction slits: one between the

X-ray source and the sample; two between the sample and the goniometer and the last slit

is mounted on the detector (0.6°) side. The first three diffraction slits were fixed, whereas

the selection of the diffraction slit on the detector was made based on the resolution and
intensity of the diffraction peak of interest, which in our case was that of clay d-spacing.
XRD scans were run for the nanocomposites. The d-spacing of the clay present in each

material was calculated using Equation 5.1.

To obtain the XRD pattern of the clay samples, the powder samples were compacted on a
glass disc with a cavity of 25 mm diameter and 3 mm thickness. For the masterbatches or
nanoclays, as well as the final nanocomposites, 35 mm diameter compression molded

discs, fitted on 40 mm diameter glass sample holders were used. XRD patterns of all the

samples were recorded using a 3.0%min scan rate over the 26 range of 0.4 to 10°, with

equal increments of 0.02°,
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Natural montmorillonite clay has a mean interlayer basal spacing of (001) plane (d-
spacing) of about 0.95 nm. The organic treatment by various alkyl ammonium surfactant
leads to intercalation of the surfactant molecules inside the clay galleries, resulting in an
increase in d-spacing. For the nanoclay treated with onium ion surfactant with two alkyl
tails-C18 (1.44P), the d-spacing increased to 2.50 nm. Silane treatment of this clay led to
broader d-spacing with a shallow peak intensity, corresponding to a d-spacing of 2.60 nm.
The highest d-spacing was recorded for Cloisite 15A clay that has onium ion surfactant

with hydrogenated tallow.

5.3.5 Extensional Rheology

The extensional rheology tests were performed to study the melt behavior of the material
in shear free elongational flow. It is of particular importance in various commercial
processes such as film blowing, foaming, blow molding, fiber spinning, thermoforming,
etc. Since this part of the work deals with production of blown films, the extensional melt
behavior of a given polymeric material was crucial for assessment of its film forming
ability. Because of the presence of shear stresses at stationary boundaries, homogeneous
extensional flows are difficult to generate. In our study we have tested the polymeric melt,

using an extensional viscosity fixture (EVF) for their uniaxial extensional flow behavior.

In the EVF test, a rectangular test specimen is subjected to an axi-symmetric deformation
where a tensile stress is applied along the longest dimension, and the other free surfaces
of the specimen undergo compression. For our research we used a TA ARES rheometer

that was mounted with EVF. The design of the fixture is based on the original concept by

: 101 . . . . : .
Meissner” . The EVF fixture consists of two cylinders-a stationary cylinder that is
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connected to a force transducer, and a rotating cylinder that rotates around the stationary

cylinder to wind up the sample (Figure 5.2).

Transducer shaft
Molten polymeric
specimen

Rotating drum

D

Figure 5.2: Schematic of an extensional viscosity fixture (EVF) used to measure
extensional viscosity behavior of polymeric melts.

The extensional stress o, (Equation 2.4) is obtained by using the measured extensional

force F and the cross sectional area A of the sample. Both of these are functions of time.

_FQO

Oe (t) - A(t) (5.2)

The extensional force is then used to calculate transient uniaxial viscosity (1) using

Equation 5.3.
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o (t)
de, (5.3)
dt

17, () =

dey,
Here, dt represents the applied strain rate. An ARES rheometer, with an extensional
viscosity fixture (EVF) by TA instruments was used to study extensional rheology of
polymeric melts. The extensional viscosity transients for melts were measured at
temperatures well above the melting temperature of the material. This was done by

subjecting the melt to a constant Hencky strain of 2.5, using various strain rates like 0.1,

0.5,1and 2 3'1. The high molecular weight HDPE based samples were conditioned for 5-

7 minutes at the test temperature to ensure their thorough melting. These tests are very
sensitive to the sample condition, so care was taken to ensure that the samples were even
and free of any voids or defects. Once the test was over, the geometry of the stretched
specimen was checked to ensure that the sample was stretched uniformly without sagging.
The results of non-uniformly stretched samples were discarded and only the data for the

uniformly stretched samples were taken into consideration.

5.3.6 DSC

Thermal properties of the neat HMW-HDPE, compatibilizers used and the
nanocomposites prepared were measured on a differential scanning calorimeter (DSC)
Q10 by TA instruments. It was operated under nitrogen purge of 50 ml/min. The working
principle involved and other details are given in section 2.2.7. The DSC curve for a given

sample was obtained by subjecting 5-10 mg of its specimen to a heat/cool/heat cycle from
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40 to 200°C, at a heating rate of 5°C/min. The first heating cycle relieves any thermal

stresses present in the specimen. Values of heat of fusion were obtained with the help of
Universal Analysis 2000 software (version 4.5A) by TA instruments. The position of the
melting peak of a melt mixed compound, in comparison with the melting peaks of the

individual components involved, can indicate the degree of compatibility among them.

5.3.6 Flexural Tests

Room temperature flexural tests were performed by a three point bending method to
evaluate flexural modulus and strength of the samples; a Universal tester, fitted with 5 kN
load cell and a 50 mm span was used. Load vs. deflection curves for different samples
were recorded at a testing rate of 5.08 mm/min. Following the guidelines of ASTM D790,
the span length was set to a equal to 16 x thickness of the flexural bar. Load vs.
displacement of the given flex bar is recorded and used to calculate flexural modulus,
flexural strength, and flexural strain. Flexural modulus was determined for the initial

linear elastic region using Equation 5.4.

mL’
Eflex TR 54
4bh 54

Where:
Eflex = Flexural modulus, m = initial slope of the load vs. deflection curve

b = width of beam tested, h = thickness of beam tested and

L = specimen length between two support points
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The flexural strength oy and the flexural strain ey were calculated with the help of

Equation 5.5 and Equation 5.6 respectively.

3PL
7Y 2bh? 69

Where,

P= peak load occurring at the yield point of the load displacement curve.

65,h
y = L2 (5.6)

&

Where,

dy= deflection at the yield point.

5.3.8 Film Testing

The film samples prepared were generously tested by Petoskey Plastics in Petoskey,
Michigan. Tensile tests on the films were performed on a Thwing-Albert Instrument’s
tensile testing unit as per the ASTM standard D882. Twenty 190 mm x 25 mm strips cut
in machine direction (MD) and transverse direction (TD) were tested for tensile
properties. The tear strengths of film samples were tested on Elemendor tear tester as per
ASTM standard D1922. For a given film sample, twenty 75 mm x 62.5 mm strips each in

MD as well as TD were cut for these tests.
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5.4 Results and Discussion

5.5.1 Effect of Mixing Time

The effect of different mixing times on the extent of organoclay dispersion was
investigated in the Brabender batch mixer, using the high molecular weight maleated
HDPE grade GR205 alone as matrix. Results are presented here for a composite with 3
wt. % of Cloisite 15A (Southern Clay Products) and 97 wt. % of GR-205. Similar results

were obtained with 3 wt. % of 1.44P from Nanocor and 97 wt. % of GR-205. The mixing
temperature was 200°C. The extent of dispersion indexed by the d-spacing of clay in the
nanocomposite increased progressively as the mixing time was increased from 5 min to

10 min to 15 min as shown in Figure 5.3. This trend points out the necessity of using

greater mixing times when HMW-HDPE is the bulk polymer.

tmix=15min, d = 5.77 nm

tmix=10min, d = 4.64 nm

fmix=15min, d = 3.80 nm

Intensity (cps)

20 (deg)

Figure 5.3: Effect of mixing time for GR205/CI-15A (97/3 wt/wt) nanocomposites
prepared on a small Brabender mixer.

135



5.5.2 Two Stage Mixing vs. Single Stage Mixing

5.5.2.1 Single Stage Melt Mixing

One shot mixing or single stage mixing of different compositions of HMW-HDPE,
GR205, and organoclay were tried in a batch mixer. For example, nanocomposites of
HMW-HDPE and CI-15A, using two different levels of GR205 (12.4 wt. % and 24.7
wt. %) in the matrix phase, were compounded in the Polylab OS torque rheometer at

210°C for 20 minutes. XRD patterns of these two composites are given in Figure 5.4.

HD(79)/GR205/CI-15A (73/24/3 wt%),

- exfoliated

HD(79)/GR205/CI-15A (85/12/3 wt%),

Intensity (cps)

1 2 3 4 5 6 7 8 9 10
2 theta (deg)

Figure 5.4: XRD patterns showing the effect of compatibilizer loading on dispersion in
single shot mixing. The compounds were prepared using Polylab (OS) torque rheometer.

As seen here, the composite with 24.7 wt. % of GR205 in the matrix phase, or with
compatibilizer to clay ratio of 8:1, showed exfoliation, while the composite with
compatibilizer to clay ratio of 4:1 showed an increase in d-spacing of only 0.11 nm. Thus,
very good dispersion of the CI-15A organoclay was obtained with about 25 wt. % of GR-

205 in the matrix polymer blend. This is consistent with trends reported by Spencer
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et.al94, where 25 wt. % of compatibilizer with similar viscosity to that of the base HDPE

was required to achieve exfoliation. For HMW-HDPE nanocomposites with Si-1.44P, 25
wt. % of GR-205 was not enough to attain exfoliation. An increase of 0.25 nm in d-
spacing was obtained for this case; the total level of maleic anhydride was critical with

silylated clay because of the reactive coupling.

The required level of compatibilizer may be reduced by preparing a masterbatch with
significant amounts of clay and carrying out the mixing in two stages. Nanocor has used
this approach; they supply masterbatches of 1.44P clay for polyolefins. The following
steps were followed: firstly the commercially available Nanocor masterbatch (Nanomax-
HDPE) was tried for HMW-HDPE in a let-down process. Secondly, a masterbatch using
the silane treated organoclay was prepared, and let-down with the base HMW-HDPE.
The silane treated clay was expected to (i) preserve the strain hardening ability of the
base polymer in extensional melt flow, and (ii) impart adequate improvements in the

mechanical properties.

5.5.2.2 Two Stage Melt Mixing

Figure 5.5 shows XRD patterns for the masterbatch- Nanomax and its let-down batch
with HMW-HDPE. The Nanomax was available commercially from Nanocor and
contained 50 wt. % of 1.44P. Its let-down batch with HMW-HDPE had 5 wt. % of 1.44P

in it. The let-down batch was prepared on the Polylab OS torque rheometer, by mixing

the Nanomax with HMW-HDPE at 210°C for 20 min. The Nanomax masterbatch which

was prepared using a twin screw extruder showed an increase of 0.56 nm in d-spacing

from the base clay. Second stage mixing with Polylab OS mixer resulted in satisfactory
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clay dispersion, giving a total increase of 1.4 nm in d-spacing. Based on these results, we
decided to pursue two-stage mixing, particularly with silylated 1.44P clay (Si-1.44P). The
HMW-HDPE was not incorporated in the masterbatches; instead, up to 30 wt. % of a 21
MFI HDPE (HIVAL) was added while compounding the organoclay with the
compatibilizer. Initial masterbatches with Si-1.44P were prepared using GR205. The low

viscosity of HIVAL was expected to give better mixing.

MBO, d = 3.06 nm

LD1-0,d =3.90 nm

Intensity (cps)

1 2 3 4 5 6 7 8 9
20 (deg)

Figure 5.5: XRD patterns for a commercially available masterbatch MBO with 50 wt. %
1.44 P clay and its let-down compound LD1-0: HMW-HDPE/MBO (90/10 wt.%)
prepared on Polylab (OS) torque rheometer

Figure 5.6 presents XRD patterns for the MB of Si-1.44P with GR205, and its let-down
batch with HMW-HDPE prepared on the small Banbury mixer. Although the MBs with
GR205 showed an increase of 0.5 to 0.6 nm in clay d-spacing, the d-spacing collapsed in
the let-down batches of these MBs with HMW-HDPE. Varying the proportions of

GR205 in the masterbatch, as well as in the let-down step, did not improve dispersion in
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the let-down product. As a result, we tried a different compatibilizer in the masterbatch,

SA, that has 3 wt. % of maleic anhydride.

B1,d=3.1nm

LD1-1,d =3.0 nm

Si-1.44P ,d = 2.6 nm

Intensity (cps)

20 (deq)

Figure 5.6: XRD patterns of masterbatch MB1 with Si-1.44P/GR205/HIVAL (30/30/40
wt. %) and its let-down LD1-1 compound: HMW-HDPE/MBL1 (83.3/16.7 wt. %),
prepared on the Brabender mixer.

The XRD patterns of one such masterbatch and several different corresponding let-down
batches are presented in Figure 5.7. As Figure 5.7 shows, the masterbatch prepared with
SA had a greater d-spacing. The let-down of this masterbatch with HMW-HDPE showed
same d-spacing as the MB. Upon addition of GR205 during the let-down step (LD 2-2),
we obtained an increase in d-spacing from the masterbatch to the let-down composite.
Increasing the level of GR205 at the letdown stage revealed that there was an optimum

level (10 wt. %) of GR205 for good dispersion of the organoclay.
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MB2,d =3.3 nm

LD3-2,d =3.3 nm
LD1-2,d =3.3 nm

LD2-2,d = 3.45 nm

Intensity (cps)

1 2 3 4 5 6 7 8 9
20 (deq)

Figure 5.7: XRD patterns of masterbatch MB2 with 40/30/30 wt. % of Si-1.44P/SA/Hival
and its let-down compounds LD1-2: HMW-HDPE/MB2 (87.5/12.5 wt. %), LD2-2:
HMW-HDPE/GR205/MB2 (77.5/10/12.5 wt. %) and LD3-2: HMW-HDPE/GR205/MB2
(71.5/16/12.5 wt. %).

We decided to make another slightly different masterbatch, and also let it down with
HMW-HDPE on a twin screw extruder (TSE) that would generate larger samples for film
blowing tests. Figure 5.8 shows XRD patterns for these three compounds. An increased
d-spacing of 3.39 nm was obtained in the masterbatch with 40-35-25 wt. % of Si-

I.44P/SA/HIVAL.

140



MB3, d = 3.39 nm

LD1-3,d =3.05 nm

—

LD2-3, exfoliated

Intensity (cps)

Si-1.44P, d = 2.60 nm

20 (deg)

Figure 5.8: XRD patterns of MB3 with Si-1.44P/SA/HIVAL (40/35/25 wt. %) and its let-
down compounds: LD1-3 with HMW-HDPE/MB3 (87.5/12.5 wt. %) and LD2-3 with
HMW-HDPE/GR205/MB3 (77.5/10/12.5 wt. %) prepared on a twin screw extruder.

The DSC curves (Figure 5.9) showed high compatibility between the maleated low
molecular weight compatibilizer and the high density polyethylene. This was let-down
with additional GR205 and HMW-HDPE to prepare a compound with 5 wt. % of
nanoclay. A different let-down, without any additional GR205, was also compounded for
comparison; the d-spacing did not improve with this straight let-down. We obtained

exfoliation of clay in the let-down batch with 10 wt. % of GR205.
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Figure 5.9: DSC curves of low molecular weight compatibilizer (SA), high density
polyethylene (HIVAL) and their masterbatch (MB3 with Si-1.44P clay).

5.5.3 Flexural Properties with Injection Molded Bars

Five flexural bars were tested for each of three different materials: the HMW-HDPE, the
Nanomax let-down with 5 wt. % 1.44P, and the exfoliated compound described in Figure
5.6 with 5 wt. % silylated organoclay, Si-1.44P, and 10 wt. % GR205. The results are
presented as bar graphs of flexural modulus, yield strength, and yield strain in Figures

5.10-5.12.

The newly formulated HMW-HDPE nanocomposites with 5 wt. % of Si-1.44P clay
showed an improvement of 19 % in the flexural modulus (Figure 5.10) and 7 % in
flexural strength (Figure 5.11). The flexural yield strain of this nanocomposite was also
comparable to that of neat HDPE (Figure 5.12). As seen in these figures, there was more
variation in the mechanical properties of the nanocomposite compounded on the twin

screw extruder. Ideally, to keep the proportions uniform, the masterbatch and the bulk
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polymer should be fed by different feeders. This was not done; the components were
shaken together before feeding through one feeder which might have led to non-uniform

proportions.

Flexural Modulus (MPa)

1000 ¢

900

800

700

600

500

400 &
HMW-HDPE  LD1-0 LD2-3

Figure 5.10: Flexural modulus of HMW-HDPE, LD1-0: HMW-HDPE/MBO0 (90/10 wt. %)
and LD2-3 with HMW-HDPE/GR205/MB3 (77.5/10/12.5 wt. %)
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Flexural Strength (MPa)
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HMW-HDPE LD1-0 LD2-3

Figure 5.11: Flexural strength of HMW-HDPE, LD1-0: HMW-HDPE/MBO (90/10 wt. %)
and LD2-3 with HMW-HDPE/GR205/MB3 (77.5/10/12.5 wt. %)

Flexural Yield Strain (%)

HMW-HDPE LD1-0 LD2-3

Figure 5.12: Flexural yield strain of HMW-HDPE, LD1-0: HMW-HDPE/MBO (90/10
wt. %) and LD2-3 with HMW-HDPE/GR205/MB3 (77.5/10/12.5 wt. %)
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5.5.4 Film Blowing and Processability

Resins used for film blowing should have adequate melt strength in biaxial extensional

96, 10
W

2 . - i
flo . This property or blowability can be assessed by measurements of the uniaxial

extensional viscosity transient at the melt temperature of interest. Figure 5.13 for HMW-

HDPE shows a lift-off in extensional melt viscosity when tested at 210°C.

1.0E+07 ¢
F - T=220°C
! HMW-HDPE
1.0E+06 E
T{D\ E ...........
L 1.0E+05 F
5 ~0.5 (1/s)
o
= 1.0E+04 -1
1.0E+03 L
0.1 1 10 100
Time (s)

Figure 5.13: Uniaxial melt extensional viscosity of neat HMW-HDPE conditioned for 7
minutes before testing at 210°C.

In general, addition of fillers to the polymer melt brings down the strain hardening in
melt extension flow. However, strain hardening of the extensional viscosity can be

maintained, or even enhanced in some nanocomposites by careful selection of the

- . .o 98, 99.
compatibilizer and the coupling between the organoclay and the compatibilizer

Figure 5.14 shows the uniaxial extensional viscosity transients for GR205 and its

composite with 3wt. % CI-15A, that was mixed for 15 minutes. Neat GR205 itself strain
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hardens at different strain rates; the degree of strain hardening went up for the GR205
composite with well intercalated CI-15A clay. Due to its strain hardening ability, this
compatibilizer is expected to retain the melt blowability of the base HMW-HDPE resin,

which is another reason why it was a compatibilizer of choice.

1.0E+07

GR205/CI-15A (97/3 wt.%)

T=190°C

1.0E+06

T T 1T

Neat GR205

LOE+04 Ew=="""_ 5(1/s) -1 (1/s)

F 2 (1/s) - 0.1 (1/s)
10E+403 L——vn v i 0 i

0.1 1 10 100
Time (S)

1.0E+05

ne+ (Pa-s)

Figure 5.14: Uniaxial melt extensional viscosity of neat GR205 and GR205/CI-15A
composite tested at 190°C without conditioning.

The nanocomposite of HMW-HDPE compounded on the twin screw extruder also

showed similar degree of strain hardening as that of base HDPE (Figure 5.15), but at a
lower test temperature of 195°C. Therefore, films for the nanocomposites were produced
with blow film extruder operated at 190°C instead of 210°C for neat HMW-HDPE.

Horizontal wrinkled lines were observed on the film bubble during the film blowing
operation. Table 5.2 gives the properties of the blown films made from HMW-HDPE and

its nanocomposite (LD2-3) made with 5 wt. % Si-1.44P. As can be seen from the table,
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the modulus of the nanocomposite film was higher than that of neat HMW-HDPE,
particularly in the TD; it was twice that of unfilled HMW-HDPE. All the mechanical

properties of the nanocomposite films except the moduli were poorer than that of the base

HMW-HDPE films.

1.0E+07
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Figure 5.15: Uniaxial melt extensional viscosity of HMW-HDPE nanocomposite tested at
195°C without conditioning.
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Material

Property

Neat HMW-HDPE

LD2-3 Nanocomposite

with 5 wt. % Si-1.44P

Film gauge (microns) 25.4 25.4
Tensile Strength-MD (MPa) 38.4 33.1
Tensile Strength-TD (MPa) 30.7 20.7
Tensile Modulus-MD (MPa) 371.6 441.9
Tensile Modulus-TD (MPa) 266.1 804.6

Elongation at break (%) 361.6 319.1

Elongation at break (%) 550.4 10.1
Tear Strength-MD (Q) 16.2 7.1
Tear Strength-TD (Q) 959.0 567.0

Table 5.2: Mechanical properties of blown films of HMW-HDPE and LD2-3
nanocomposite containing 5 wt. % Si-1.44P produced with a BUR of 4.5.

The fact that the films could not be blown above 190°C suggested that there was too high

concentration of low molecular weight components like SA, HIVAL and GR-205. Out of

these, SA and GR-205 are maleated polyolefinic compatibilizers, and must be present to

get good dispersion of the clay. Therefore, we decided to prepare a new masterbatch, this

time without HIVAL. Additionally, we decided to reduce the final clay concentration to 3

wt. % instead of 5 wt. %. Figure 5.16 shows XRD patterns of the newly prepared

masterbatch and its let-down batch with HMW-HDPE.
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Figure 5.16: XRD patterns of MB4 with Si-1.44P/SA (50/50 wt. %) and its let-down
compound LD1-4 with HMW-HDPE/GR205/MB4 (88/6/6 wt. %) prepared on Polylab
OS torque rheometer.

The extensional viscosity behavior of the let-down batch is shown in Figure 5.17. As can
be seen from Figure 5.14, the extensional melt viscosity of the nanocomposite with 3

wt. % Si-1.44P showed an almost similar level of strain hardening as that of neat HMW-

HDPE, when both were tested at 210°C. Films of these two materials were then blown at

a set temperature of 210°C and tested for their properties.
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Figure 5.17: Uniaxial melt extensional viscosity behavior of HMW-HDPE and LD1-4
nanocomposite with HMW-HDPE/GR205/MB4 (88/6/6 wt. %). Both conditioned for 5

min. before testing at 210°C

Table 5.3 gives the properties of the films obtained for LD1-4 and HMW-HDPE film
produced under similar processing conditions. Similar to the results of nanocomposite
films with 5 wt. % Si-1.44P, the nanocomposite films with 3 wt. % Si-1.44P showed poor
mechanical properties, except the tensile modulus. The tensile modulus in TD this time
was 8 times that of neat HMW-HDPE. The film showed comparable tear strength to that
of neat polymer, but besides that all other mechanical properties were inferior to that of
unfilled HDPE. From these results it appears that the anisotropic orientation of
organoclay particles during biaxial orientation, in film blowing operation was the main

reason for poor mechanical performance of the film in the machine direction.
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Material

Property

Neat HMW-HDPE

LD1-4 Nanocomposite

with 3 wt. % Si-1.44P

Film gauge (microns) 25.4 23.6
Tensile Strength-MD (MPa) 81.7 22.4
Tensile Strength-TD (MPa) 31.7 16.9
Tensile Modulus-MD (MPa) 427.5 448.1
Tensile Modulus-TD (MPa) 103.4 937.7

Elongation at break (%) 373.0 229.0

Elongation at break (%) 494.0 5.0
Tear Strength-MD (Q) 11.2 11.0
Tear Strength-TD (Q) 638.0 250.0

Table 5.3: Mechanical properties of blown films of HMW-HDPE and LD1-4
nanocomposite containing 3 wt. % Si-1.44P produced with a BUR of 2.5
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5.5 Conclusions

Well exfoliated nanocomposites of high molecular weight HDPE were obtained by using
a combination of two maleated polyethylene compatibilizers in two-stage mixing.
Complete exfoliation of the nanoclay could be obtained with compatibilizer to polymer
ratio of 1/7, as well as 1/10. Injection molded bars of nanocomposite with 5 wt. %
aminosilane treated clay showed 19 % increase in flexural modulus. Tensile moduli of
blown films of the HMW-HDPE nanocomposites with 5 wt. % and 3 wt. % of clay
loadings were much higher than that of the neat polymer; however, all other properties of
the nanocomposite films were poorer than that of neat HMW-HDPE processed under
similar processing conditions. Orientation of the exfoliated clay particles during biaxial

stretching in film blowing operation must be the cause of this.
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CHAPTER 6
SUMMARY AND RECOMMENDATIONS

The research work presented in this study was conducted in two separate parts. The

conclusions and recommendations for each part are given below:

Part I:

Summary:

This part of the research constituted a major portion of the work; it was focused on
studying the development of microstructure in drawn PP-talc composites that were die-
drawn in solid phase at elevated temperatures. Two experimental setups were used to
perform the die drawing operations; a lab-scale setup and a pilot-scale setup. An injection
molded billet of PP-talc composite filled with 38 wt. % or 16.5 vol. % of talc was die
drawn on the lab-scale setup. The billet was drawn using a converging die of nominal
draw ratio of 3.2 at 150°C, using the following 5 different draw rates: 2.54 cm/min, 12.7
cm/min, 25.4 cm/min, 50.8 cm/min and 101.6 cm/min. The required draw loads were
recorded using a load cell on the drawing side. A relatively bigger extruded billet of PP-
talc composite was die-drawn on the pilot-scale setup. This billet was loaded with a lower
talc level (20 wt. % or 7 vol. %). Pilot-scale die drawing runs were performed at 145°C
using a converging die of nominal draw ratio of 2, using the draw rates of 91 cm/min,
244 cm/min, 366 cm/min and 573 cm/min. The microstructures of the die drawn samples

were analyzed for voiding and crystal orientation.

To study the void fractions and void morphologies, composites drawn on both the lab-
scale and pilot-scale die drawing setups were analyzed. The densities (or void contents)

were determined using a densitometer, and the void morphologies were characterized
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with the help of a scanning electron microscope (SEM). The dimensions of the particles
and voids seen on the SEM pictures were quantified using image analysis software. From
the recorded values of die drawing loads, it was concluded that the draw stress required
for die-drawing PP-talc composite was considerably less than that required for die-
drawing the corresponding unfilled PP. The draw stress was found to increase linearly
with the draw ratio. From the measurements of densities and dimensions of the drawn
samples, it was noted that the die drawing operations on both of the setups led to
saturation in the final density, above an actual draw ratio of 7. The final void volume
fractions in the die drawn samples of PP-talc-38 wt. % and PP-talc-20 wt. % composites
were 30 % and 17 %, respectively. The ratio of final void volume fraction to the initial
filler volume fraction was found to be lower (1.81 vs. 2.26) for the die-drawn composite
with higher talc loading. Morphological pictures showed that all the particles in the final
deformation zones were debonded from the matrix phase and that the voids around them
had grown in the drawing direction. In the case of die-drawn PP-talc-20 wt. % composite,
the lengths of the voids along the drawing direction were 4-6 times the lengths of the
particles trapped inside of them. The average value of the void stretch ratio (ratio of the
void length to the particle length in the drawing direction) plateaued above an actual DR
of 7. Voids formed in the die-drawn composite with the higher talc loading were

observed to have a lower range of aspect ratios and a wider distribution of stretch ratios.

To characterize the crystal orientations, samples of billets that were die-drawn mainly on
the pilot-scale setup were analyzed; lower concentration of the talc particles in these
billets allowed greater accuracy in the experimental results. The texture of the samples

was characterized using a wide angle X-ray diffraction (XRD) technique. The crystalline
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fractions in the undrawn and die drawn billet samples were determined using a
differential scanning calorimeter (DSC). To study the effect of draw rate on the final
texture, the billet samples (obtained with different draw rates) collected farther from the
die exit were analyzed. To understand the development of the texture at a given draw rate,
billet samples collected from the die-deformation zone and the post-die deformation zone
were analyzed. The texture developed in the die-drawn PP-talc composite was compared
to that of die-drawn neat PP, which was drawn under a similar set of processing
conditions. For both of the materials, the processes of annealing and subsequent die
drawing were found to have imparted a 12 to 15 % increase in the crystallinity of the
matrix phase. Analyses of the DSC endotherms and the 20 linear XRD patterns indicated
that the die drawing operation resulted in the transformation of the thermally less stable
crystalline phase (mesophase) in the undrawn materials, to a thermally stable crystalline
phase with folded-chain a crystals. The pole figure study suggested the presence of
radially oriented crystal structures in undrawn PP-talc composite. These crystal structures
resembled the spherulitic domains found in unfilled PP, but with a different nucleation
direction. The flaky talc particles in the composite material must have forced the crystals
to grow in a different direction than that of neat PP. The differences in the initial
morphologies of the undrawn materials resulted in different modes of texture
development on die drawing. In the die deformation zone, the composite was found to
have yielded at a lower draw ratio than the neat PP. In the post-die deformation zone,
(110)[001] and (010)[001] type texture elements developed in both the materials; the
draw ratio at which that happened was higher for the drawn PP-talc composite.

Quantification of those texture elements indicated that the ratio of (010)[001] to
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(110)[001] was always higher for the drawn composite. The texture elements in both the
materials sharpened with draw ratio, but the degree of crystalline c-axis orientation
attained in the case of die-drawn composite was lower than that of die-drawn neat PP of
comparable draw ratio. The phenomena of particle debonding and void growth occurring
during composite drawing would have reduced the effective stress available for the
molecular orientation of the matrix phase. Despite the saturation in the crystal orientation,

crystal volume fraction and void growth in the case of drawn composite, the tensile

modulus of the drawn materials increased with DRyjnq1 (Obtained using increasing values
of draw rates).

Recommendations:

During the drawing operation of a given composite, the inter-particle distance which is
determined by the filler volume fraction affects the stress-strain distribution around the
individual particles. The results obtained on the void content and void morphology in our

study seem to be in logical agreement with some of the important observations reported

. . 12 .
in the literature. For example, Renner et al.” observed that the difference between the

debonding stress and the yield stress during tensile drawing of microcomposites
decreased with increased filler volume fraction. Therefore, the fraction of the particles

debonded during composite drawing is expected to be higher for lower levels of filler

loadings. In another study, Dubnikova and coworkers13 observed that the voids formed

around the debonded particles in PP composite filled with 8 vol. % of AI(OH)3 were

longer, as compared to those formed in PP composite that was filled with 36 vol.% of

Al(OH)3. The relative extents of debonding and void growth responsible for density
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reduction are expected to be higher when the composite is filled with lower loadings of
micron sized filler particles. This must be the reason, why the ratio of the void volume
fraction to the particle volume fraction, was higher in the case of die-drawn PP-talc-20
wt. % composite, compared to the die-drawn PP-talc-38 wt. % composite. This
conclusion needs to be validated by conducting additional runs using a same die-drawing

set-up and similar processing conditions.

The results on the crystal orientation and texture of the die-drawn materials were
obtained by studying the billet samples after the die-drawing runs were over. Therefore,
the crystal texture developed in a given material shows a combined effect of the
orientation process as well as the cooling profile. Unless the two effects are decoupled,
there is no way to tell which one has more influence on the texture. To characterize this,

an in-situ study of the crystal orientation needs to be performed.

Part 11:

Summary:

The second part of the research work was directed towards developing nanocomposites of
high molecular weight high density polyethylene (HMW-HDPE), with enhanced
mechanical properties and improved or similar processability as that of the base resin.
The very high molecular weight of the matrix presents many challenges in attaining a
good dispersion of the organoclay during its melt mixing. In this work, we optimized the
material and processing parameters to obtain well-dispersed nanocomposite of HMW-
HDPE. The various ingredients used to prepare the nanocomposites were: the bulk
polymer (HMW-HDPE), another grade of HDPE with a lower molecular weight,

nanoclays treated with three different organic treatments, two grades of maleated PE
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compatibilizers, and one commercially available clay-masterbatch. Prior to the
compounding, the organically treated nanoclays, as well the PE-g-MA compatibilizers
were dried under vacuum. Compounds with various levels of clay, compatibilizer and
base polymer were prepared by melt mixing, either in a single stage or in a two-stage
process. In a single stage mixing, all of the components: bulk polymer, organoclay, and
compatibilizer were added at once. Two-stage mixing involved preparation of a
masterbatch with a high loading of clay. Temperature control was critical during mixing,
as the very high viscosity of the HMW-HDPE led to an increase in the melt temperature.
The chunks of compound obtained after melt-mixing were molded to prepare samples for
X-ray diffraction (XRD) and rheological studies. In order to obtain flexural bars and film
samples, chunks of melt mixed compounds were granulated in a mini granulator prior to
melt processing. The nanocomposites of HMW-HDPE and unfilled HMW-HDPE were
characterized for their XRD patterns, extensional melt flows and flexural properties.
Selective formulations of nanocomposites were pelletized and melt-processed to obtain
blown-film samples. The film samples were tested for their tensile properties and tear

strengths in the machine direction and the transverse direction.

Complete exfoliation of the dispersed clay was possible with a combination of two
maleated polyethylene compatibilizers in two-stage mixing. Compatibilizer to polymer
ratios as low as 1/7 to 1/10 were enough to get well-dispersed clay-nanocomposites. Two
exfoliated nanocomposite formulations with 3 and 5 wt. % of organoclay were chosen for
the film blowing operation. Flexural bars of the latter composite showed a modulus
increase of 19 %. Both the nanocomposites showed a good dispersion of the organoclay

and exhibited strain hardening behavior in the melt state. Tensile moduli of the blown
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films obtained with the two nanocomposites were much higher than that of the neat
polymer-particularly in the transverse direction. However, the percent elongations, tensile
strengths and tear strengths of the nanocomposite films were poorer than that of the neat
HMW-HDPE processed under similar processing conditions. Improved mechanical
properties in the case of injection molded flexural bars, and the inferior mechanical
properties in the case of blown-film samples indicated that the processing conditions had
affected the final properties of the processed samples. Higher tensile moduli of the film
samples in the transverse direction indicated anisotropic orientation of the exfoliated clay

particles during the biaxial stretching of the blown film.

Recommendations:

Some of the suggestions given below may be useful to achieve improved film blowing

ability of the nanocomposites:

Extensive work done by Chaudhari et al. %, 99 indicates that a nanocomposite of PP can

show noticeable improvement in the strain-hardening ability in the extensional melt flow,
even when it is intercalated; complete exfoliation of the organoclay is not necessary. One
likely reason for this observation is that the polymer chains crystallized inside the clay
galleries can melt and provide high degree of entanglement density, thus imparting an
increased strain-hardening ability to the melt. If the clay is exfoliated, the crystals would
be relatively separate from each other and might not yield higher entanglement density on
melting. With this argument, another recommendation in the context of our study is to
make an intercalated nanocomposite, probably using less intense mixing conditions or

using lower concentrations of the compatibilizers, and use this nanocomposite for the
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film-blowing operation. The film blowing operation of the nanocomposite, in the melt

state itself, might lead to further separation of the clay platelets.

The aminosilane treatment used to obtain silylated organoclay in our work contained
three hydrolysable groups attached to the silicone atom. During the silylation of the 1.44P
clay, these groups might have self-condensed inside the clay galleries, giving a broader
XRD peak. This type of self-condensation can not only make the dispersion difficult
during the melt mixing stage, but can also create weak spots in the stretched film during
film blowing stage. One way to avoid this would be to use an aminosilane that contains

either one, or at the most two hydrolysable groups attached to the silicon atom.
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APPENDIX A

Figure A.1 and Figure A.2 show the area ratios of die drawn PP-talc-38 wt. % and die
drawn PP-talc-20 wt. % composite respectively. As these figures show despite the lower
nominal draw ratio of the die, the area ratios attained for the PP-talc composite drawn on
pilot die drawing setup were higher than the composite drawn on lab-scale setup. Other
than the higher draw rates, the longer post-die deformation zone imposed by
unconstrained drawing of the material through a converging die without any die-land
were the main reasons for the observed differences. The values of area ratios for the two
drawn materials were used to calculate their respective draw ratios which are presented in
Figure 3.6 and Figure 3.7. Additional microscopic images of PP-talc-20 wt. % composite
drawn at different draw rates are shown in Figures A.3 to A.6. Part (a) in these figures
show SEM pictures viewed in MD-ND plane, at all the draw rates, the particle in this
plane were found to be well trapped inside the voids. Part (b) show the images viewed in
MD-TD plane. Unlike the samples cracked for MD-ND view the particles in this plane
were not entirely confined inside the voids and thy came off during the surface
preparation. Some of these pictures (presented here) still showed a good beat of particle
entrapment even in this plane. Based on these observations it was assumed that the
dimensions of a void in ND-TD plane were similar to that of particle dimensions trapped
inside it and the voids were stretched mainly in the MD. The particle lengths for >1800
particles (measured for all the draw rates) are presented in Figure A.7 and Figure A.8. As
expected, in both the MD-ND and MD-TD views the lengths of particles in MD were

close to each other. The number average particle dimension was found to be 37 x 14 x 7.5

(umg)-
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Figure A.1: Area ratio of PP-talc-38 wt. % drawn on a lab-scale setup.
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Figure A.2: Area ratio of PP-talc-20 wt. % drawn on a pilot-scale setup.
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(b)
Figure A.3: SEM images of PP-talc-20 wt. % composite die drawn at 91 cm/min
(@) MD-ND plane (scale bar =200 um) and (b) MD-TD plane (scale bar =100 pm)
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200um

(b)
Figure A.4: SEM images of PP-talc-20 wt. % composite die drawn at 244 cm/min
(a) MD-ND plane (scale bar =200 um) and (b) MD-TD plane (scale bar =200 pm)
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(b)
Figure A.5: SEM images of PP-talc-20 wt. % composite die drawn at 366 cm/min
(a) MD-ND plane (scale bar =200 um) and (b) MD-TD plane (scale bar =200 pm).
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(b)
Figure A.6: SEM images of PP-talc-20 wt. % composite die drawn at 573 cm/min
(@) MD-ND plane (scale bar =200 um) and (b) MD-TD plane (scale bar =100 um).

167



APPENDIX B

For die-drawn samples obtained from lab-scale die drawing runs cuboidal specimens of
15x10x 24 mm3 dimensions were cut and machined for XRD studies. Here, 10 mm
and 2.4 mm are the final dimensions of the composite billet drawn at the highest draw

rate along the TD and ND respectively. Experimental setup for the rectangular sections of

lab-scale drawn billets is shown in Figure B.1.

The XRD pattern of undrawn PP-talc-38 wt. % composite is shown in Figure B.2 along

with the XRD pattern for the talc (FDC).
The orientation of the crystalline c-axis in PP can be calculated from the pole figures of
a(110) and a(040) crystal planes of PP. The averaged values of the orientation

distributions of these planes cos2 @(hkl) in each MD, TD and TD are computed with the

help of three dimensional coordinate system shown in Figure B.3 and using the following

80, 92
formulae :

TT |(p, y)cos” psin® ydgdy
<COSZ¢’V‘>= : Ozm/z
jj | (p, y)sin ydgdy (B.2)

00
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2nml2

‘H‘ | (@, y)sin® psin® ydgdy

<COSZ¢F>: : 027m/2
J | Wo.z)sin zdgdy

Zﬁz |(p, y)cos® ysin yd@dy
<COSZ¢N>: : 027m/2
| [ Vo 2)sinzdgdy
0

0

(B.3)

(B.4)

2 . . . .. . o
The average <cos ¢¢> in the machine direction is then calculated using Wilchinsky’s

relation80 as given in Eq. (B.5) derived from the unit cell geometry of a-PP crystal.

<cos2 ¢C,i> =1-1.099(c0s’ @y, )~ 0.901(C0S” P ) (a5)
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Figure B.1: Schematic of experimental setup used to study XRD of PP-talc-38 wt. %
composite drawn on lab-scale setup.
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Figure B.2: XRD patterns of PP-talc-38 wt. % composite and the Luzenac talc.
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Figure B.3: Position of plane normal Py, k |y by spherical coordinates y and ¢.
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