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ABSTRACT

A fundamental study was undertaken to assess the process-structure-
property relationships as a function of the molecular weight of polypropylene
resins, polymer throughput rate, air flow rate, melt blowing die orifice diameter,
and extrusion and attenuation air temperatures. The properties studied were:
stress-strain behavior of webs and single fibers; failure modes; bending rigidity;
bursting strength; average fiber diameter; fiber distribution; air permeability; web
density; shear behavior of webs; birefringence of single fibers; crystallinity of
resins and webs; x-ray diffraction of webs; and gel permeation chromatography
of resins and webs.

The 35, 300, 600, and 1000 melt flow rate (MFR) resin were melt
blown at three throughput rates using two air flow rates and two different orifice
diameter die. Generally, all of the resins processed well under the different
processing conditions required in this study; however, the optimization of the
web properties was more difficult at the higher polymer throughput conditions.
The webs produced at the lowest throughput rate of 160 g/min were thicker
and loftier than the webs produced at 320 and 480 g/min (0.4, 0.8, and 1.2
g/min/orifice, respectively). The higher throughput webs had a harsher hand
and were thin.

Among the process variables studied, polymer throughput rate had the
most notable effects on the physical and morphological properties of melt blown
webs. It was hypothesized that the fiber-to-fiber thermal bonding was a
dominant factor in controlling the physical properties of melt blown webs; and,
the final fiber diameter was dependent on the die swell and the change in

polymer-to-air ratio for a given air flow rate. The increase in air flow
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rate at a given throughput rate appeared to have minimal effect on final
diameter.

The average fiber diameter, breaking stress, initial modulus, air
permeability, shear stiffness, and web density increased as the polymer
throughput rate increased. The breaking strain and bursting strength
decreased as the polymer throughput rate increased, indicating a more brittle
behavior of the fabric at high throughput rates. The tensile properties and
bursting strength decreased with increased MFR. The observed failure modes
were different for different processing conditions.

There were minimal differences in molecular weight, percent crystallinity,
and x-ray peak intensities between low and high throughput webs. However,
the differences in molecular weight, percent crystallinity, and x-ray peak
intensities between resin and web was noticeable, especially in low MFR resin
webs. The web crystallinity increased with increased MFR; and, the web
molecular weight decreased with increased MFR.

The DSC thermograms and x-ray diffractograms of higher throughput
webs (especially in 35 and 300 MFR webs) indicated the presence of two

crystalline species.
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CHAPTER 1
INTRODUCTION

Background

Nonwoven fabric technology is the most modern branch of the textile
industry [1], and in recent years, has been the subject of much interest. Today,
nonwoven fabrics play key roles in hundreds of everyday products, from luxury
automobiles to the familiar teabag [2].

In the past thirty years, the nonwoven industry has observed a
phenomenal growth mainly because of a close alliance among nonwoven
producers, fiber producers, binder producers, and machinery manufacturers.
There are many nonwoven manufacturing processess and products that have
been developed and commercialized in the past thirty years to address a variety
of end-use markets. As an example, in the early 1950's, melt blown nonwoven
fabric technology was developed to make microfiber filters to collect radioactive
particles from the upper atmosphere. Since then many researchers have
perfected melt blown technology in order to make an increasingly varied range
of melt blown products. Although, the research work on this technology was
started in the early 1950's, and an extensive number of processing and
products patents were developed, there has been a dramatic resurgence of
research and developmental work in the past few years.

In recent years, the increased acceptance of melt blown fabrics in many
end-use products has sparked an interest in the melt blowing process from both

a commercial and a scientific point of view. Therefore, melt blown technology is
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still considered to be in a strong growth stage and has very good market
potential.

Melt blown fabric properties are highly dependent on the process
conditions. A wide variety of fabrics can be engineered by manipulating the
process conditions. Therefore, it is essential to study the interrelationships
among various melt blown processing conditiions, such as resin melt flow rate,
polymer and air throughput rate, process temperatures, die orifice size, and
others. Moreover, the rapid development in high melt flow rate resins,
combined with industry's push for high production rate, also warrants a more
complete understanding of these interrelationships. It is this aspect of research
into melt blown fabric that this dissertation explores. This research project is
also an outcome of a continuous effort to gain knowledge on the fundamentals
of the melt blowing process by the researchers at the University of Tennessee,

Knoxville and Exxon Chemical Company.

Objectives

The main focus of this research has been to develop a more complete
fundamental understanding of why the properties of melt blown fabrics change
in the observed manner with various resin and process variables.

The main objective were:

- To assess the effects of polymer melt flow rate (proportional to
molecular weight), polymer and air throughput rates, and die
orifice diameter on melt blown fabric properties and fiber
diameter.

- To establish optimum processing temperatures with respect to
melt flow rate, polymer throughput rate and air flow rate.
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- To generate a reliable data base by testing a greater number of
samples; thereby, minimizing the possibility of incorrect
conclusions being drawn from a limited set of data.

Present Study

The study of process-structure-property relationships in melt blowning is
the topic of the research presented in this dissertation. Four different melt flow
rate (MFR) polypropylene resins were melt blown as a function of three polymer
throughput rates, two air flow rates, and two die orifice diameters.

Melt blown web properties were evaluated in terms of stress-strain
behavior of webs, single fiber stress-strain properties, bending rigidity, bursting
strength, failure modes, air permeability, web density, web uniformity, shear
stiffness, fiber diameter and diameter distribution, web crystallinity, wide angle
x-ray diffraction (WAXD) patterns, gel permeation chromatography (GPC), web
melt flow rate and fiber birefringence. This characterization work should better
clarify relationships among processing conditions, mechanical properties, and
structure at both macroscopic and microscopic levels.

The scope of this research is broad because it encompasses many
aspects of the melt blowing process. The results obtained from this study are
expected to bring forth several factors that will have an important bearing on the

fundamental understanding of the melt blowing process.




CHAPTER 2
REVIEW OF LITERATURE

Nonwoven Technology

Nonwoven fabric technology embodies both quite old and the very new
processing techniques and materials [3]. The term "nonwoven fabrics” has
been defined in many ways. In fact, the definition of nonwoven fabrics has been
an area of considerable debate and discussion. Apparently, all the definitions
proposed so far state in some detail what nonwovens are not, rather than what
they are. The American Standard for Testing Materials (ASTM) [4] has defined

the term "nonwoven fabrics" as:

A structure produced by bonding or the interlocking of
fibers, or both, accomplished by mechanical, chemical,
thermal, or solvent means and the combination thereof.
The term does not include paper or fabrics that are
woven, knitted, tufted, or those made by wool or other
felting processes.

The versatile and complex nature of the nonwovens industry is depicted
in Figure 2.1 [5]. Nonwoven fabric is essentially an assemblage of fibers held
together by mechanical or chemical means, resulting in a mechanically stable,
self-supporting, and generally flexible, web-like structure. The most significant
feature of nonwoven fabrics, and the one that contributes most to their economic
appeal [2], is that the fabrics are usually made directly from raw materials in a

continuous production line, thus partially or completely eliminating conventional
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textile operations, such as carding, roving, spinning, weaving or knitting. The
simplicity of fabric formation, coupled with high productivity, allows nonwovens
to compete favorably with wovens and knits on a performance per cost basis in
many industrial applications (as in packaging materials, for example).
However, in fashion outer-wear apparel fabric applications, where good drape
properties, flexibility, and strength are required, nonwovens have yet to gain a
significant technological advancement. On the other hand, nonwoven fabrics
and composites have gained the major share of healthcare products such as
surgical face masks, operating room drapes and gowns, instrument steralization
wraps, surgical towels, and personal hygiene products. Nonwovens are also
used extensively for gaseous and liquid filtration applications. Nevertheless,
there has been a continuous effort through innovative manufacturing processes
to develop newer nonwoven products that emulate the drape and flexibility of
woven or knitted structures.

Nonwoven fabrics are quite distinct and versatile in their properties and
structures compared to the conventional woven and knitfed fabrics. Woven and
knitted fabrics manifest their properties from the arrangement of fibers in the
yarn and the arrangement of yarns in the fabrics [6]. Likewise, the properties of
nonwoven fabrics are largely dependent on fiber properties, fabric structural
geometry, and particularly the type of fiber-to-fiber bonding. Moreover,
nonwoven fabric properties can be "tailor-made” through the use of the various
web manufacturing and bonding processes, the selective use of raw materials--
fibers and bonding means, and various finishing processes.

Nonwoven fabric technology is the most exciting segment of the textile

industry and will be one of the most important in the years ahead as nonwoven
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| fabrics penetrate many more areas now occupied predominantly by

conventional textiles [7].

Nonwoven fabrics can be classified in many ways, but the most accepted
classification scheme is based on web formation techniques. There are many
nonwoven web formation techniques, and as depicted in Figure 2.2, they can
be divided into the following three generic catergories [8] : 1) Dry laid; 2) Wet
laid; and, 3) Polymer laid.

Classification of Nonwoven Fabrics
|
|
|
ry laid. In the dry laid process, first a natural or man-made staple
fibrous web is prepared by using one of the following techniques: a) parallel
laid carded webs produced by layering carded webs; b) cross lapping of carded
webs; ¢) composite webs produced by combining parallel carded and cross
lapped carded webs; and, d) random oriented fibrous webs produced by air-
| laying or mechanical fiber randomizing processes. The web is then processed
| to achieve fiber-to-fiber bonding by chemical, mechanical, solvent, or thermal
means to produce a nonwoven fabric with sufficient dimensional stability. ‘
Typical end-uses for dry laid nonwoven fabrics are interlinings for garments, |

fabrics for carpet backing, diaper coverstock, apparel and upholstery backings,

filter media, wipes, and personal hygiene fabrics. ‘

Wet laid. In the wet laid process, natural or man-made fibers are first
mixed with chemicals and water to obtain a uniform dispersion called a "slurry."

The "slurry” is then deposited on a moving wire screen where the excess water

o
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is drained off, leaving the fibers randomly laid in a uniform web, which is then
bonded and finished as required. Typical end-uses for wet laid nonwoven

fabrics are tea bags, towels, wipes, surgical gowns and drapes, and others.

Polymer laid. In polymer laid process, first a molten polymer is

extruded through a spinneret to form filaments or fibers. These filaments or
fibers are then laid down on a moving conveyor belt to form a continuous web.
This web is then bonded mechanically or thermally to make a polymer-laid
nonwoven fabric. Typical end-uses for ploymer laid nonwoven fabrics are
carpet underlay, packaging material, durable papers, geotextile fabrics, diaper
and personal hygiene top sheeting, apparel and upholstery backing fabrics,

and surgical drapes and gowns.
Melt Blowing Process
Historical Perspective

The microfibers (also referred as superfine or melt blown fibers) are
fibrous materials less than about 10 microns in diameter. Such fibers are found
in nature in the form of spider silk and pineapple leaf fiber [9]. Man-made micro-
fibers are produced using a variety of materials and production techniques. The
submicron glass fibers in "glass wool" are a prime example. There are basically
two production techniques: spray spinning and melt blowing. These two
techniques differ somewhat in details, but both involve the introduction of
dissolved or molten polymers into high velocity streams of air or gas which

rapidly convert the liquid into microfibers.

o
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The first deliberate attempt to develop a useful commercial process for
making organic textile like microfibers was made by Carlton Francis, an
independent inventor, in 1939. Francis visualized that a spray gun which
could produce fibers might be used for a wide variety of applications, including
the combining of adhesive or potentially adhesive sprayed fibers with other
textile fibers to form microfibrous nonwoven fabrics [10]. In the early 1950's, the
American Viscose Corporation acquired the rights to Francis's work on
sprayed fiber technology and retained Arthur D. Little, Inc. to research and
develop the spray fiber field. No major commercial products were developed,
and the company eventually discontinued the research work.

During this period of time, Dow Chemical Company also had a Research
and Development program to develop microfiber products using polystyrene
[11]. Dow Chemical Company did not foresee any success, so decided to
abandon the project. Soon afterwards, the Army Chemical Warfare
Laboratories continued Dow's work in order to produce microfibers to collect
radioactive particles from the United States and Russian nuclear weapons
testing. At the same time, Van A. Wente at the United States Naval Research
Laboratory, the DuPont Company, and the Chemstrand Company (now
Monsanto Textile Company) also started an investigation on producing micro
organic fibers. During their investigation it was found that it was possible to
construct a nonwoven fabric of very fine fibers for a possible use as filter media
for fine aerosols [12]). This investigation eventually led the DuPont Company to

market its first commercial organic mircrofiber known as "Textryls", but the

product was later withdrawn from the market because of an insufficient demand

[€]
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In the late 1960's, the Esso Research and Engineering Company
(now Exxon Chemical Company) recognized the strength and potential of
microfiber technology for commercial applications. The Exxon Chemical
Company started developing a low-cost method of producing blown microfibers
from polypropylene. After the extensive research and development based on
Wente's original work on microfiber technology [13], Exxon researchers
patented the blown microfiber process (usually called as melt blown process).
Later, Exxon decided to license the melt blown technology to others and
concentrate primarily on producing resins to supply this novel process [14].

Based on prototype demonstration of the melt blown process, Exxon
negotiated several licenses with the U.S. companies. A number of companies
obtained the Iicensés and moved quickly into commercial production. Because
of the rapid commercialization of melt blown technology, Exxon needed a
source of melt blown equipment. Exxon first licensed Beloit Corporation of
Michigan, USA to manufacture complete melt blown equipment [14] and that
arrangement continued for a few years. Presently, the Accurate Products
Company of New Jersey, USA; Reifenhauser GmBH & Corporation of West
Germany; GL&M laboratory of Gainsville, Georgia, USA; and Kasson Nozzle of
Japan are licensed to manufacture melt blown production lines.

Besides Exxon's patented melt blowing process, there are other
companies who have their own proprietory blown microfiber production
processes, such as 3M company of USA, Biax-Fiberfilm Corporation of USA,
and Freudenberg Nonwovens of West Germany. However, most of the melt
blown production lines in operation today in the nonwoven industry are
licensed through Exxon Chemical Company. Since the early 1970's, Exxon

has become industry leader and has been continuously developing and
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improving the melt blowing process and more recently, in conjunction with

Tonen Petrochemical Company of Japan and The University of Tennessee.
Process Definition

In recent years, there has been considerable interest in the melt blowing
process from both commercial and scientific points of view. The melt blowing
process falls under the general classification of polymer laid nonwoven fabrics.

The melt blowing process is defined as follows [15]:

It is a process in which usually a thermoplastic, fiber
forming polymer is extruded through a linear die
containing several hundred small orifices. Convergent
streams of hot air (exiting from the top and bottom sides
of the die nosepiece) rapidly attenuate the extruded
polymer streams to form extremely fine diameter fibers
(1-5 um). The attenuated fibers subsequently get blown
by high velocity air onto a collector screen--thus forming
a fine fibered self-bonded nonwoven melt blown web.

The fibers in the melt blown web are held together by a combination of
entanglement and cohesive sticking. Because the fibers are drawn to their final
diameters while still in the semi-molten state, there is no downstream method of
drawing the fibers before they are deposited onto the collector, and hence the
webs exhibit low to moderate strength. Examples of melt blown products in
either the pure or the composite form are oil spill sorbents, wipes, surgical

gowns, surgical face masks, liquid and air filtration fabrics, lithium battery

separators, clothing insulation, and feminine hygiene products [13].




13

Process Description

The schematic of the melt blowing process is shown in Figure 2.3. A
typical melt blowing process consists of the following elements: extruder,

metering pump, die assembly, web formation, and winding.

Extruder. The polymer pellets or granules are fed into the extruder
hopper. A gravity feed supplies pellets to the screw, which rotates within the
heated barrel. The pellets are conveyed forward along hot walls of the barrel
between the flights of the screw [16], as shown in Figure 2.4. As the polymer
moves along the barrel, it melts due to the heat and friction of viscous flow and
the mechanical action between the screw and barrel. The screw is divided into
feed, transition, and metering zones. The feed zone preheats the polymer
pellets in a deep screw channel and conveys them to the transition zone. The
transition zone has a decreasing depth channel in order to compress and
homogenize the melting plastic. The melted polymer is discharged to the
metering zone, which serves to generate maximum pressure for pumping the
molten polymer. The pressure of molten polymer is highest at this point and is
controlled by the breaker plate with a screen pack placed near the screw
discharge, as shown in Figure 2.4. The screen pack and breaker plate also
filter out dirt and unfused polymer lumps [17]. The pressurized molten polymer

is then conveyed to the metering pump.

Metering Pump. The metering pump is a positive displacement

constant volume device for uniform melt delivery to the die assembly. It ensures

the consistent flow of clean polymer mix under process variations in viscosity,

,
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pressure, and temperature. The metering pump also provides polymer
metering and the required process pressure. The metering pump typically has
two intermeshing, counter-rotating, teethed gears. The positive displacement is
accomplished by filling each gear tooth with polymer on the suction side of the
pump and carrying the polymer around to the pump discharge, as shown in
Figure 2.5. The molten polymer from the gear pump goes to the feed
distribution system to provide uniform flow to the die nosepiece in the die

assembly (or fiber forming assembly).

Die Assembly. The die assembly is the most important element of the
melt blown process. The die assembly has three distinct components: polymer
feed distribution, die nosepiece, and air manifolds.

Polymer Feed Distribution. The feed distribution in a melt blowing
die is more critical than in a film or sheeting die for two reasons. First, the melt
blowing die usually has no mechanical adjustments to compensate for
variations in polymer flow across the die width. Second, the process is often
operated in a temperature range where thermal breakdown of polymers
proceeds rapidly. The feed distribution is usually designed in such a way that
the polymer distribution is less dependent on the shear sensitivity of the
polymer. This feature allows the melt blowing of widely different polymeric
materials with one distribution system. The feed distribution balances both the
flow and the residence time across the width of the die. There are basically two
types of feed distribution that have been employed in the melt blowing die: T-
type (tappered and untappered) and coathanger-type. An in-depth
mathematical and design description of feed distribution types is given by

Matsura [18-22]. Presently, the coathanger-type feed distribution is widely used
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because it gives both even polymer flow and even residence time across the full
width of the die.

Die Nosepiece. From the feed distribution channel the polymer melt
goes directly to the die nosepiece. The die nosepiece is one of the components
of the die assembly. The web uniformity hinges largely on the design and
fabrication of the nosepiece. Therefore, the die nosepiece in melt blowing
process requires very close tolerances, which has made their fabrication very
costly. The die nosepiece is a wide and hollow, tapered piece of metal having
several hundred orifices or holes across the width. The polymer melt is
extruded from these holes to form filament strands which are subsequently
attenuated by hot air, forming fine fibers. In a melt blowing die nosepiece,
smaller orifices are usually employed than are generally used in either fiber
spinning or sunbonding processes. A typical die nosepiece has approximately
0.4 mm diameter orifices spaced at 1 to 4 per milimeters (20 to 40 per linear
inch).

There are two types of die nosepiece used: capillary type and drilled
hole type. In the capillary type, the individual orifices are actually slots that are
milled into a flat surface and then matched with identical slots milled into a
mating surface. The two halves are then matched and carefully aligned to form
a row of openings or holes [23], as shown in Figure 2.6. By using the capillary
type, the problems associated with precise drilling of very small holes are
avoided. And also, the capillary tubes can be precisely aligned so that the
holes follow a straight line accurately. In the drilled hole type, very small holes
are drilled by mecahnical drilling or electric discharge machining (EDM) in a
single block of metal, as shown in Figure 2.6. The drilled hole type die

nosepiece is widely used.
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Figure 2.6. Schematic of die nosepieces.
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During processing, the whole die assembly is heated sectionwise using
external heaters or cartridge to attain desired processing temperatures. It is
important to monitor the die temperatures closely in order to produce uniform,
defect-free webs. The typical die temperatures range from 215 °C to 340 °C.

Air Manifolds. The air manifolds supply the high velocity hot air (also
called as primary air) through the slots to the top and bottom sides of the die
nosepiece, as shown in Figure 2.7. The high velocity air is generated using an
air compressor. The compressed air from the compressor is passed through a
heat exchange unit such as an electrically or gas heated furnace to heat the air
to desired processing temperatures. The heated air is conveyed to the top and
bottom air manifolds and eventually exits from thé top and bottom sides of the
die through narrow air gaps, as shown in Figure 2.7. Typical air temperatures

range from 230 °C to 360 °C at velocities of 0.5 to 0.8 the speed of sound.

Web Formation. As soon as the molten polymer is extruded from the
die holes, high velocity hot air streams (exiting from the top and bottom sides of
the die nosepiece) attenuate the polymer streams to form the microfibers. As
the hot air stream containing the microfibers progresses toward the collector
screen, it draws a large amount of surrounding air (also called as secondary air)
that cools and solidifies the fibers, as shown in Figure 2.7. The solidified fibers
subsequently get laid randomly onto the collecting screen, forming a self-
bonded nonwoven web. The fibers are generally laid randomly (and also
highly entangled) because of the turbulence in the air stream, but there is a
small bias in the machine direction due to some directionality imparted by the
moving collector. The collector speed and the collector distance from the die

nosepiece can be varied to produce a variety of melt blown webs. Usually, a
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vacuum is applied to the inside of the collector screen to suck the hot air and to

enhance the fiber laying process.

Winding. The melt blown web is usually wound on a cardboard core
and processed further according to the end-use requirements. The combination
of fiber entanglement and fiber-to-fiber bonding generally produces enough
web cohesion so that the web can be readily used without further bonding [14].
However, the webs may be subsequntly be thermally calendered with a smooth

or patterned finish, or webs may be thermally laminated with other substrates.
Process Variables

The melt blowing process is quite complex and involves many operating
variables. As shown in Figure 2.8, the operating variables can be divided into
two categories: 1) operational variables, and 2) material variables. By
manipulating the operational and the material variables one can produce a
variety of melt blown fabrics with desired properties. Each of these variables
plays a significant role in process economics and product reliability [24].
Therefore, it is essential that each of these variables be preciesly defined and

understood in order to optimize the melt blown process.

Operational Variables. The operational variables can be classified

as: a) on-line variables; and, b) off-line variables. The on-line variables
are those variables which can be changed according to requirements during
production, such as polymer and air throughput, polymer/die and air

temperatures, die-to-collector distance, and quench environment. The off-line
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processing variables are those variables which can only be changed when the
production line is not in operation, such as die hole size, die set-back, air gap,
air angle, web collection type, and polymer/air distribution. Most of the off-line
processing variables are set constant for a particular product line.

The polymer throughput rate, air throughput rate, polymer/die
temperatures, air temperature, and die-to-collector distance are the five basic
on-line operational variables. These variables are easy to change and dictate
the major fabric properties. The polymer and air throughput rates basically
control the final fiber diameter, fiber entanglements, and the extent of zone of
attenuation. The polymer/die and air temperatures in conjunction with air flow
rate affect the appearance and tactile hand of the fabric, fabric uniformity, and
fabric defects during production, such as shot, rope, and fly formation. The die-
to-collector distance generally affects the openness of the fabric and fiber-to-
fiber thermal bonding.

The die hole size, die design parameters, and die set-back are believed
to affect the fiber size. The die hole size should be large enough to pass the
polymer melt without plugging. The back pressure generated by the polymer
feed distribution type and the ratio of orifice length to diameter should be high
enough to give good distibution and controllable flow of the polymer melt.

The air gap affects the air exit pressure and is also believed to affect the
degree of fiber breakage. The air angle controls the nature of air flow. When
the air angle approaches 90°, a high degree of fiber dispersion or turbulance
results, and the most random fiber distribution is developed in the product [25].
An air angle of 30°, however, yields a high proportion of "roped" or paralleled

fibers deposited as loosely coiled bundles, which are considered undesirable in

a finished product. On the other hand, a 30° angle produces greater
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attenuation in spite of discontinuities in the fiber length. An air angle of 60° is

usually employed in the melt blowing process.

Material Variables, The material variables include polymer type,
molecular weight, molecular weight distribution, polymer additives, polymer
degradation, and polymer forms such as pellets or granules. One of the
advantages of the melt blowing process is its ability to handle a variety of fiber
forming polymers and blends of polymers [26,27]. Basically, any fiber forming
polymer that can give an acceptably low melt viscosity at a suitable processing
temperature and can solidify before landing on the collector screen can be melt
blown into fine fibered webs [26]. A wide range of polymers have been melt
blown. Polypropylene (PP) has been used predominantly in commercial
production and has been thoroughly evaluated. The other successfully
processed polymers are: polyesters, nylons, polyethylene, polystyrene,
elastomers, ethylene copolymers, and many others.

The polymer molecular weight and molecular weight distribution (MWD)
are important material variables. The melt blown process requires lower
molecular weight and more narrow molecular weight distribution resins to
produce uniform fine fibered webs. The polymer molecular weight is inversely
proportional to the melt flow rate (MFR) and directly related to the melt viscosity.
Thus, the lower the molecular weight, the higher the MFR and the lower the melt
viscosity. Usually, the polyolefins such as polypropylene, polyethylene, and
copolymers are designated by the MFR or MI (melt index), and the other
polymers are designated by the melt viscosity or IV (intrinsic viscosity).
Polypropylene and polyethylene polymers of various MFRs have been used

successfully for the melt blown process. They range from 12 to 1500 MFR.
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Although, the lower MFR resins result in good products, there has been a recent
trend to use high MFR resins because they allow high throughput rates and
much lower operating temperatures.

Polymer degradation is a helpful variable for tailoring polymer meit
viscosity and MWD. There are three degradation mechanisms: chemical,
mechanical shear, and thermal [28]. The controlled chemical degradation is
achieved by using oxygen or peroxide additives during the melt blowing
process or during an intermediate step prior to melt blowing. The mechancial
shear and thermal degradation are achieved by increasing the extrusion rates

and by increasing the heat and material residence time, respectively.

Status of Nonwovens Research

The nonwoven fabric industry is a relatively new field of textiles.
Systematic research work on nonwoven fabrics began in the early 1950's when
Cox [29], proposed a fiber-web theroy for the analysis of fibrous materials.
Since then, a number of research studies have been published covering
various aspects of nonwoven fabric technology. The published studies are a
good blend of theoretical and experimental concepts. The most comprehensive
treatments on the fundamentals of the nonwoven fabrics have been given by
Brandt [30], Krama [1], Buresh [31], Hearle [6], and more recently by
Lunenschloss and Albrecht [32].

Until the late 1960's, most of the nonwoven fabric research activities
were based on the dry-laid adhesive bonded fabrics. A number of studies have

been published concerning the structural and mechanical behavior of adhesive

bonded nonwoven fabrics. In the late 1960's, due to the development of many
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new manufacturing processes such as spunbonding, melt blowing, needle
punching, and hydro-entanglement, the research activities were diverted to

these new areas of nonwovens.

Melt Blowing

Despite the extensive research and development in the area of melt
blowing, there is a paucity of published research studies mainly due to the
secretive and competitive nature of the research and developmental work.
However, there is a large body of patented literature available based on
process enhancement and product development studies. An in-depth review of
patents on the melt blowing process is given by Moore [33].

There are about twenty published research studies on the melt blowing
process based on processing science. Also, theoretical concepts are being
applied to the melt blowing process. The following is a review of literature on
melt blowing. Due to the limited published studies, it was not possible to group
the studies according to their specific findings. Therefore, each study is
reviewed individually.

Wente and co-workers [25,34] first established the feasability of
manufacturing submicron fibers from a variety of thermoplastic polymeric
materials. The main objective of the study was to design an apparatus that
would produce submicron fibers. It was thought that a nonwoven material
composed entirely of submicron fibers would have great usefulness for aerosol
filtration as well as for dielectric insulation. The study is thorough in its nature

and describes the various aspects of the melt blown process ranging from
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equipment design to the single fiber properties of a web. The major findings of

the study were as follows:

- Fiber diameter is a function of air temperature, die temperature, air
pressure, and polymer feed rate.

- Since the molten polymer issues from the die nose tip direcltly into
the confluence of the air streams, the greatest amount of
attenuation occurs at the point of exit. Thus, the orifice size has
little importance provided it is large enough to pass the melt
without plugging.

- A steeper air angle gives a higher degree of fiber dispersion and
random orientation. A slander air angle yields a greater number of
parellel fibers, greater attenuation, and less fiber breakage.

- The ability of a polymer to attenuate to a fine fiber is dependent on
its melting point, viscosity-temperature characteristics, and surface
tension.

- The air resistance through a web is related to fiber diameter by the
following expression:

Resistance = C/ (fiber diameter)2

where C is a constant whose value depends in part upon the
porosity or density of the fiber mat.

- Below a certain melt temperature a given thermoplastic polymer
forms a large granule of non-fibrous material called "shot."

- High air pressure generally yields uniform and shot free fibers but,
at the same time, make difficult the separation of fiber and air
because of the excess volume of the fibers.

- The melt blown webs derive their strength from mechanical
entanglement and frictional forces.

- The unbonded webs acquire tensile strength rapidly as fiber
diameter is decreased.
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Buntin and Lohkamp [26], have described the development of the melt
blowing process for converting polypropylene into low-cost fine fibrous webs.
Two process design concepts of using multiple dies and a circular die were also
discussed. The study found that, by using multiple dies, high production rates
can be achieved without increasing polymer throughput’rates above the
optimum. Multiple dies also produced more uniform webs with less fabric
defects. The main disadvantage of the multiple dies operation was that for
heavy basis weight the bonding between layers was found to be unsatisfactory.
In a circular die, a die with the orifices in a circle was used. The die was
operated in such a way that the conical fiber blast from the orifices was focused
roughly on a point where the fibers were formed into a continuous cylindrical
roving. The technique was studied to make fine fibered cigarette filters.

Buntin and Lohkamp also made the following qualitative observations

based on the processing of different thermoplastic polymers:

- Polyethylene was more difficult to melt blow into fine fibered web
than polypropylene.

- Nylon 6 was easy to process and had less tendency to make shot
than in the case of polypropylene.

- Most of the thermoplastics can be melt blown sucessfully into good
finished products with few exceptions.

Jones [35], reported the effects of resin melt flow rate and polydispersity
on the mechanical properties of the melt blown webs. The research was
focused on the optimization of the process variables, particularly the extruder
temperatures, in order to enhance the fabric properties. Several experimental
resins with different melt flow rates and varying polydispersity indexes were

melt blown under various conditions. In general, it was found that the strength




30

properties peaked with the melt flow rate of 300 and decreased as the melt flow
rate increased significantly above that. The fabric strength was believed to be a
combination of individual fiber strength and good thermal bonding and/or fiber
entanglements.

Jones reported that the change in polydispersity of the polymers did not
appreciably affect the mechanical properties. Only a slight downward trend of
the fabric strength with increased degrees of polydispersity was observed. The
elongation decreased with increased molecular weight distribution. The
decrease in elongation was attributed to the larger diameter fibers and fewer
fiber entanglements resulting from higher die swell of the broad molecular
weight distribution resins.

Finally, the study showed that the effects of varying extruder
temperatures and throughput rate on the strength properties were readily
evident. The decreased extruder temperatures increased tenacity and bursting
strength. The increased throughput rate decreased the bursting strength.

Wadsworth and Jones [36, 37] demonstrated the effects of die-to-
collector distances, polymer throughput rates, and die orifice diameters on melt
blown fabric properties. The study found that machine direction (MD) tenacity
decreased with increased die-to-collector distance; whereas, the cross
direction (CD) tenacity and bursting strength remained relatively constant. Fiber
diameters increased slightly with increased die-to-collector distance. The MD
tenacity increased with increased polymer throughput rates at corresponding
collecting diatances. On the other hand, the CD tenacity changed little.

The study also showed that bursting strength decreased with increased
throughput rates. The webs produced with the small orifice die were found to

have slightly larger fiber diameters than the webs produced with standard
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orifice die. It was hypothesized that greater die swell could have occured with
small orifice die resulting in a net increase in filament diameter compared to the
standard orifice die.

Eaton et al. [38], studied the effects of pigments on the physical
properties of melt blown nonwovens. The objective of the work was to
demonstrate the feasability of processing pigmented resins into melt blown
webs. Different melt flow rate pigmented polypropylene resins were melt blown
under different processing conditions. The physical properties of pigmented
webs were compared with the properties of unpigmented webs. The study
found that melt blown webs of uniform coloration were readily obtainable by the
mass pigmentation of polypropylene resins. It was believed that the pigments
acted as nucleating agents in the high melt flow rate (MFR) resins that were melt
blown. The average fiber diameter decreased slightly with increased MFR for
both pigmented and unpigmented webs. The apparent colors of the webs
became lighter with increased resin MFR. This effect was attributed to the
increased ratio of fiber surface area to the amount of pigment resulting with the
finer fibers produced with the higher MFR resins. The photomicrogaphs
showed no notable differences between the pigmented and unpigmented webs
in terms of fiber and web structure. The pigmented webs generally exhibited
higher stiffness than the unpigmented webs.

Eaton, Wadsworth and Potnis [39] studied the suitability of melt blown
fabrics for healthcare applications. The study suggested that the process
parameters could be carefully controlled to produce webs with physical
properties designed to meet healthcare end-use requirements. The study found
that the mean fiber diameters may be largely controlled by adjusting polymer

throughput and air rates. Fabric flexural rigidity provided a good indication of
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softness for optimized melt blown webs. In coarse, non-optimized webs, a high
degree of fiber bunching was observed and there was poor agreement between
tactile hand and flexural rigidity.

Wadsworth and Muschelewicz [40] reported the results of a study
designed to produce extremely fine melt blown fibers using 35, 300 and 700
MFR resins. The study established the optimized melt blown processing
conditions to produce fine fibered webs, with less than 2 um fiber diameters.
The study found that the small orifice die (with orifice diameter in the range of
0.2-0.3 mm) resulted in statistically smaller mean fiber diameters than the die
with standard size orifices (approximately 0.4 mm diameter orifices). However,
the actual difference was found to be minimal, considering the fact that the
cross-sectional areas of the small die holes differed by a factor of greater thant
two. The study also reported that increased air flow rates decreased mean fiber
diameters. The air gap settings did not have any noticeable effects except that
much larger diameters were obtained with the standard die tip and the smaller
air gap setting with 300 and 700 MFR resins. Notably higher bursting strength
values were achieved with the small die holes, indicating increased fiber
strength with greater draw-down.

Wadsworth et al. [41] studied the relationships among the processing
conditions, structure, and filtration efficiency of polypropylene melt blown webs.
The structure of the melt blown webs was varied using different die-to-collector
distances and smooth roll thermal calendering. The study found that the air
permeability, and mean and maximum pore sizes increased with increased die-
to-collector distance. The filtration efficiencies for water aerosols containing 0.5
and 0.8 um latex spheres, and for bacteria (Staphylococcus aureus) were found

to be dependent on mean pore diameter and the parameter of basis weight
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divided by the square of the average fiber diameter. The calendering process
decreased the web thickness, maximum pore diameter, and air permeability
regardiess of the original values.

Choi et al. [42], studied the strength properties of the melt blown webs. A
method to obtain the tenacity and Young's modulus of melt blown webs without
direct measurement of web thickness was proposed and tested using several
series of web samples with different basis weight. The web tenacity and
Young's modulus, which were, of course, normalized for weight, were found to
be nearly independent of basis weight and gage length. However, these
properties were greatly affected by the processing conditions. Tencity and
Young's modulus decreased with increased die temperature, air pressure at the
die, and die-to-collector distance.

Choi and co-workers also measured and compared the strength
properties of single melt blown fibers with the strength of the web and the high-
speed melt spun filaments prepared from the same resins. Single fiber strength
tended to be intermediate between the strength of the web and that of the high-
speed melt spun filaments. The low strength of the single fiber was attributed to
low molecular orientation, irregular diameter profiles along the length of the
fibers, and the existence of voids in the fibers.

Malkan et al. [15] reported the effects of increasing the throughput rate of
polypropylene resins (300 and 1400 MFR) while maintaining constant air flow
rate on the morphological and physical properties of the melt blown fibers and
webs. It was found that as the throughput rate increased web elongation and
bursting strength decreased. This decrease in web properties was attributed to

more thermal fusing of the fibers and the presence of a greater number of larger

diameter fibers.
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Differential Scanning Calorimetry and X-ray diffraction studies on the
web samples produced at high throughput rates in the above study indicated
the presence of more than one morphological form of a single crystal structure.
It is believed that this may be a significant finding that could have an important
bearing on the understanding of the melt blown process.

Bodaghi [43] also reported many melt blown microfiber characterization
techniques. The major finding of the study was that the water-quenched
polypropylene fibers showed para-crystalline crystal structure. The air-
quenched fibers showed regular monoclinic crystal structure.

Narasimhan and Shambaugh [44] attempted to model the melt blowing
process. The study was based on a single die hole melt blowing process, with
a circular air slot surrounding the melt blown spinnerette nozzle. Narasimhan
and Shambaughs' process did not simulate the most commonly used melt
blown die geometry, which consists of a row of spinnerette with sheets of hot air
exiting from top and bottom sides of the die. Moreover, the study lacked specific
exlanations of the modelling process and concepts involved.

Shambaugh continued this study [45, 46] and applied macroscopic
energy balance and dimensional analysis concepts to the melt blowing
process. These two concepts were analyzed using different die geometries.
Shambaugh proposed the existence of three regions of operation for the melt
blowing process. The three regions were classified according to the extent of

the air flow rate as;

Region | -- is the low gas velocity region, similar to the commercial
melt spinning operation insofar as the fibers are continuous.



35

Region Il -- is the unstable region, which occurs as the gas velocity
is increased. In this region filaments break up into fiber segments
and undesirable lumps.

Region lil -- occurs at a very high air velocity with excessive fiber
breakages.

Shambaugh concluded that the operation of the melt blown process using
predominately the low air rate (region I) was inherently more energy efficient.
Further, the author claimed that the monodisperse fiber distribution required
less energy to produce than polydisperse fiber distribution. The dominant
dimensionless groups in the melt blowing process were the gas Reynolds
number, the polymer Reynolds number, fiber attenuation, and the ratio of the
polymer viscosity to the gas viscosity.

Milligan and Haynes [47] studied the air drag on monofilament fibers.
The aim was to study the air drag by simulating the actual melt blowing
conditions. The experimental set-up closely simulated the actual melt blowing
operation. The two differences between the experimental arrangement and
actual arrangement were: coid air was used instead of hot, and a solid
monofilament was fixed on one end to a tensiometer. The air drag was studied
as a function of fiber length , upstream stagnation pressure, air injection angle,

and gravity orientation. Four series of experiments were conducted as follows:

1. Determination of air drag for a fiber of constant length over a
range of air stagnation pressures.

2. Determinatin of air drag for a range of fiber length at a constant
value of stagnation pressure.

3. Determination of air drag for a fiber of known length and
stagnation pressure using different injection angles (15°, 30°, and
45°).
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4. Determination of air drag by changing the die orientation, with
respect to gravity, using a 30° air injection angle with different fiber
length and stagnation pressures.

The study concluded the following:

- The drag increased with fiber length when all other parameters
were constant. The drag peaked at the length of 2.5 cm. This was
due to large amplitude flapping of the fiber.

- The drag increased linearly with stagnation pressure for
stagnation pressure up to 207 kPa.

- The drag increased with decreased air injection angle for any
particular stagnation pressure. This finding was in basic
agreement with the fundamental momentum consideration.

- Orientation of the die with respect to gravity using an injection
angle of 30° (45° above the horizontal to 90° below the horizontal)
showed no measureable difference in drag. It was concluded that
the viscous and pressure forces on the filament far exceed the
gravitational force for the flow conditions investigated.

Milligan [48] has analyzed several design concepts to minimize the
energy cost in the melt blowing process. The study found that the pressure
losses associated with air piping and the air heater were two of the principal
energy cost areas. Several design rules have been presented to minimize the
air cost. The design rules were developed using the Darcy pressure drop

relationship as shown below:

_ W
AP =p-4-
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The design rules are summarized as follows:

1. The piping between the air compressor and die assembly
should be as short in length and as large in diameter as feasible.
2. The air heater should be as close as possible to the die
assembly.

3. The number of pipe fittings should be minimized, and all piping
should be well insulated.

The study also described the importance of the correct sizing of a
compressor intended to serve a melt blown pilot line. The author derived
equations to estimate the energy cost for a required air flow rate and discharge
pressure. It was stated that, if a compressor operated at less than its designed
or rated capacity, the energy cost per unit of air compressed would be
increased. This increased cost was due to the fact that when the compressor
was unloaded it still required a significant fraction of the rated power.
Therefore, the required air flow rate and discharge pressure should be carefully
established before preparing specifications for the air compressor.

Milligan, Wadsworth, and Cheng [49] investigated the energy
requirements for the melt blowing of different polymers. The studied polymers
were: polypropylene, linear low-density polyethylene, nylon and polyester. The
energy requirements were reported in kW-HR per kg of polymer. It was
apparent from the reported data that the energy cost per unit mass of the
product greatly depended on the air flow rate, air temperature, polymer
throughput rate, and polymer molecular weight. The results also showed that a
large fraction (greater than 85% for all the materials investigated) of the energy
required was associated with the hot air streams. The study also found that the

difference in total energy consumed and the actual energy required at the die
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can be attributed to improper compressor size, compressor cooling, and heat
losses from the die and piping. The study suggested that substantially lower
energy consumption is possible if a melt blowing line is carefully designed and

operated with an objective of minimizing energy consumption.

Mechanical Properties of Nonwovens

The mechanical properties of nonwoven fabrics are largely dependent
on fiber properties, orientation of fibers in the web, the type of bonding, and
finishing treatments. Nummerous studies have been conducted on the
mechanical properties of nonwoven fabrics with particular emphasis on tensile
properties [50 - 62]. However, the other properties, such as bending and shear
deformation, have also been studied to a limited extent. The following is a
general review of some of the most important studies on mechanical properties
of nonwoven fabrics.

Cusick et al. [63] compared the physical properties of several commercial
nonwoven materials to woven fabrics. The nonwoven fabrics examined
represented a variety of fiber types, web formation techniques, and binder
types. The study found that the nonwoven fabrics had higher bending lengths
and higher drape coefficient values than woven fabrics. The higher stiffness of
a nonwoven fabric was considered the primary problem in replacing woven
fabrics for apparel applications. The nonwovens displayed lower rupture
strength and modulus. Anisotropy of fabrics was measured as the ratio of
strength or modulus in the machine direction to the corresponding value in the
cross-direction. The modulus anisotropies were higher and more variable than

the strength anisotropies.
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Theoretical analysis of the mechanics of a material may be based on
either on a consideration of the forces involved or on a consideration of energy
relations. In general, the analysis of forces has yielded more detailed
information, especially on internal forces in the structure, but the energy method
is simpler and can be applied to more complicated problems. The fiber network
theory of Hearle and Newton [64] is the most successful attempt to predict
mechanical responses of nonwovens by stress analysis; and their study [65] by
energy analysis is simpler and also successful.

Petterson and Backer [66] stated that an ideal nonwoven structure would
be one in which all components (fiber, binder, and geometry) are fully utilized.
In a comparable study of synthetic fiber papers, Hentschel [67] stated that the
physical properties of a sheet will be determined by the properties of the binder,
strength proeprties of the fiber and structural arrangement of the fibers and
binder. Petterson [68, 69] considered nonwovens as orthotropic materials.
Petterson developed a fiber network theory in which the nonwoven fabric was
treated as build-up of a series of unit cells. The unit cells were defined in such a
way that the boundaries move in parallel under uniaxial stress. The tensile
properties were predicted from the orientation and stress-strain properties of
fibers in the unit cell. The unit cell was assumed to be large enough to allow
each fiber to have a sufficient number of bonds to obviate any local variations in
strain. Thus, the average strain developed in each fiber could be approximated
by the strain that fiber would have if it were bonded only at the boundaries of the

unit cell. The study was based on the following assumptions:

- Fiber deformation was Hookean until rupture.
- Fiber segments between bonds were considered straight.
- Bonds were inextensible and stronger than the fibers.
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Petterson extended this theory and derived the stress-strain properties of
nonwoven fabrics in different loading directions. The theory agreed well with
the results of a wet laid viscose rayon web. This good agreement was mainly
due to the straight fibers in wet laid fabrics. For a typical dry laid nonwoven,
however, the prediction of initial modulus was higher by one order of
magnitude. This was because of crimped fibers in dry laid nonwovens.

It is generally agreed that the assumption of straight fibers in nonwovens
is not justifiable. Hearle and Stevenson [70] recognized this point and
introduced a fiber curl factor in Petterson's fiber network theory, with following

assumptions:

- Bond-to-bond distance is constant.

- Bond is at least as strong as the fiber.

- All of the fiber curl is allowed to be taken-up, and this operation
is accompanied by a force that is negligible compared with that
required to stretch the fiber.

- The extension of the binder at a bonding point is ignored.

Hearle [70] predicted the stress-strain properties using this new theory. The
study found that the fiber curl factor applied to the theory improved agreement
with actual results for extension up to 2%, beyond which the calculated stresses
were greater. They also recognized that the contribution of binder had been
ignored in studies of the fiber network. It was pointed out that bond failure and
fiber slippage through the bonds occurs prior to fiber rupture. Allowances for
bond failure were made by limiting fiber stress values in calculating the shape
of the stress-strain curve. Hearle and Newton [70] further developed this

concept of fiber stress limits for predicting tensile properties. The agreement
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between theoretical and actual measurements was illustrated using several
commercial nonwoven fabrics. Olson and Freeston [71] extended the
Petterson's fiber network theory from two dimensional to three dimensional
nonwoven fabrics in which cube shaped unit cells were considered.

The bending rigidity of nonwoven fabrics has been analyzed theoretically
by Freeston and Platt [72], and Tayebi et al. [73]. They analyzed two cases:
complete freedom and no freedom of relative fiber motion. They applied unit
cell concept of Petterson's fiber network theory [68]. The study concluded that
the bending rigidity can be predicted more closely by assuming no freedom of
relative fiber motion. The study suggested three methods to improve nonwoven
flexilbility: 1) placement of the fibers in the fabrics darting back and forth
between the two surfaces and bonding only at the mid-plane; 2) increasing the
distance between bond points; and 3) using binders with improved mechanical
properties, i.e. with lower modulus and high elastic recovery.

Lee and Argon [73- 77] studied the mechanics of bending of spunbonded
and print bonded fabrics. An analytical model, based on the structural features
and using a composite materials approach, was employed to interpret the
experimental measurements of the bending stiffness of the fabrics. The study

concluded the following:

- Self-bonded nonwoven fabrics, requiring fiber segments to be
strained in tension and compression when the fabric is bent, have
quasi-continum properties and hence possess relatively high
bending stiffness.

- Relative fiber motion is essential to impart flexibility to a fabric.

- In spot bonded nonwovens, optimum bending flexibility can be
obtained for fabrics of a given diameter by incorporating some
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crimp that gives then high effective axial extennsibility and
considerable freedom of relative fiber motion.

- The experimental results coupled with the analytical model
indicated that fabric bending flexibility requires: a) as much
freedom of relative fiber motion as possible; and b) an optimum
binder application not greater than what is necessary to keep the
tensile properties within the desired range.

- The grouping of the fibers in the fabric into straight and
severely curved ones permits freedom of relative fiber motion
among curved fibers and requires only the straight fibers to resist
the bending moment.

Failure Modes of Nonwovens

Nonwoven failure modes have been observed by many researchers.
Most of the studies have been based on dry laid adhesive bonded fabrics.
Recently, spunbonded and other types of nonwovens have also been studied.
Thus far no studies have been published assessing the failure modes of melt
blown fabrics. The following is a review on failure modes of nonwoven fabrics.

Tikhmirov [78] suggested three possible failure modes of nonwoven
fabrics: 1) fiber breakage; 2) cohesive failure; and 3) interfacial failure of bonds
between adhesive and fiber surface. The later is possible if fiber strength and
cohesion of the adhesive are higher then the adhesion forces. Tikhmirov also
suggested that the failure mechanism is mainly dependent upon the fiber
properties, the binder properties, and the amount of binder. In spunbonded
fabrics, the number of fiber-to-fiber bonds is an important factor.

Hearle [79] studied the deformation of nonwovens using scanning
electron microscope techniques. Hearle observed that the binder failure was

the mechanism of fabric rupture for adhesive bonded fabrics. Hearle and
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Newton [80] also studied the bonding of fibers. The study determined that
failure occured at the binder fiber interface or in the fiber. Binder rupture was
not observed. Oszanlav [81] found that failure was invariably due to the
breakdown of the binder component. Bond failure started at an early stage of
the uniaxial deformation and increased progressively towards the fabric rupture
point. No correlation was found between single bond strength and nonwoven
web strength. However, Fredrick [82] indicated that the fabric breakdown was
the result of fiber rupture.

Hubbell and Whitwell [83] studied the bonds of rayon and polyester fibers
with vinyon and low melting polyester fibers as binder. The study found that the
interfacial failure mechanism predominated, due to poor bonding between the
base fiber and the binder fiber. The poor bond eventually promoted slippage
and hence failure at the interface. The study also suggested that the physical
entrapment of the base fibers by the binder fibers was the mechanism of
bonding in this type of fiber/binder system.

Winchester and Whitwell [84, 85] defined three types of stress-strain
curves with corresponding characteristic mechanisms of failure for nonwovens.

The three types of curves are as follows:

- A type | curve was obtained from a poorly bonded web. The
web exhibited low modulus, low tenacity, and high elongation.
The web was very bulky and flexible. The test specimens from this
type of web failed primarily as a result of fiber dis-entanglement
and slippage within a large, ill-defined, but restricted region.

- A type Il curve was obtained from a moderately bonded web.
The web exhibited high modulus, tenacity, and elongation. The
failure occured largely as a result of a combination of bond and
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fiber breakge after the entire specimen had been considerably
extended.

- A type il curve was obtained from strongly bonded web. The
web exhibited a very high modulus, tenacity, and low elongation.
The web was very stiff and had a high density. The failure
occurred at a fairly well defined and restricted location. The failure
was almost entirely due to fiber breakge originating at a weak
point in the structure and propagating rapidly across the
specimen.

Tikhmirov and Gusev [86] introduced the concept of "critical area of
contact." The concept stated that the area of contact between the binder and
the fiber at which the strength of the fiber-binder bond is equal to the strength of
a single fiber. When the sum of the bond strengths along a single fiber is larger
than the strength of the fibers, then fiber rupture occurs. Kallmes [87] introduced
the concept of "critical degree of bonding," to represent the degree of bonding
below which the web failure is increased by bond failure, and above which it is
induced by fiber failure.

Vaughn and Brannon [88] studied the dynamics of the nonwoven
deformation process. Failure mechanisms of fabrics made using three types of
binders (soft, medium, and hard) were studied. The failure mechanism was
highly dependent on the binder type. For the hard binder type webs, the fibers
bent towards the bond axis during the initial defromation; the fibers stretched
and the bonds remained rigid and cracked during the propagation stage; and,
the fibers ruptured as the bonds ruptured from the bond edge and then peeld off
from the fiber surface at failure. For the soft binder type webs, the bond rotated

and deformed during initial deromation; the bonds stretched away from the

fibers to initiate some holes during the propagation stage; and the bonds
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ruptured and fibers separated from the binder at failure. For the medium binder
type webs, the bonds ruptured from the bond edge and peeled off from the the
fiber surface at failure.

According to Bikerman [89] and Kaeble [90], with the soft binder in the
nonwovens, the rupture mechanism of the soft binder type nonwovens is
mainly due to binder failure even at high binder content. This is due to the weak
binder strength, low modulus, and high peel strength between binder and fiber.
The rupture of a nonwoven web with a hard binder is caused by interfacial
failure at lower binder content because of low peel strength and thin bonding.
However, fiber failure occurs at high binder content due to the thick binder

volume at fiber entanglements and high bond strength.

Polypropylene

The properties of steroregular polypropylene--more specifically, isotactic
polypropylene--made it evident that this material offered vast possibilities in
plastic industries as well as in melt blown fiber production. In the past thirty
years, many research studies have been published concerning the structural
characterstics of polypropylene, including specification of its molecular
conformation and its various polymorhic forms.

Polypropylene is usually polymerized in one of the three different
tacticities -- isotactic, syndiaotactic, and atactic. The isotactic and
syndiotactic forms of polypropylene are partially crystalline, where the atactic
form is necessarily amorphous, due to the lack of stereo-regularity along the

molecule. Most commercial polypropylene resins are highly isotactic with a
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high degree of crystallinity. The isotactic polypropylene is of paricular interest

in this research.

Polypropylene Crystalline Forms

Isotactic polypropylene is known to exhibit as many as four different
crystalline forms: the a-form, which is monoclinic and generally the most
predominant; the B-form, which is hexagonal; the y-form, which is
triclinic; and, the smectic form, which is believed to be associated with the
amorphous phase. The development of various forms is dependent on the
degree of isotacticity, molecular weights, and thermal and mechanical history of
the specimen.

The a-form is the crystal form commonly observed when the isotactic
polypropylene is crystallized form the melt [91]. X-ray diffraction studies on the
o-form polypropylene by Natta and Corradini [92], established the monoclinic
symmertry for the unit cell with following lattice constnat values:

a=6.65+ 0.05A b=20.96+0.15A
c=6.50+0.04 A B=99°20"%1°

The identity period along the c-axis was found to be 6.5 A, indicating the
presence of a three-fold helical conformation of the molecules. The crystal

lattice was found to be centered with the most probable space group Ce.
Hikosaka and Seto [93] and Corradini et al. [94] have stated that the -
modification of isotactic polypropylene may show various degrees of disorder in
the up and down positioning of the chains. The degrees of disorder were
assessed as: a) the limiting ordered structure, called as a2; and b) the limiting

disordered structure, called as a1. It was also proposed that the presence of
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two endothermic peaks in the calorimetric scan could be related to the melting
of crystals having a structure closer to that of the a1-modification and to the
melting of crystals having a structure closer to that of the a2-modification.

The B-form of polypropylene was first reported by Keith et al. [95]. Their
study suggested that the B-form had the hexagonal unit cell, with following the
lattice constant values:

a=12.71A c=6.35A

Turner et al. [96] obtained the PB-form by rapidly quenching the
polypropylene melt to below 130°C. Addink and Beintema [97] observed the B-
form in fractions with a high degree of isotacticity. The B-form is considered to
be meta-stable in character and by recrystallization or deformation converts to
an a-form. Lovinger et al. [98] stated that the B-form polypropylene obtained at
a heating rate of 1°C/min using the DSC, showed the actual melting and
recrystallization of the B-spherulites into the a-form.

The y-form was discovered upon cooling fractionated polypropylene from
the melt, as reported by Turner [96] and Sauer et al. [99]. Usually, the y-form is
present in small amounts. It is characterized by the presence of five strong x-ray
diffraction peaks. Four of these peaks lie very close to four of the five peaks of
the a-form. Kardos [100] reported the crystallization of the whole poylmer to the
y-form, when melts were solidified under pressure.

Natta and Corradini [92] reported the existence of a smectic phase when
molten polymer was quenched in water. X-ray studies of the smectic form
revealed two strong halos with d-spacings of 5.9 A. Several investigators [101 -
104] suggested structural interpretations for the smectic form. They stated that
the smectic form had a short range three-dimensional order with the molecular

conformation being the same as the crystalline a-form. Several investigators
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[105 - 107] also suggested a hexagonal crystal lattice for smectic

polypropylene. It has also been suggested that the a-form can be converted to
the smectic form by cold deformation, and the smectic form can be converted to
the a-form by heating [108].

Recently, Wang et al. [109] reported the structural study of irradiated
polypropylene by x-ray diffraction. The study found that electron irradiation did
not change the total crystallinity of polypropylene but greatly influenced its
crystal structure. The amount of the B-form increased, and the a-form
decreased as the irradiation dose increased. The study also suggested that the
B-form may be recrystallized into the a-form at higher temperature because the

melting point of the B-form is much lower than that of the a-form of the

polypropylene.
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CHAPTER 3
EXPERIMENTAL DESIGN

Materials

The polymers used in this study were commercial grade Exxon homo-
polypropylene resins with nominal melt flow rate (MFR) values ranging
from 35 to 1000. The resin characteristics are given in Table 3.1. The
polymers were supplied in pellet form. The molecular weight, polydispersity
index, and intrinsic viscosity of supplied polymers were determined at the Exxon
Chemical Company, Baytown Polymers Center, using gel permeation
chromatography (GPC). The molecular weights ranged from 91,000 to145,000
and the polydispersity index values ranged from 2.5 to 3.5. The 35 and 300
MFR polymers had similar polydispersity indexes but, of course, had a large
difference in molecular weights. The 600 and 1000 MFR polymers had similar

polydispersity indexes but the difference in molecular weights was minimal.

Web Preparation

Melt blown webs for this study were produced on the 508 mm (20 inch)
melt blown pilot line at The University of Tennessee. The line featured a 508
mm state-of-the-art die, an electric furnace for heating the air, and an Ingersoll-
Rand 18.4 m3/min (650 ft3/min) air compressor. A 50.8 mm (2 inch) extruder
(30/1 /D) was utilized for this study. Two mosepieces were utilized with the
melt blowing die: the standard nosepiece had 20 orifices per inch with

orifice diameter of approximately 0.4 mm (L/D=10), and the small nosepiece
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had 21 orifices per inch with orifice diameter in the range of 0.2 - 0.3 mm
(L/D=8). The process conditions were monitored and controlled through a
MiCroprocessor.

The 35, 300, 600 and 1000 MFR polypropylene resins were melt
blown according to the experimental flow chart shown in Figure 3.1. The web

preparation was divided into three phases:

- In the first phase, the 35, 300, 600 and 1000 MFR resins
were melt blown using a 75% air valve opening (from the
compressor) corresponding to an air flow rate of 7.9 m3/min at
standard conditions and a standard orifice die (approximate
diameter of 0.4 mm) at three throughput rates of 160, 320, and
480 g/min (0.4, 0.8, and 1.2 g/min/orifice, respectively).

- In the second phase, the 35, 300 and 600 MFR resins were
melt blown using a 90% air valve opening corresponding to an
air flow rate of 11.7 m3/min at standard conditions and a
standard orifice die (approximate diameter of 0.4 mm) at two
throughput rates of 160 and 320 g/min. The throughput rate of
480 g/min was not attainable at 90% air flow rate conditions
because the higher air temperatures required resulted in
excessive fly and shot formation.

- In the third phase, the 300 and 1000 MFR resins were melt
blown using a 75% air valve opening corresponding to an air
flow rate of 7.9 m3/min at standard conditions and a small orifice
die (uniform diameters in the 0.2-0.3 mm range) at three

throughput rates of 160, 320, and 480 g/min.
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The throughput rate of 160 g/min is often used in laboratory trial runs,
while throughput rates of 320 g/min or greater (corresponding to this size
extruder and die width) are usually employed in commercial processing.
Generally, the lower the polymer throughput, the greater the latitude in adjusting
the process parameters, such as air flow rate and temperatures of air and
polymer, in order to achieve ultrafine fibers and optimum strength properties.
The process conditions used for this study are given in Tables 3.2, 3.3, and 3.4.

There are a number of operating variables in the melt blowing process.
Since the main focus of this research was to study the effects of polymer
throughput rate, air flow rate, and die orifice diameter, the web basis weight was
maintained at an average value of 33.9 g/m2, and a die-to-collector distance of
300 mm was used for all the trial runs. The other key process variables --
polymer and air temperatures -- were changed as needed to produce web
samples with similar tactile hand. For example, the 300 MFR resin has been
shown in previous trials to result in much stiffer fabric and in large fiber
diameters when processed at the same temperatures as 1400 MFR resin.
Basically, the temperatures were controlled between the temperature where
shot (resin beads resulting from prematurely broken filaments) was present
and the temperature where excess fly (fiber fragments suspended in the air
resulting from fiber breakage at excessive temperature and air flow rate) was
generated.

For each trial run, the operating conditions were set and were allowed to
equilibriate for 10 to15 minutes. Then, the polymer throughput rate was
determined by weighing the web produced in one minute. The polymer
throughput rate was checked three to five times for each trial runs. After

determining the polymer throughput rate, the collcetor speed was adjusted in
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order to maintain an average basis weight of 33.9 g/m2. In order to determine
the correct basis weight, five square specimens were cut during on-line
processing. These specimens were weighed using an electronic balance, and
an average weight of these specimens was converted to the basis weight.

The air flow rate for the trial runs was determined according to the
American Society of Mechanical engineers Power Test Code. The procedure to

determine the air flow rate is given in Appendix A.
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CHAPTER 4
EXPERIMENTAL PROCEDURES

The specimens which were subjected to physical testing were first
conditioned under standard textile testing conditions of 20 °C and 65% relative

humidity for a minimum of 24 hours.

Physical Property Measurements

Basis Weight. The basis weight of the webs was determined
according to ASTM Standard D-3776-79 [4]. The specimens for basis weight
determination were selected randomly over a length of 50 meters but in a
manner to ensure equal representation across the fabric width. Twenty-five
(127 x 127 mm) specimens were cut for testing in the manner illustrated in

Figure 4.1.

ress-Strain Pr rti 'i'A . The tensile stress-strain
properties were measured in accordance with ASTM Standard D-1682 [4]
using an Instron tensile tester. The tensile properties were measured in two
fabric directions: machine direction (MD) and cross direction (CD). The test
specimens were selected over a length of 50 meters at different locations
across the fabric width. Two sets of twenty-five (25.4 x 175 mm) specimens

were cut for testing, as shown in Figure 4.2.
The load-extension data were normalized according to the procedure

explained in Appendix B. Twenty-five load-extension curves of each web type
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Figure 4.1. Schematic showing specimen cutting procedure for

basis weight determination.
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Figure 4.2. Schematic showing specimen cutting procedure for
tensile testing.
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were averaged to generate a composite stress-strain curve. Appendix C

describes the technique for averaging the curves.

Stress-Strain Properties of Single Fibers. The stress-strain

properties of single fibers were measured using a floor model Instron tensile
tester. The method for mounting and testing the single fibers is described in

sequential order below:

1. In order to facilitate the removal of a single fiber from a melt
blown web, a web with very low basis weight (2 to 3 g/m2) was
prepared for each web type.
2. The low basis weight web was prepared by placing a wire
screen between the die nosepiece and the collector, right below
the fiber stream, as shown in Figure 4.3. The wire screen was
then quickly pulled upward through the fiber stream. By doing so,
a web with very low basis weight was collected onto the wire
screen.
3. The low basis weight web was then carefully removed from the
wire screen. A small portion of this web was cut and glued onto a
piece of pre-cut construction paper, as shown in Figure 4.4. The
pre-cut construction paper had a (2 x 5 mm) center hole.
4. All the fibers were removed from the hole area, except for a
single fiber near the center of the hole, as shown in Figure 4.4.
The fibers were removed using sharp tweezers under a lighted
magnifying glass. Figure 4.5 shows a photomicrograph of a
mounted single fiber.
5. The mounted single fiber was then placed under a microscope
to measure the fiber diameter. The diameter of the single fiber
was measured in order to calculate the breaking stress. The
diameter of the single fibers for the test ranged from 3 to 25 um.
6. The single fibers were tested using the following conditions:

- agauge length of 2 milimeters
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- cross-head speed of 2 mm/min

- full-scale load of 50 grams
7. A total of eight single fiber samples were mounted and tested
for each web type.
8. The single fiber load-extension data were normalized
according the procedure shown in Appendix B.

Flexural Rigidity. The bending rigidity of the webs, as described in
ASTM Standard D-1388 [4], was measured using the Cantilever Bending

Tester. The specimens were prepared according to the procedure explained in

the section entitled, "Stress-Strain Properties of Webs."

Bursting Strength. The bursting strength was measured using the
Mullen Bursting Tester according to ASTM Standard D-3387 {4). The test

specimens were selected randomly over a length of 50 meters. Twenty-five

(127 x 127 mm) specimens were cut for testing, as shown in Figure 4.1.

Shear Properties. Shear stiffness and shear hysteresis

measurements were performed only on 300 MFR resin webs in the machine
direction (MD). The shear properties were measured using the Kawabata
Shear Test equipment. The shear tests were conducted on a contract basis by
the Department of Chemical Engineering, Louisiana State University, Baton
Rouge. Three (200 x 200 mm) specimens from each web type were cut. The
specimens were sheared two degrees in one direction and two degrees in the
opposite direction, as shown in Figure 4.6. The shear stiffness was calculated

from the slopes of the foward and backward curves between 0.125 and 0.68

degrees, as shown in Figure 4.6, according to the following equation:
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Figure 4.6.

Schematic of a typical shear curve.
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Fs =C + Go

where
Fs is the shearing force,
G is the shear stiffness,
o is the angle of displacement of one edge of the specimen with
respect to the other edge, and
C is a constant.
Three values of each web type were averaged to obtain shear stiffness.
The shear hysterisis analysis was also performed on all specimens at 0.125

and 1.25 degrees of shear angle.

Air_Permeability. The air permeability of the webs was determined
according to the ASTM Standard D737-35 [4] at a pressure drop of 0.5 inches of
water. A Gurley Permeometer, Model TY 1253, was used to perform the test.
The specimens were prepared according to the procedure explained in the

section entitled, "Basis Weight."

Web Density. Web density (g/m3) was determined by dividing the
basis weight of the web by the thickness of the web. The thickness of the web
was measured using the Ames Thickness Gauge, Model 85-0071, in
accordance with the ASTM standard D1777-64 [4]. The basis weight of the web
was measured according to the ASTM standard D3776-79 [4]. The specimens
were prepared according to the procedure explained in the section entitled,

"Basis Weight."
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Microscopical Analysis of Fibers

Eiber Diameter. Fiber diameters were determined from the
photomicrographs of the webs. The photomicrographs were taken using the
ETEC Auto Scan electron microscope. The specimens were selected from the
left, middle, and right sides of the webs over a length of 5 meters. The
specimens were cut in a circular form (0.8 cm2) using a special cutter. All the
specimens were coated with gold by a diode sputtering technique. The
photomicrographs were taken at 15 kv accelerating setting in order to minimize
the charging effects and the thermal degradation of the specimens. Eight
photomicrographs were taken for each web type at 500x magnification.

In order to facilitate the fiber diameter measurement, two diagonal lines
were drawn across each photomicrograph, as shown in Figure 4.7. The
diameters of all the fibers at the points where the lines crossed were measured
with a scale under a lighted magnifying glass (fibers which crossed the
diagonal lines more than once were measured at only one cross-over point).
Typically, an average of 200 fiber diameter values for each web type was

reported.

Birefringence of Fibers. Birefringence measurements were

performed only on 300 MFR resin fibers. The total birefringence of the melt
blown fibers was determined using the Zeiss polorizing microscope equipped
with the Berek compensator and a scaled eyepiece. A fifth order compensator
was used to determine the phase difference or retardation (I') between two
mutually perpendicular, plane polorized-light waves emerging from the fiber

sample. The scaled eyepiece was used to determine the diameter of the fiber.
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The total birefringence was calculated using the following expression:

=
I
a |~

where

n is the birefringence,
I' is the retardation, and

d is the fiber diameter

The single fibers for birefringence measurements were mounted
according to the procedure explained in the section entitled, "Stress-Strain

Properties of Single Fibers."

Differential Scanning Calorimetry

A Model DSC-7 Perkin Elmer Differential Scanning Calorimeter was
used to measure the experimental heat of fusion, AHf* of resins and webs. A
temperature range of 50 °C to 200 °C was used with a heating rate of 10 °C/min.
Indium was selected as the standard to calibrate the measurements. The resin
and web specimens were weighed in an aluminum pan using an electrically
operated balance. The weight of the specimen ranged from 3.5 to 4 mg with an
accuracy of 0.001 mg. The DSC curves were normalized and evaluated using

TAS7 Perkin Elmer software.
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The percent crystallinity was calculated from the heat of fusion data by

using the following equation:

X¢ = ( AHy/ AHf") x 100 %

where

AHjg is the heat of fusion of the sample, and

AH¢" is the heat of fusion of 100% crystalline material.

The value of heat of fusion of 100% crystalline polypropylene used in this
work was 146.5 J/g [133].

The specimens were selected from the left, middle, and right sides of the
webs over a length of 5 meters. A total of ten specimens were tested for each

web type.

Wide Angle X-Ray Diffraction

The wide angle x-ray diffractograms were obtained using a Rigaku
diffractometer with copper radiation in reflection mode. The diffractograms
(two-theta scans) were obtained over the angular range of 5 to 35°. Specimens
were prepared by cutting webs into small square pieces and pressing them on
a glass disk to form a mat of 2 mm in thickness, as shown in Figure 4.8.

The wide angle x-ray diffraction (WAXD) patterns for the webs were
obtained using a Philips Norelco x-ray generator and flat plate camera. Nickel

filtered, copper radiation (wavelength 1.542 A) was used. The schematic of the
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experimental set-up is shown in Figure 4.9. The x-ray films were exposed for 20
hours with a generator setting of 35 kV and 20 mA.

The specimens were selected from the left, middle, and right sides of the
webs over a length of 5 meters. A total of five specimens were tested for each

web type.
Gel Permeation Chromatography

The gel permeation chromatography (GPC) analysis of the web and resin
specimens was conducted at the Exxon Chemical Company, Baytown Polymers
Center, according to ASTM Standard D3593 [4].
Meit Flow Rate

The resin and web melt flow rates were determined at the Exxon

Chemical Company, Baytown Polymers Center according to ASTM Standard
D1238 [4].
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CHAPTER 5
RESULTS AND DISCUSSION

In this chapter, the results of the study are presented. The discussion
has been focused on the effects of polymer throughput rates of different
molecular weight polypropylene resins on melt blown nonwoven web
properties because among the process variables studied, polymer throughput
rate appeared to have the most notable effects on the physical and
morphological properties of melt blown webs. The effects of other process

variables on melt blown web properties are also discussed.

Process Conditions

The key melt blown line conditions for each of the runs are given in
Tables 3.2 - 3.4 (Chapter 3). Generally, all of the resins processed well under
the different operating conditions. The melt blown runs resulted in webs that
were uniform in appearance across the width.

The polymer melt temperatures ranged from 230°C to 310°C, the die
temperatures ranged from 230°C to 335°C, and the air temperatures ranged
from 230°C to 350°C. At normal air flow rate of 75% (7.9 m3/min), the air
temperatures were maintained higher than the die temperatures for the

following reasons:

1) to increase softness and tactile hand of the web;
2) to increase drawing time before quenching of the fibers; and
3) to avoid cooling of the die below the set temperature.
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At the higher air flow rate of 90% (11.7 m3/min) the air temperatures were kept
lower than the die temperatures in order to reduce rope and fly formation. For
the small orifice die the temperatures were kept slightly higher in order to
reduce the melt pressure efffect on the polymer throughput rate. Usually, the
difference between the die and air temperatures at all processing conditions
ranged from one to 60°C.

As the throughput rate increased from 160 to 480 g/min, the extruder and
air temperatures were raised to the values shown in Tables 3.2 - 3.4 (Chapter
3). The increase in temperatures at higher throughput rates was necessary for
two reasons: 1) to achieve optimum tactile hand of the webs, that were
obtained at the lower throughput rate; and 2) to reduce shot formation. As the
throughput rate increased, it was more difficult to maintain similar tactile hand of
the webs because the air temperatures could not be raised high enough above
the die temperatures before rope and fly became noticeable [40]. Therefore,
processing was not attainable at 480 g/min for 35 MFR resin using 75% air flow
rate and for 35, 300, and 600 MFR resins using 90% air flow rate.

At higher throughput rates, three types of web defects were observed:
shot , rope, and fly. The probable causes and solutions for these defects are

given in Tables 5.1-5.2 [23]. The webs defects can be defined as follows:

Shot. Shot is defined as a globule of polymer considerably
larger in diameter than the fibers, formed by the elastic
"snap-back" of the fiber ends upon breaking [26]. Shots
imparted "sandy" feel to the web. Figure 5.1 shows a
photomicrograph of a typical shot. Shot usually occurs when
processing temperatures are low and throughput rates are high.
The phenomenon of shot formation can be attributed to periodic
melt fracture or melt instability, which depend on such
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Photomicrograph showing "shot.”
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factors as processing temperatures, shear rate, air flow rate, and
die configuration.

Rope. Rope is defined as multiple fibers twisted together
and get deposited onto the web. Figure 5.2 shows a typical rope
found on the melt blown web.

Fly. Fly is defined as short broken fibers formed upon
breaking from polymeric streams. Fly usually move away
from the primary air stream and get deposited away from the
collector. Figure 5.3 shows fly collected during a production run.

Based on observed melt blown line conditions, a process condition
window was established for polypropylene resins as a function of die and air
temperatures, polymer throughput rate, and air flow rate (reference scale only)
as shown in Figure 5.4. Within this process condition window, there exist the
two extreme conditions: shot conditions and, rope and fly conditions.
The conditions between these two extreme conditions were favorable for
processing, and all other conditions were unfavorable for processing. The
favorable conditions resulted in webs with a good balance of tactile and
strength properties, while unfavorable conditions resulted in webs which
were ropy and excessively soft or in stiff webs which contained a great deal of
shot. It is to be noted that the favorable conditions did not preclude the
occassional formation of shot, rope, and fly. From Figure 5.4 it was evident that
as the throughput rate increased, the processing window of operation
(favorable conditions) became more narrow, hence there was less lattitude for
optimizing web properties at higher throughput rates. Moreover, at much higher
throughput rates (640 g/min and above), shot and rope conditions were

observed at the same time, and thus there was no region of satisfactory

operation at these throughput rates.
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Figure 5.2.

Photograph showing "fly."
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Photograph showing "rope."

Figure 5.3.
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Figure 5.4 also shows the actual processing temperature ranges for
different throughput rates (solid vertical arrows). The vertical arrows
indicate the overall processing temperature range for processed polypropylene
resins at different throughput rates. The processing temperature range for 160
g/min throughput rate was within the two extreme conditions and no problem
was encountered during the processing. At the 320 g/min throughput rate with
the 35 MFR resin, the upper limit of the processing temperature range was in
the region of rope and fly formation; therefore, rope and fly were observed. At
480 g/min throughput rate with the 1400 MFR resin, the lower limit of the
processing temperature range was in the shot formation region; therefore, a
great deal of shots were visible in the webs.

Polymer melt pressures ( between the screen pack and the die) ranged
from 1400 to 4700 kPa. Melt pressure increased as the polymer throughput rate
increased. For 35 MFR polymer, melt pressure was higher at all processing
conditions than any other polymers. As expected, back pressure was higher for
the small orifice die than for standard orifice die.

Processing conditions had a notable effect on the texture of the web. The
webs produced at the lowest throughput rate of 160 g/min were thicker and
loftier than the webs produced at 320 and 480 g/min. The higher throughput
webs had a harsher hand and were thin. The increased air rate made the webs
softer, bulkier, and relatively shot free.

During the trial runs, the melt blowing process was observed closely.

The following two visual observations were made:

- There was one main polymer strand per die hole,
which may or may not join to other polymer strands
away from the die tip.
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- The polymer strands left the die in fairly straight and
parallel pattern, but developed waviness in all radial
directions after about 3 inches from the die tip.

Effects of Process Variables on Melt Blown Fibers

Fiber Diameter

The average fiber diameter values as a function of processing conditions
are given in Tables D.1 - D-3 (Appendix D), and shown schematically in Figure
5.5. The average fiber diameters ranged from 2.8 to 6.7 um. Figure 5.6 and
Figures E.1 - E.8 (Appendix E) show typical photomicrographs of webs as a
function of processing conditions.

The overall trend for the average fiber diameter was that as the
throughput rate increased the average fiber diameter increased. The same
trend has been observed in previous studies [35-40]. The increase in fiber
diameter may be attributed to the die swell and the change in polymer-to-

air ratio for a given air flow rate.

- It seems likely that the lower polymer-to-air ratio at low
throughput conditions means more air and drag force per amount
of polymer melt, which should increase draw-down of the fibers,
resulting in a greater number of small diameter fibers in the webs.
On the other hand, the higher polymer-to-air ratio at high
thoughput conditions means less air and drag force per amount of
polymer melt, which should decrease draw-down of the fibers,
resulting in a greater number of large diameter fibers in the web
[15, 110].

- Die swell, which is a result of viscoelastic nature of the
polymeric material, is another factor believed to have an affect on
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the final fiber diameter. In an extrusion process, the energy, stored
as pressure in the melt, is released on exiting from the die orifice
and exhibits as die swell. In other words, the polymer melt as it
leaves the die capillary 'remembers’' the large die entrance
cross-section and tries to return to it by swelling.

The magnitude of the die swell directly depends on the
entrance pressure in the die, which in turn depends directly on the
throughput rates. As the throughput rate increases, the die
entrance pressure increases; hence the die swell increases. Due
to this increased die swell at high throughput rate, the starting
diameter is larger compared to the low throguhput rate. Therefore,
less draw-down polymer melt, which in turn results in increased
final diameter.

The average fiber diameter increased with increased polymer MFR at the
lower air flow rate of 75%, but the resin MFR appeared to have little effect at the
90% air flow rate. A study by Wadsworth and Jones [36] has shown a similar
trend. Smaller average fiber diameter values were obtained with the 35 MFR
resin. This may be explained by the fact that both the polymer melt and air
attenuation temperatures were approximately 60°C higher for the 35 MFR resin
runs. This additional heat could have more than offset the greater non-
Newtonian viscoéity behavior of the 35 MFR resin. Furthermore, the greater
melt strength of the 35 MFR resin possibly could withstand more filament strand
thinning prior to breaking or deposition onto the collector [40].

The diameter of the die orifices had minimal effects on the average fiber
diameter. The study by Wadsworth and Jones [36] also showed the similar
results. The differences in fiber diameter were smaller than expected initially,

considering the fact that the cross-sectional area of the standard orifice die was
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over twice that of the small orifice die. Several factors, many of them interacting,
could have contributed to these results as follows:

First, with the larger orifices, there would be more than twice the amount
of molten polymer in each polymer strand, which would provide proportionally
more heat from the polymer melt for thread line thinning. Second, since the
molten polymer streams exit from the die orifices directly into the confluence of
the two air streams (top and bottom), it would appear that the greatest amount of
attenuation should occur at the point of convergence of the air streams. Thus,
the die orifice size should have little effect, provided it is large enough to pass
the melt without plugging [25]. Finally, it is probable that the greater die swell
could have occured with the smaller die orifices resulting in a proportionally
greater increase in fiber diameter. It has been shown by many investigators
[111], that in conventional melt spinning of polypropylene, a decreased
spinneret diameter increased the die swell.

With the standard orifice die, increasing the air flow rate from 75 to 90%
had little effect on the average fiber diameter at corresponding resin MFR and
throughput rate values. However, the results did not agree with the results
reported by Wadsworth and Muschelewicz [40] in which the polymer throughput
rate of only 80 g/min (0.2 g/min/orifice) was utilized. In their study, they reported
that significantly (statistically) smaller fiber diameter were obtained at 90% air
flow rate than at 85% air‘flow rate.

In this study, the effect of change in air flow rate on the final diameter was

not as noticeable because of the following reasons:

- It is probable that the lower primary air temperatures (necessary
to reduce rope and fly formation) at higher air flow rate may have
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reduced the effect of increased draw-down of polymer streams
due to increased air at a given throughput rate.

- Due to lower die temperatures at higher air flow rate, the
induced normal stress and the left elastic memory are ususally
more on the extrudate, so that a higher die swell results. The
increased die swell may have offset the effect of increased draw-
down due to higher air flow rate at a given throughput rate.

- As the air flow rate increases, the drag force on the polymer
streams increases [112], and this should result in smaller
diameter. However, it is probable that the effect of increase in air
drag may have been reduced by the rheological force (due to
lower processing temperatures).

Fiber Attenuation

In melt blowing process, the factors that are responsible for the final melt
blown fiber diameter of 2 to 8 um has been a perplexity to researchers. From
the visual observation of the process, it seems intuitive that as soon as the
polymer streams are extruded from the die orifices, the air continuously
impinges on the polymer streams to form micro-fibers and carries them to the
collector. If this concept is true than a greater dependence of final
diameter as a function of the change in air flow rate would be
obvious. Apparently it is not the case for the results found in this study. The
effects of change in air flow rates on the final diameter was minimal at a given
throughput rate. Therefore, it is logical to say that the fiber attenuation is a
function of air flow rate as well as the "other mechanisms" which take
place between the die and the collector after fibers travel certain distance from

the die. The most probable "other mechanisms"” are: 1) the flapping

motion of the fibers proposed by Milligan and co-workers [112]; and, 2)
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drawing of fiber segments between entanglement points as fiber network
is stressed during its flight, by Bresee and Wadsworth [113].

The flapping motion of the fibers is believed to occur in many
directions [112]. The exact cause of flapping motion is not clearly understood,
but it is this author's opinion that the flapping motion (in conjunction with
local phase change due to fiber microstructure development) promotes change

in local fiber velocities which in turn help attenuate the fibers.

Fiber Characteristics

The following are some of the general observations based on

mircroscopic examination of melt blown fibers:

- The fibers had smooth surface texture and appeared to be
circular in cross section.

- There was extensive variations in fiber diameter along a single
fiber, as shown in Figure 5.7.

- The close examination of approximately 800 photomicrographs
showed no "fiber ends" (except a few near “shot” area).
Therefore, it was belived that the fibers were continuous in
length.

- The fibers showed thermal branching, as shown in Figure
5.8. The exact cause of thermal branching is not known, but it
is this author's opinion that the branching of the fibers
occur when propagating fibers collide with another
propagating fibers, which in turn, stripe off portions of polymer
streams as fine branches (filaments). Richardson [135] pointed
out that when the velocity of the liquid jet relative to air jet
increases, portions of the liquid are stripped off as filaments.
Bresee and Wadsworth [113] stated that fiber splitting
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Figure 5.7.

Photomicrograph showing variation in fiber diameter
along a single fiber.
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Figure 5.8.

Photomicrograph showing thermal branching.
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(branching) occurs when extrudate is stressed in complex
ways in flight towards the collector.

Fiber Diameter Distribution

Figures 5.9 - 5.11 show fiber diameter distribution as a function of
processing conditions. All the 160 g/min throughput fibers showed a sharp
peak at 2 to 4 um with a narrow distribution. The 320 and 480 g/min throughput
rates fibers processed at 75% air rate using standard orifice die showed peaks
at 4 to 6 um with a slightly broader distribution. The 320 g/min throughput rate
fibers processed at 90% air rate using the standard orifice die, and the 320 and
480 g/min throughput rate fibers processed at 75% air rate using small orifce

die showed peaks at 2 to 4 um with a slightly broader distribution.

Fiber birefringence

The measured birefringence is an indicator of molecular orientation in
the fibers. The values of birefringence as a function of processing conditions
are given in Table 5.3. The birefringence values ranged between 15.2 x 10-3
and 26.1 x 10-3. The birefringence values decreased as throughput rate
increased for fibers processed at 75% air flow rate using standard orifice die.
The values peaked at 320 g/min for the fibers processed at 75% air flow rate
using the small orifice die.

The birefringence values were higher and were comparable to the
values of regular melt spun fibers as reported by Lu and spruiell [115-116].
Choi et al. [42] reported lower values than the values obtain in this study. The

birefringence values certainly indicated that the melt blown fibers have
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90% air flow rate using standard orifice die.
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orientation; however, the mechanism for molecular orientation in melt blown

fibers was not clear.

Effects of Process Variables on Molecular Weight

The molecular weight of resins and webs were determined through GPC
in order to assess the change in molecular parameters after processing. The
intrinsic viscosity, molecular weight, and polydispersity index of "as recieved"
resins and webs as a function of processing conditions are given in Tables D.4 -
D.6 (Appendix D), and molecular weight values are shown in Figure 5.12.
Figures E.9 - E.16 (Appendix E) show the GPC chromatograms as a function of
processing conditions.

There was a notable decrease in intrinsic viscosity, molecular weight,
and polydispersity index between the resin and the webs. The decrease in
molecular weight and intrinsic viscosity was about 22 to 25%. This indicated
thermal breakdown of polymer chains. The decrease in polydispersity index
indicated that the polymer molecular weight distribution became narrow after
processing (Figure 5.13). This was anticipated because of breakdown of longer
polymer chains.

The difference in molecular weights and other parameters among
different throughput rate webs was minimal. This indicated that the polymer did
not experience severe thermal degradation at higher throughput rates. This
was rather surprising because it is imperative that at higher temperatures and
throughput rates, polymer degradation is usually more. The possible

explanation for this is that at higher throughput rates, polymer residence time in
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the extruder is shorter which may have reduced the effects of higher
temperatures; therefore, minimal change in molecular weights among webs.

The change in molecular weight between the standard orifice die and
small orifice die webs at correponding throughput rate was minimal, even
though the smaller orifice die had higher shear rate at the die tip due to higher
mass velocity. This trend, in conjunction with the minimal change in molecular
weight among webs, indicated that the shear rates were not high enough to
cause notable changes in molecular weights of the webs as a fucntion of
throughput rate. The 90% air flow rate webs showed less molecular
degradation than 75% webs processed using the standard orifice die. This was
attributed to lower processing temperatures at 90% air flow rate.

The measured melt flow rate values of resins and webs as a function
processing conditions are given in Tables D.7 - D.9 (Appendix D), and shown
schematically in Figure 5.14. There was a notable increase in MFR between
the resin and webs which corresponded to simultaneous decrease in molecular
weights. The increase was more greater for 35 MFR resin compared with 300,
600, and 1000 MFR resins at all processing conditions. This may be due to the
fact that the 35 MFR resin had higher starting molecular weight with higher
percentage of longer molecular chains and the numerical proprotional melt flow
rate difference between 35 MFR and other resins was more than '8 times'. This
indicated that the 35 MFR should degrade proprotionatly more than 300, 600,
and 100 MFR resins.
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Effects of Process Variables on Physical Properties

The physical properties of conventional nonwovens are a manifestation
of fiber properties and web structure. However, the melt blown web physical
properties were found to be primarily dependent on processing conditions. The
following is a discussion on effects of resins and process variables on physical

properties.

Tensile Properties

The tensile properties of 35, 300, 600, and 1000 MFR PP melt blown
webs as a function of processing conditions are given in in Tables D.10 - D.12

(Appendix D), and shown schematically in following six Figures.

Breaking Stress. The breaking stress values at which failure occured
ranged between 3.5 and 20.7 mN/tex (Figures 5.15 - 5.16). The MD breaking
stress was higher than the CD breaking stress. This was mainly due to
anisotropy in orientation. In cross direction, the fibers are predominantly
perpendicular to the test direction. So, the fiber "ends" are free and not gripped
between the jaws. This results in lower resistance to deformation, even though
some resistance is provided by the fiber entanglements and fiber bonding.
Hence, the CD breaking stress is usually lower than MD breaking stress.

The maximum MD web breaking stress was obtained at a throughput rate
of 320 g/min, with the exception of the 35 MFR resin webs and 300 MFR resin

webs, processed using a small orifice die. Wadsworth and Jones [36] also
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reported higher MD breaking stress at higher throughput rates. The increase in

MD breaking stress can be explained as folllows:

- the molecular weights of the higher throughput rate webs were
almost the same as the lower throughput rate webs. Thus, the
web strength should remain relatively constant; and,

- the quenching of the greater mass of the polymer at higher
throughput rate may be less efficient due to slow heat transfer
(lower cooling rate) from the resin (resulting in more residual
heat), and hence more fiber-to-fiber thermal bonding (Figure
5.17). The fiber-to-fiber thermal bonding restricts the fiber shear
movements during tensile deformation. Therefore, the deromation
process requires more force.

Thus, this increased fiber-to-fiber thermal bonding, in conjunction with minimal
change in molecular weight between higher throughput and lower throughput
webs, resulted in higher breaking stress at higher throughput rate.

The CD breaking stress decreased as the throughput rate increased.
This was mainly to the web structure. The openess of web structure in high
throughput rate webs, in conjunction with less fiber orientation in the test
direction, resulted in lower resistance to deformation even with increased fiber-
to-fiebr thermal bonding. Therefore, decrease in CD breaking stress with
increase in throughput rate.

Breaking stress decreased non-linearly with the increased melt flow rate
in both MD and CD. Jones [35] reported that the breaking stress increases
initailly with MFR, peaks, and then decreases considerably at the higher melt
flow rates. The decrease in breaking stress was expected because of decrease

in molecular weight, since polymer strength is directly proportional to molecular

weight.
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Figure 5.17. Photomicrograph showing fiber-to-fiber
thermal bonding.
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The change in air flow rate from 75 to 90% had minimal effects on MD
breaking stress, but the CD breaking stress increased with the air flow rate. The
ratios of MD to CD breaking stress of the webs processed at 90% air flow rate
were less anisotropic than the webs processed at other conditions. This
indicated that at higher air flow rate more random orientation results.

The 300 and 1000 MFR webs processed using small orifice die had
slightly lower breaking stress values than the webs processed using standard
orifice die. It is probable that in small orifice die due to hihger shear rate at the
die tip, more fiber branching would have occured; therefore, lower overall

breaking stress.

Breaking Strain. The breaking strain values at breaking stress ranged
between 1.6 and 65.2% (Figures 5.18 - 5.19). The MD breaking strain was
lower than the CD breaking strain due to higher fiber orientation in MD which
inhibits extension. The breaking strain dramatically decreased as the polymer
throughput rate increased in both MD and CD. The similar trend has been
reported by [35-40].

It was hypothesized that the decrease in breaking strain was largely due
to the increased fiber-to-fiber thermal bonding with the higher throughput
rate webs as was indicated by SEM photomicrographs (Figure 5.17). This
increased fiber-to-fiber thermal bonding would be expected to restrict the fiber
shear movements resulting in low strain. The increased fiber-to-fiber thermal
bonding can be attributed to residual heat due to lower cooling rates of
polymer streams at high throughput rates.

The breaking strain increased slightly with increased air flow rate at

corresponding MFR and air flow rate. This can be attributed to the reduced
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fiber-to-fiber thermal bonding because of lower air temperatures at high air flow
rate conditions. The reduced bonding increases the fiber freedom; hence,
higher breaking strain. Overall, ther breaking strain decreased as the MFR
increased at all processing conditions due to simultaneous decrease in
molecular weight. The breaking strain values of webs processed using small
orifice die were lower, especially for 320 and 480 g/min webs, than the webs
processed at other conditions. This may be due to higher processing
temperatures for small orifice die than standard oriifce die; which in turn may

have increased fiber-to-fiber thermal bonding. Hence, lower breaking strain.

Initial Modulus. The initial modulus values ranged between 49 and
574 mN/tex (Figures 5.20 - 5.21). The MD modulus was higher than the CD
because of higher fiber orientation in MD. The initial modulus increased as the
polymer throughput rate increased in both MD and CD (except in 35 MFR resin
webs (MD) processed at 75% air flow rate using standard orifice die). The
increase in modulus corresponded to the simultaneous decrease in breaking
strain. The increase in initial modulus may have been due to was due to high
fiber-to-fiber thermal bonding and large diameter fibers.

Overall, the modulus decreased as the MFR increased at all three
throughput rates due to decrease in molecular weight. The webs processed at
90% air flow rate using the standard orifice die showed lower modulus than the
webs processed at 75% air flow rate using standard orifice die. This can
attributed to soft and bulky web structure resulting in low initial resistance
during tensile deformation. The effect of change in die orifice die was minimal
for the webs processed at 160 g/min. However, the effect was noticeable for

320 and 480 g/min webs at corresponding MFR. This was attributed to
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increased brittle characterisitcs of the webs (since the breaking strain was

lower).

Stress-Strain Curves. Figure 5.22 and Figures E.17 - E.24 (Appendix
E) show typical tensile stress-strain curves as a function of processing
conditions. The tensile stress-strain curves showed two distinct regions of
deformation. The initial region showed a steep rise in stress with a small
increase in strain, and was followed by a second region with a more gradual
rise in slope. The second region was more dominant in the 160 g/min
throughput webs than 320 and 480 g/min throughput webs. This indicated a
more ductile behavior of 160 g/min throughput webs. The low throughput web,
stress-strain curves showed an inflection point between 7 to 10% strain, beyond
which the curves were concave downward. The MD and CD stress-strain
curves followed the same general trend. The curvature of the stress-strain
curves was smooth, except in a few cases where the data discrepancy made it

slightly irregular.

Single Fiber Properties. The single fiber breaking stress and strain

values are given in Tables D.10 - D.12 (Appendix D), and are shown in Figures
5.23 and 5.24. The breaking stress values ranged between 26 and 42 MPa and
breaking strain values ranged between 17 and 70%.

In a majority of the cases, as the throughput rate increased, the fiber
breaking stress increased first and then decreased. This trend was similar to
the trend found for web breaking stess. This peak in breaking stress with
polymer throughput rate may have been due to the change in morphological

properties of single fibers. The breaking strain decreased with increased
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throughput rate at all conditions. This decrease can be attributed to the brittle
characteristics of single fibers imparted propbably by partial change in crystal
structure as indicated by DSC and WAXD analysis. The single fiber breaking
strain decreased with increased MFR at all processing conditions except for the

fibers processed at 75% air flow rate using standard orifice die.

Single Fiber--Web Co-relationship. The single fiber breaking
stress and strain were higher than the web breaking stress and strain (Table
D.13 - D.15, Appendix D). The single fiber breaking stress was approximately
twice than that of web and breaking strain was approximately three to five times
than that of web. The higher single fiber properties than the web properties is a
usual trend in nonwovens. This is because, in nonwoven webs, the single fiber
properties tend to loose some of their effectiveness (or translational
efficiency) due to angular distribution of fibers in the web, and stress
concentration arising at fiber cross-over points during deformation [136]. In a
melt blown web, fibers make substantial angels with any given direction and to
the applied loading; hence, load borne by the fibers during tensile deformation
is uneven. Furthermore, stress concentrations at the fiber cross-over
points are believed to promote premature failure. This would result in, less
traniation of single fiber properties to web properties. The comparision of single
fiber properties with web properties indicated that the web property is a function

of single fiber strength as well as web structure ( fiber entanglements and fiber-

to-fiber bonding).
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Failure Modes

The typical tensile failure modes of melt blown webs are shown in Figure
5.25. Typically, three types of failure modes were observed: ductile, brittle,
and laminar. Ductile failure infers a reduction in web cross-sectional area
during deformation, brittle failure infers cohesive failure involving instantaneous
break, and laminar failure infers separation of face and back of the web near the
fracture zone during deformation.  All the failure modes were a result of
different web structures with different deformation mechanisms.

The ductile failure was associated with the soft low polymer throughput
(160 g/min) webs processed at 75% air flow rate using standard and small
orifice dies. The ductile failure was believed to be due to fiber dis-
entanglements and slippage within a restricted region in the webs [85]. Fiber
pull-out (a characteristics of a non-brittle failure [117]) was also observed at the
rupture zone, as shown in Figure 5.26. The brittle failure was mainly
associated with higher polymer throughput rate webs. The webs produced with
90% air flow rate were less brittle at all polymer throughput rates. The brittle
failure can be attributed to high degree of fiber-to-fiber thermal bonding,
resulting in high modulus and low strain. The brittle failure was instantaneous
and was belived to have occured at the fiber cross-over points or due to fiber
rupture. The brittle failure zones were fairly well-defined and restricted (as
shown in Figure 5.27), and individual fiber failure was observed at the fracture
zones as shown in Figure 5.28. The laminar failure was mainly associated
with the low polymer throughput webs processed at 90% air flow rate and was

believed to be due to bulkiness of the webs. The bulkiness of the web may
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FAILURE MODES

Ductile Laminar

Brittie

Figure 5.25. Photograph showing melt blown web
failure modes.
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Photomicrograph showing fiber pull-out zone.

Figure 5.26.
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Figure 5.27. Photomicrograph showing brittle failure zone.




Figure 5.28. Photomicrograph showing fiber fracture.
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have given rise to slippage of fibers between the face and back of the web
during deformation, resulting in a laminar failure.

Most of the web specimens failed at the mid-length of the gauge length
during testing (Figure 5.29). However, some of them failed near the jaw. The
jaw break may have been due to misalignment of the jaws with the Instron

tensile tester load cell.

Bursting Strength

Bursting strength is a measure widely used for nonwovens where the
web construction do not lend themselves to tensile tests [118]. Bursting strength
is defined as a force required to rupture a web by distending it with a force
applied at right angle to the plane of the fabric under specified conditions [118].
Bursting strength values as a function of procesing conditions are given in
Tables D.16 - D.18 (Appendix D), and are shown schematically in Figure 5.30.

Bursting strength decreased dramatically as the throughput rate
increased. The sharp decrease in bursting strength values was due to the
brittle characteristics of the higher throughput webs imparted by a high degree
of fiber-to-fiber thermal bonding, openness of the web structure, and
single fiber properties. The open web structure of high throughput rate
webs, in conjunction with brittle charcterstics, may have provided less
resistance to the applied force; hence, decrease in bursting strength. Bursting
strength followed the same trend as breaking strain. The same trend has been
shown by Wadsworth et al. [36].

The bursting strength also decreased with increased MFR for 160 and

320 and 480 g/min g/min throughput rate webs processed at 75% air flow rate
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Figure 5.29. Photograph showing positions of specimen break.
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using the standard and small orifice die . This decrease was expected since
polymer strength is greatly proportional to molecular weight. The similar trend
has been shown by Jones [35] for 35, 325, and 840 MFR polypropylene resins.
The change in bursting strength as a function of MFR was minimal for webs
processed at 90% air flow rate using the standard orifice die.

As the air flow rate increased from 75 to 90%, the bursting strength
decreased at corresponding throughput rates for 35, 300, and 600 MFR resin
webs. The decrease was more noticeable in 35 MFR resin webs than 300 and
600 MFR resin webs. This may have been due to softness and less fiber-to-
fiber thermal bonding in 90% air flow rate webs. The 300 and 1000 MFR resin
webs processed using the small orifice die had the lowest bursting strength

values.

Flexural Rigidity

Flexural rigidity values as a function of processing conditions are given in
Tabels D.16 - D.18 (Appendix D), and are shown schematically in Figures 5.31
and 5.32. The MD flexural rigidity was higher than the CD flexural rigidity. This
was due to higher fiber orientation in the MD which results in more stiffness.
The flexural rigidity as a function of throughput rate and MFR did not show any
clear trend. In some cases it decreased and in some it increased. A study by
Wadsworth and Jones [36] has shown that the flexural rigidity increases as the
throughput rate increases.

Generally, the flexural rigidity should increase with the increased
throughput rate. This is because the higher throughput rate webs have larger

fiber diameters which are stiffer than the smaller fiber diameters. The flexural
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rigidity of webs is also dependent on the web structure. The higher fiber-to-fiber

thermal bonding in high throughput rate webs should provide more stiffness.

Shear Stiffness

The shear stiffness was determined using the KES equipment at the
point of buckling for all 300 MFR webs. The shear stiffness values as a function
of processing conditions are listed in Table 5.4, and shear stifness curves are
shown in Figures E.25 - E.27 (Appenxid E). The shear stiffness values ranged
from 22.6 to 28.3 gf/cm-degree. The 160 g/min throughput webs showed lower
shear stiffness than 320 and 480 g/min throughput webs.

It is generally agreed that the shear stiffness of nonwoven fabric is mainly
dependent on the web construction and fiber diameter. When a
nonwoven fabric is subjected to shearing, the fibers in the webs slip over each
other in order to conform to the imposed extensions and changes in curvature.
The relative ease of the fiber slippage and the degree of fiber freedom usually
dictate the resistance to shearing of nonwoven webs. The tight (good fiber-to-
fiber thermal bonding) web construction and large fiber diameter shouid
provide more resistance to shearing, and loose (poor fiber-to-fiber thermal
bonding) web construction and small fiber diameter should povide less
resistance to shearing.

The lower shear stiffness of the 160 g/min webs was probably due to
less fiber-to-fiber thermal bonding and the presence of a larger number of
small diameter fibers. The higher shear stiffness values of the 320 and 480

g/min webs may be attributed to more fiber-to-fiber thermal bonding (as

indicated by SEM photomicrographs), large diameter fibers, and presence
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of shot. It is believed that the shot actually fuse the cross-over points of 3 to 4
fibers, hence inhibiting the fiber movements during shearing.

Another property that is related to the shear stiffness behavior is the
hysterisis loss [119]. In nonwoven fabrics, the hysterisis is a measure of
frictional losses at fiber cross over points and at fiber entanglements. The shear
hysterisis was studied at 0.125 and 1.25 degrees of shear angle. There were
no notable differences in shear hysterisis values among these specimens
mainly because the test shear angle was too low to measure a web
response. Above a test shear angle of 1.25° the shear hysterisis was not

measurable because of buckling of relatively soft web specimens.

Air Permeability and Web Density

The air permeability values as a function of processing conditions are
given in Tables D.19 - D.21 (Appendix D), and are shown schenatically in
Figure 5.33. In almost every case the air permeability increased as the polymer
throughput rate increased. The similar trend has been reported by Wente and
co-workers for polystyrene webs [25], and by Davis for woolen felts [120]. The
trend also agreed with the empirical relationship between air resistance and
fiber diameter proposed by Wente [25]. The increase in air permeability was
mainly due to larger fiber diameters in higher throughput webs and more
open web structure.

The web air permeability is a geometric phenomenon closely related
to the fiber diameter and web structure. As the fiber diameter increases,
the mean pore size increases because of less efficient packing of larger

diameter fibers, as shown in optical photomicrogaphs in Figure 5.34. This in
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turn increases the web air permeability. Therefore, the web air permeability
increased as the throughput rate increased. The bulky web structure (with
small diameter fibers at low throughput rate) provide higher air resistance than
less bulky web structure (with large diamter fibers at high throughput rate)
at constant pressure drop which in turn decreases the web air permeability.
Therefore, higher air permeability results as the web structure becomes more
open.

The web density values as a function of processing conditions are given
in Tables D.22 - D.24 (Appendix D), and are shown schenatically in Figure 5.35.
In almost every cases the web density increasd as the throughput rate
increased. The increase in web density was due to a decrease in web
thickness (since the basis weight of the web was a constant parameter) and a
change in fiber packing density. The decrease in web thickness was probably
due to the fiber-to-fiber thermal bonding. The fiber-to-fiber thermal
bonding made two or more fibers to stick together thus reducing the
bulkiness and/or fluffiness of the web; hence reduction in thickness.

The web density slightly decreased as the MFR increased at
corresponding throughput rate at all processing conditions. However, the
decrease was very minimal, therefore, the effect is considered to be negligible.
The effect of change in air flow rate was noticeable only in 35 MFR webs. This

may be due to bulkiness of the webs imparted by higher air flow rate.

Air Permeability--Web Density Co-relationship. The air
permeability values normalized for the web basis weight (in order to reduce any
variations in weight) are plotted versus web density in Figure 5.36. It can be

seen that the air permeability increased as the density of the web increased.

ﬁ
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However, a closer appraisal of the grahps reveals an unusual trend and fact. |t
is generally known that denser fabrics have lower air permeability [120-127).
The results under discussion showed the opposite trend. The possible
explanation for this is that the web density increased because of decreased
thickness. And, the effect of change in fiber diameter and fiber packing density
(openness of the structure) on air permeability was greater than the web

density.

Web Uniformity

The uniformity of nonwoven webs exerts a strong influence on the
properties of finished nonwoven products. The uniformity of melt blown web is
a function of processing conditions and resin characterisitcs; and, therefore, it is
essential to study the uniformity of the melt blown webs processed under
different conditions. Web uniformity can be assessed in two ways:
macroscopically and microscopically. Macroscopic web uniformity can be
assessed in terms of basis weight variations over a specified area of the fabric;
and, microscopic web uniformity can be assessed in terms of morphological
changes. In this study, web uniformity was characterized in terms of basis
weight variations using a cut-and-weigh technique.

The calculated mean weight and pooled weight variance data in terms of
standard deviation and percent coefficient of variation are given in Tables 5.5-
5.7. The coefficient of variation calculated from the pooled weight variance
ranged from 1.5 to 7%. There was practically no difference found in weight
variation between the right side and left side of the fabric. However, there was a

difference in weight between the middle side and left or right side of the fabric.
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This was expected because of the air convergence to the middle of the die
during melt blowing. During the trial runs for this study, the processing
conditions, especially temperatures of the die and extruder zones, were closely
monitored and kept constant through out the run for a particular type of web;
hence, the dependence of the web uniformity on the processing conditions was

not noticeable.

Effects of Process Variables on Morphological Properties

Differential Scanning Calorimetry

In order to study the structure-property-process relationship of the melt
blowing process in terms of morphological properties, Differential Scanning
Calorimertry (DSC) analysis was carried out. Tables D.25 - D.26 (Appnedix D)
show AH, percent crystallinity, peak and onset temperature values of different
MFR polypropylene resins and webs as a function of processing conditions.
The percent crystallinity values of resins and webs are shown in Figure 5.37.
The values ranged between 52 and 60%.

The percent crystallinity values of resins and webs increased with
increased MFR. This may be due to faster crystallization rates of higher melt
flow rate polypropylene resins (a study on kinetics of crystallization of 35, 300,
600, and 100 MFR polypropylene resin is described in Appendix F). There was
a notable difference in percent crystallinity values between resin and webs, but
only in 35 and 300 MFR resins and webs. However, there were minimal
differences in percent crystallinity values between low and high throughput rate

webs except for 35 and 300 web MFR specimens. This indicated that the higher
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molecular weight resin degraded more proportionately than the lower molecular
resin during processing although the final molecular weights of the former are
still higher. The effects of air flow rate and die orifice size on percent crystallinity
of webs were minimal.

Figure 5.38 and Figures E.28 - E.35 (Appendix E) show typical DSC
fusion curves as a function of processing conditions. The general shape of the
melting endotherms did not change much with the processing conditions and
resin MFR. There were minimal differences in peak temperatures and onset
temperatures. The higher throughput web samples showed double
endothermic peaks (especially in 35 and 300 MFR resin webs), suggesting
the presence of two distinct melting species. The first peak was located in
the tempearture range of 145° C - 155° C and the second, higher melting peak,
in the temperature range of 160° C - 170° C.

The appearence of two endothermic maxima in the DSC fusion curves in
some polymers is a point of interest for many investigators. The origin of the
double endothermic peak for isotactic polypropylene has been discussed by
Samuels [128], Katayama [129], Cooper [130], Harrison [131], and Keith and
Padden [132]. There are many conflicting opinions about the assessment of
double endothermic peaks in a-form isotactic polypropylene. However, the
complex thermal behaviour exhibited by polypropylenes and other polymers
has been ascribed to the existence of different crystalline forms with different
unit cell dimensions or to the presence of more than one morphological form of
a single crystal structure [133]. The different crystalline forms can be: a-form
(monoclinic), B-form (hexagonal), and y-form (triclinic) with
corresponding melting point at about 170°, 160°, and 130° C [134]. The

different morphologies can be: extended or folded chain crystals.
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Samuels [128] rejected the hypothesis of different morphologies (folded
chains or extended chains) based on the fact that the double endotherms are
produced at an isothermal crystallization temperature as low as 130° C.
Crystallization half-times of only 18 minutes seem to preclude the possibility of
extended chain crystal formation. Samuels [128] concluded that even if the
source of double endothermic behaviour in istotactic polypropylene in the a-
form is still unresolved, obviously two crystalline species are involved, either
different disordered crystals, different crystal sizes, or different crystal types.

The comparision of DSC curves with the results obtained from the WAXD
patterns of high thoughput webs indicated that the presence of double
endothermic peaks was probably due to different crystal forms, namely: a-
form (monoclinic) and B-form (hexagonal). There are many arguments
presented in the literature on the growth of the B-phase in polypropylene.
The following argument seems to be relavent to the results of this study.

The growth of the B-phase can be attributed to higher processing
temperatures and lower cooling conditions at higher throughput rates. The
increase in temperatures would ordinarily force the molecular chains to
crystallize at the reduced rate, and that is precisely what happens in a material
such as poly(ethylene oxide), which is monomorphic [98]. However,
polypropylene, because of its polymorphic characteristics, can preserve the
mode of growth by altering the rate; or can continue at this rate by converting
into the faster growing B-form [98]. It appears that there exists a certain
kinetic momentum to the packing of the chains into a unit cell, which makes
substitution of the unit cell more favorable kinetically than the sudden
decelartion of the growth rate [98]. It has also been shown that at a high heat

(250° C) nucleation is suppresed in polypropylene melt, which enhances the
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the growth of B-phase, because B-phase is faster growing than a-pahse

[98].

Wide Angle X-Ray Diffraction

Wide angle X-ray diffraction techniques were used to assess the
morphological changes in the melt blown webs and single fibers. It has been
suggested by many researchers [96] that the isotactic polypropylene can show
varied reflection patterns based on different crystalline forms. The generic
diffractograms of the most common crystalline forms are shown in Figure 5.39.
These crystalline forms can exist independently or as a mixture of two or more.
Figure 5.40 and Figures E.36 - E.43 (Appendix E) show typical diffractograms of
webs as a function of processing conditions.

The diffractograms of low polymer throughput webs showed a-form
crystalline structure with four distinct peaks at 14°, 16.8°, 18.5°, and 21°. The
diffractograms of 320 and 480 g/min web samples (especially in 35 and 300
MFR webs) also showed a-form crystalline structure but with an extra peak at
about 16° (which is between the 110 and 040 peaks). This extra peak was
ascribed to B-form crystalline structure [96]. The intensity of B-form peak
varied slightly with resin MFR. The peak intensity was higher in 35 and 300
MFR resin webs.

The presence of the B-form in higher throughput webs was believed to
be due to change in molecular weight, the degree of isotacticity, higher
processing temperatures, and lower cooling rate at higher throughput rates.
Many researchers have shown that the variation in external environments (such

as temperatures) can cause this type of crystal transformation [109]. At present
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Infensity

Figure 5.39. X-ray diffractograms of various crystalline forms of

polypropylene.
Source: Turner, J. A. et al. : Dig Makromol, Chem., Volume 75, 1964, pp. 134 - 158.
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Figure 5.40. X-ray diffractograms of 300 MFR webs processed

at 75% air flow rate using standard orifice die.
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it is uncertain that the presence of B-form is due only to the thermal history a
polymer experiences. Nevertheless, the present results indicated that the
thermal processing history of polypropylene can cause a change in melt blown
fiber morphology.

The relative peak intensities were about the same amohg low and
high throughput webs for each MFR resin, and therefore, the crystallinity in
low and high throughput webs were probably similar. In lower MFR web
diffractograms, the peaks of {110}, {040}, and {130} planes were sharper than
the higher MFR web samples. This indicated the possibility of having a higher
degree of crystallinity and larger crystallite size in the lower MFR webs.
However, the difference in percent crystallinity values (as determined from
DSC analysis) between low and high MFR webs was not much.

An attempt to show molecular orientation by flat plate x-ray camera was
unsuccessful because of unsufficient material mass of a single fiber.
However, an attempt was made to assess orientation within the fibers by taking
flat film patterns of webs. Figure 5.41 shows WAXD flat film patterns of 300 and
1400 MFR webs (160 and 320 g/min) processed at 75% air flow rate using
standard orifice die. There was no significant difference in any of the four
patterns. Four or more relatively broad ring patterns with dark background
around the origin indicated that the orientation in fibers is in all directions with a
moderate degree of crystalline monoclinic structure and possibly a low degree
of smectic structure [42].

Both the DSC and WAXD analyses indicated the presence of two
crystalline forms in high throughput webs. The relavance significance of the
presence of two crystalline forms to the web properties was not possible to

assess. However, from the characteristics of higher throughput webs, it is
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300 MFR - 160 G / MIN 300 MFR - 320 G / MIN

1400 MFR - 160 6 / MIN 1400 MFR - 320 G / MIN

Figure 5.41. X-ray diffraction patterns of 300 and 1000 MR webs

(160 and 320 g/min) processed at 75% air flow rate
using standard orifice die.
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probable that the presence of B-form may have imparted some brittieness to

the webs. This is because, the B-form has hexagonal crystal structure, which

is brittle in nature.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

A fundamental study was carried out to assess the process-structure-
property relationships in the melt blown nonwoven fabrics. The study
encompassed many aspects of the melt blowing process, ranging from process
and polypropylene resin varibles to the characterization of web and single fiber
properties. The results of this study have shown a strong realtionships among
the process conditions and the final fiber and web properties. The primary
conclusion of this study was that among the process and
polypropylene resin variables studied, polymer throughput rate had
the most notable effects on the physical and morphological
properties of the melt blown webs. Based on the results presented in this

dissertation, the conclusions drawn are summarized below:

1. This study has established a set of optimum melt blown
processing conditions for 35, 300, 600, and 1000 melt flow
rate (MFR) polypropylene resins as a function of polymer
throughput rate, air flow rate, and attenuation air temperatures.

2. The shot conditions and, rope and fly conditions were the
two limiting factors for establishing the processing temperature
range for a given polymer. For this reason, as the throughput rate
increased, the processing window of operation (favorable
conditions) became narrow, hence there was less latitude for
optimizing web properties at the higher throughput rates.

3. It was hypothesized that the increase in fiber diameter with
increase in throughput rate was due to the die swell and the
change in polymer-to-air ratio for a given air flow rate.

4. The fiber attenuation process is a function of air flow rate as well
as "other mechanisms'. The primary air attenuates the fiber up
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to a certain distance form the die. Then the "other
mechanisms"”, in conjunction with the air flow, attenuate the
fibers to the final fiber diameter in the range of 2 to 8 um.

5. The melt blown fibers were smooth, circular, and continuous
in length. However, the fibers showed extreme variation in fiber
diameter along the fiber axis and occassional evidence of
thermal branching.

6. Fiber-to-fiber thermal bonding was an important factor in
controlling the physical properties of the web. The high degree of
fiber-to-fiber thermal bonding was responsible for imparting brittle
characteristics to the higher throughput rate webs. The fiber-to-
fiber thermal bonding had a greater effect on breaking strain and
bursting strength than any other physical properties.

7. The tensile failure modes of melt blown fabrics are dependent on
the processing variables.
8. The effect of change in fiber diameter and fiber packing density

(openness of the web structure) on air permeability was
greater than the web density. Both, the air permeability and web
density were a function of throughput rate.

9. Both the web molecular weight and web crystallinity were
dependent on the starting resin MFR and processing
temperatures. However, molecular weight and crystallinity
appeared to be independent of shear rate at a given web MFR.

10. Based on DSC and x-ray results, it was hypothesized that the high
throughput rate condition causes a change in polypropylene melt
blown fiber morphological or crystal structure.

Based on the results obtained from this study and in order to expand the
basic understanding of the melt blowing process, the following studies are

recommended:
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1. A more detailed analysis of the preliminary DSC and WAXD
results is necessary in order to better understand the process-
structure-property relationships.

2. Effect of polymer molecular weight and throughput rate on die
swell and its effects on the final fiber diameter should be throughly
studied.

3. One of the drawbacks of the melt blown process is the phenomena

of shot, rope, and fly formation. Therefore, an in-depth analysis of
these phenomena and their effects on the final web properties is
most improtant.
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DETERMINATION OF AIR FLOW RATE

The air mass flow rate was determined according to the American
Society of Mechanical Engineers (ASME) standard procedure [137]. The

following equation was used to determine the air mass flow rate[112]:
W =359 CFd"  /Yh, )

Where
Wh is the air mass flow rate in Ibs/hr,
C is the discharge coefficient
d is the diameter of the orifice in inches,
hw is the differential pressure in "H20,
Y is the weight of air in Ibs/ft3 entering the orifice, and

F is the velocity of approach factor and is expressed as

Feerl—:p-

gt (A-2)

where d is the orifice plate diameter and D is the pipe

ola

diameter.
The orifice diameter, d, is 1.335 in. and the inside pipe diameter,D, is 2.9
in. This gives a diameter ratio of 0.46. Evaluation of Equation (2) gives a

velocity of approach factor, F = 1.023. Thus, the Equation (1) becomes:

W_=654.64C /Y h, "
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The specific weight of the air entering the orifice, Y, can be determined

from the ideal gas equation of state:

P_

Y =57

Where
P is the absolute pressure in Ib/ft2,
T is the absolute temperature in °R, and

R is the gas constant of air, 53.34 ft-Ib/lbm-°R.

The absolute pressure upstream of the orifice is given by:

P =P, +pgh, +P,

Where
P1 is the pressure upstream of orifice in psia,

P2 is the pressure downstream of orifice in psig,

pg is the specific weight of H20 in 0.0361 Ib/in3, and

P.. is the ambient pressure in psia.

The coefficient of discharge, C, is a function of B and the Reynolds

number, Re, based on the inside pipe diameter. The expression for the

Reynolds number is given by:
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Where
V is the air velocity in ft/s,
u is the dynamic viscosity in Ib/ft-s, and

D is the inside diameter of pipe in ft.

The viscosity of air is a function of the temperature. The following
expression, derived from the Sutherland equation is useful to determine the

viscosity in terms of the absolute temperature

T ° Ib

T +200) N f-sec (A7)

u=13183x10"° (

Equation (8) gives the air velocity in the pipe:

V= Wn 1 in ft
- Dz 3600 sec
nD
Y 4

The flow rate, Equation (3), can be converted to standard cubic feet per
minute (SCFM) using a standard density, , evaluated at P = 14.7 psiaand T =
68°F. The standard density is = 0.07516 Ib/ft3. The volumetric flow rate in
SCFM is given by:
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Q =—"in SCFM
60 Y (A9

Sample Calculation

The following is a sample calculation to determine air mass flow rate at a

given air valve opening. The following measured values (Figure A.1) at a given

air valve opening will be used in this sample calculation [112]:

P2 = 25 psig

T1 = 90°F

hw = 10.5in. H20
Poo =

14.5 psia (pressure drop across the orifice)

Step 1 Determine the pressure upstream of the orifice using Equation (5)

P{= 25+0.0361 (10.5) + 14.5 = 39.88 psia

Step 2 Evaluate the air density using Equation (4). To be consistent with

units, the pressure should be converted to Ib/ft2 and the
temperature to °R.

P1= (39.88) (144) = 574.26 Ib/ft2

T1= 90 +460 =560 °R
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__5742.61  _ b
Y =53.34(50) ~ 0 3
Step 3 Assume a value of the discharge coefficient (a value of 0.61 will be

close) and calculate the flow rate using the equation (3). The assumed value of
C will be checked after calculating the Reynolds number and determining C

from Table A.1[137]. For C =0.61, the Equation (3) becomes:

W, =654.64(0.61),/10.5(0.20) =578.7 2

Step 4 Determine the air velocity in the pipe using Equation (8). The

cross sectional area should be in the units of f#2.

2
2D’ w(2.9° 1

2
2 =" 4 144 =0. 0459 ft

Equation (8) becomes:

_ 578.7 _ ft Ks
V=530 6459y =53 039y O 17.5 5
Step 5 Evaluate the Reynolds number. The dynamic viscosity for the

given temperature, Equation (7), is given by:

1.5
6 (550 _2 26x10 % b

n=13183x10 550 + 200 ft- sec

The Reynolds number, Equation (6), becomes
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(0.20) (17.51) 2.9

Re =~65.0000226) 12

=37, 447

Step 6 Determine the value for the discharge coefficient using Table A.1.
The discharge coefficient cn be obtained by dividing the flow coefficient, given
in the table, by the velocity of approach factor. For Re = 37447 and a diameter
ratio of 0.46 Table A.1 gives a flow coefficient of approximately 0.62. This gives

a discharge coefficient of:

0.62
C- 1023

=0.606

As can be seen, the calculated value of C agrees well with the
assumed value of 0.61. [f the calculated value does not agree with the
assumed value then the calculated value would be used in Step 3 and a new

flow rate calculated.

Step 7 The volumetric flow rate is given by Equation (9):

578. 85
Q= 60(0.07516) - 128. 36 SCFM
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APPENDIX B
PROCEDURE FOR NORMALIZING LOAD-EXTENSION DATA
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PROCEDURE FOR NORMALIZING LOAD-EXTENSION DATA

A typical load-extension curve obtained from Instron is shown in Figure
B.1. Distance A is the breaking load, distance B is the breaking extension, and
distances C and D are selected load and extension level, respectively, to
calculate initial modulus.

In order to claculate the web breaking stress, distance A was determined
from the load-extension curve in terms of load(g). The following expression was
used to calculate web breaking stress:

Breaking load (9)

Stress =
(glden)

8000 m x width of specimen (m) x basis weight (g!m2

)

Breaking stress in g/den is a traditional textile unit. In order to express

breaking stress in engineering S| unit, following conversion factor was used:

Breaking Stress (mNitex) = Breaking Stress (glden) x 88.3

The web breaking strain was calculated as follows:

Breaking Strain (%) = at x 100
gauge length

Where AL is the change in length of the specimen at the break. AL was

claculated using following expression:
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length stretched atthe break (mm)

(distance B in the above Figure) _
Al = X cross head speed (mm/min)

Instron chart speed (mm/min)

For initial modulus, distances C and D were determined from the load-
extension curve, in terms of load(g) and extension(mm). The following

expression was used to calculate the initial modulus:

Initial Load (g) x gauge length (mm)
Modulus =
(glden)  width of specimen x basis weight X stretched length (mm)
(m) (gim?) (distance D in above Figure)

The g/den unit was conversted to mN/tex unit as follows:

Initial Modulus (mN/tex) = Initial Modulus (g/den) x 88.3

In order to calculate the breaking stress of a single fiber, first diameter of
a single fiber was measured using a scaled microscope. The breaking stress

was calculated as follows:

load (kg) x 9.8 misec?

Breaking Stress (Pa) =

3.14 x (fiber diameter)°l4

The single fiber breaking strain was determined using the same

expression used for the web breaking strain.
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APPENDIX C
PROCEDURE FOR AVERAGING LOAD-EXTENSION CURVES
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PROCEDURE FOR AVERAGING LOAD-EXTENSION CURVES

Step 1 According to the nature of the load-extension curve, a certain
number of load levels with corresponding extensions were selected as data
points, as shown in Figure C.1. For each selected load level the corresponding

extension values (for twenty-five curves) were averaged as follows:

Extension(mm) 1+2+3+.... +25
atload level1 ~ 55

Extension(mm)  1+2+3+... +25
atload level 2~ 25

Extension(mm) 1+2+3+ ... +25

atbreaking load = o5
Step 2 After determining the extension, the data were tabulated as
follows:

Load Level Extension

level 0 extension 0

level 1 extension 1

level 2 extension 2

breaking level breaking extension
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Step 3 Load level and corresponding extension values were then
noramlized to obtain stress in mN/tex and extension in percent, according to the

procedure explained in preceeding section.

Stress (mNitex) Strain (%2),
stress 0 strain 0
stress 1 strain 1
stress 2 stm}in 2
breaking stress breaking strain
Step 4 The above obtained stress-strain data for each web type was then

plotted using DISSPLA graphic software package; a cubic spline function was

used to interpolate the curves.
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TABLES



186

.

G/ G'9 uw/6 o8y
GL 9'S ulw/b gzg [44W 0004
S/ £e uiw/6 091
) 19 wiw/b 08y ”
S/ €6 uiw/b 0Ze | 4w 009 WW
: a2
G/ LY uw/6 091 o
=0
S/ L9 uiw/b 08p 8=
25
G/ 6'S uwy/b oge | wawoogl ©
G/ t'e uiw/b 09}
G/ €S uw/b oze
H4W SE
S/ 82 uiw/b 091
(%) (wm) al 31dnvs
ONIN3JO HI1IWVIQ
JATVA HIV HIdId IOVHIAV | SA1LHIJOH

aIlp 9513140 piepuels Buisn ajes mol e %SG.L
je passaosoisd sqom jo Jajawelp iaqly abeisay
'@ ojqel




187

06 LS uw/b ozge
H4NW 009
06 G'E uw/b 091 %
+
06 9'G uiw/b ozge g
4w ooe] S
06 S'E uiw/6 091 Sx
os
06 1S uiwyB ozg e
Hanwsel o ©
06 €€ uiw/b 091
(%) (w) al 31dNVS
ONINIHO HI1INVIQ
AANIVA HIV H3gl14 ADVHIAVY | S311HIdOHd

o1p 921340 piepuels Buisn ajes moyy Ji8 906
le passadolid sqam jo sajawelp 1aql obeiany

¢'d ejqelL




188

SL 9 uiw/6 o8y
SL €' uw/b 0zZe |44 0004 o
Y o'e uiw/b 09l =z
=
SL 69 ulw/b o8y 52
o pel
7 6'G uw/b 02€ | yaw oog] =2
] 62 uiw/6 09}
(%) (wl) al 31dNVS
ONINIJO H313AvVId
JATVA HIV 43814 A9DVHIAVY | S3I11H3dOHd

aIp 991110 |jews Buisn ajes Mo} Jie %G/

Je passadoid sqam jo iajawelp 19qy abeionay

€'a 3iqel




189

e 009%¢ 00€09 €50 qam uiw/b 08y

Ge 00Sve 00029 G0 gam uiw/b oge

G¢e 000G2 00S29 G0 gam uiw/b 091

Ve 00c/lce oovi6 ¢L 0 uisey Y4W 000} Buiuels

L2 006v¢C 00/€9 8G°0 qam uiw/b 08y w0

L'C 00/6¢ 00269 6590 qam uw/b oggl B N

o€ 00GEe 00669 650 qam uiw/6 091 o w.v

Ge 0089¢ 00€EE6 €0 uiIsay YH4W 009 buiuelg W =
m

ve 000€€ 00GS6Z2 990 gem uww/b ogy| = 2

v 006€€ 00€08 /90 gam uiw/b oggl © 2

b’z 006€€ 00218 /90 gem uw//b 091 2 3

82 000/€ 000211 080 uisay H4W 00€ bBuiuels

A 00005 000L 1Lt 980 gam uiw/b ozg

£ 00/8% 0062t 1L /80 gam uiw/b 091

g2 00v8S 00cstht 90! uisey H4W G¢ Buiuels

“‘w/'w) (‘W) "W) (6r1P) al adwes
xapu| 1ybrom wbom Ays0osIp
AusiadsipA|od 1e|noajony Je|no3jon JISuulU|
abeiany abeiany
JaquinN [SIETY saiuadoid

91p 8213110 pJiepuels
Buisn ajel moj} Jie 9,6/ je passadold sqam pue suisal jo
xapul AlsiadsipAjod pue ‘Jybiam 1enosjow ‘AJlISOISIA dISULIlu]

v'a aiqel




190

92 00882 00.S. £9°0 gam uw/b ogg
L'E 00€S2 00€.2 ¥9°0 gam uiw/b 09|
G'e 00892 00€E6 €40 uisay H4W 009 buiuels @ Q
3 2
12 0082y 00v06 €L°0 qam uw/b oze| § 3,
22 oolzgy 00906 €270 gam uw/b 091 o =
2 0008€ 000211 260 uisey H4W 00e buieis| Q w
(0]
61 00€15 00696 8/°0 gom uw/b oge| > B
61 009€S 000001} 080 gam uw/b 09t F &
G2 00085 0025V 1 90’1 uilsay H4W Ge bunels
“W/'W) ) ("w) (61p) al sydwes
x8puj lybiap yBrapn Ausoosip
AusiadsipAjog le|nosjopy 1e[noaiopn oISuULU|
abelany abelany
laquinnN IUTSIETYY saiuadoid

9Ip 921110 piepuels
Buisn a1es mojy sie %06 18 passasoud sgam pue suisal jo
xaput AusiadsipAiod pue ‘jybiom sejnosjow ‘A11s09sIA 2ISuLU]

S'a 9iqelL




191

G2 000¥2 00¥09 €50 qam uiw/b 08y
92 00S€2 00809 €50 qom uw/b oge| o
6¢ 00912 00519 €50 gam uiw/b 091} I 2
v'e 002.2 00 16 2L0 uisay Y4W 0001 bBuneligf 2 5
Q2 .
€2 006€€ 00162 99°0 qem uw/b ogy| 8 2
€2 00V YE 0016/ 99°0 gem uw/b ogel o
€2 002S€ 00008 990 gom uw/b 091l ® T
8¢ 000.€ 000211 080 uisay Y4 00€ bBuiuels
“W/'W) (‘W) ("W) (6/1P) al adweg
xapu| 1ybrom ubom ANs00sIA
AnusiadsipAlog | Jejnosjopy Je|noaijon aIsuuluf
abelany obeiany
jaquinN wbiapa saluadoid

aI1p 921140 |jewsS

Buisn sjes mojy aie oG Je passadsosd SqOm pue suisaa Jo
xapul AusiadsipAjod pue ‘jyblam sejnoajow ‘A1SOISIA dISULIlU]

9°'a siqelL




192

€L gam uiw/6 ogy
LELL gam uiw/6 oge
€801 gam uiw/6 091
0S6 uisay Y4 0001 Bunielg
ov8 gam uiw/6 o8y
29L qam uw/b oze 2
0L qam uw/b 091 a
009 uisay H4W 009 buwels 3 2
o
16€ gam uw/d ogy | = 2
9.€ qam ulw/b oze ©
SS€ gam uiw/6 091 g 3
062 uisay H4W 00€ Bueig
vl gam uiw/b 0zZe
4} qom un/b 094
ve uisay H4W € buiuels
(ssynuiw 0 /6) al 3I1dnvs
("H4W) atley mol4 yaw
paJnseap S31143d04Hd

a1p 991110 piepuels Buisn ajes moj) 1e °,G/ je
passad04d sqam pue SuiSdl JO d9)jel MO} }|dW pPaINSesy
2°'a 9jqelL




193

€68 uisay uw/b oze
0€8 uisay uiwy/b 091
009 uisay H4W 009 buiueis 2
[} (]
3 R
LOY gam uiw/b ozge 8 »
00t gam uiw/b 091 e =
062 uisay H4W 00€ Buuels 4 g
=
(4]
vEL qem uiw/b 0zg o B
A gem uiw/6 091 ° @
125 uisay YW S€ buiuels
(saynuiw g}/6) ar I1dnvs
(44W) a1eyd moj4 Yo
painseap S311H3d0Yd

a1p ad%yi110 piepuels Buisn ajes moy Jie %06 1e
passaooid sqam pue Suisal JO dled MOJ} }jow painseapy
8°'ad 9|qel




194

(sainuiw 01/6)

(H4W) srey mol4 yaw
painseapy

JAZ4! gem ulw/6 08y
G/L1L gam uiw/6 oge w3
L9} gam uiw/b 091 3 ®
0G6 uisay H4W 0001 Buiueig = »
O -
=
L6€ gem uiw/b o8y 5 2
9/€ gam uiw/b oze o
€9¢ gam urw/b 091 s 2
062 uisay H4W 00¢ buiuels
al 31dnvVS

S31143d04Hd

81p ad)14o |jews Buisn ajes moyp 11e %G/ e
passaooid sqam pue sujsal Jo ajes Mo} }jow painseapy
6'd 9iqel




195

L'LE 1’92 8'92L| 69s€| 26 vy A4 611 [uw/b ogy
0°0Y L2€ 0esk| 229¢| 8¢€L | €24 0S L'EL Juiw/b 02€ [44W ooo
v'69 682 G'/6 | Ovee| 208 | 122 | 86 €1 {uwb o9l
102 6'82 2802| €ivy| ve 22 €P L2t {uw/b ogp
@y
082 v'62 L0SL| 9sov| 22 0'S G'S g'€l |uw/b oZe |y oos| 3%
>
9'9¢ L'92 68y | 962L| €05 | 8L | p8 1oL |uw/b 091 o
W”O
L1 1'GE GGeZ| veav| L8 G'9 8L €91 |uuw/b ogy 3 w
o8
2'Ge 9'0% 1'Z2L] 802y| 092 | o2t | S¢2 L8t |uw/b 0ze [uaw ooe| °°
0¥ 6'¥E L'80L| 802y| 085 | 222 | 66 8 L1 |uuw/b 091
v'L€ L€ 0852| 08Ly| ¥2L | 60L | 26 vl |uuw/b oze
Hd4W sE
1’29 L'8€ L'0LL] 6€.5]| 269 | 682 | SOt | 202 |uwb o91
(%) (BdW) an an ao an ao an al adwes
uens sSsals
buneaig | Bunjeaig (xayNwW) (%) (xayNw)
19014 SNiNPoO uesns SSalls
a|buig reniu| bupeaig Bunfeaig | seuedoiy

o|p eop|i0 piepuels Buisn ejes mojy je 9G. 18

passosoud sieqy ei|Bujs pue sqem Jo sejiedosd ejsue]

oL'a eiqel




196

0'L€ vLE 8'0LL| SH0E| 682 | €EL | 1'8 Lvy [uwb oze
H4N 009
91y 2'8e 2Gek| v'Sie| 6SS | 6LL | €L | L1 [uwb 091 °
~ ©
S'ep L'LE GZLL| VOLE| LIE | 6LL | €6 98l |uw/b 0z 3 2
"Haw ooe| § 2
8Ly v'EE 6hLE] L'P92| 6€S | 812 | LWL | 9L |uwwb 091 oD
i
A 1’2 coze| 2vsy| vee | 8vL | 601 | 821 |uwb oze mw
Haw se| P&
0L A8 L/9V]| 08.6] €25 | SvE | Z€L | voz |uwb 09l
(%) (edW) ao | aw ao anw Qo | aw al sidwes
urens ssang
bunvesig | Bumesig (xayNw) (%) (xayNw)
SnNiNpon uens ssaing
19q14
a)buig fenu buieaig Buneasg | sauedoiy

olp ed)1410 piepuels Buisn ajes moj} 1B %06 1B
pessedoid siaq ejbujs pue sqem jo sajsadoud ejisual

LL'a eiqel




197

€62 (WA 0v0L| 2ies| ¢€ | 9+ | S€ | oL [uw/b osy
282 6'62 gLvr| vyey| VE | €2 | S€ | L'Hb |wwb 02€ [uaw ooof
3 2
Ly 8'0€¢ 1991 | v022| L0z [ €6 | 6S | Lot |wwb 09l mw
.
v'0€ Z'Ie 028L| vOov| te | Le | €S | 2 [uwb ogy g2
(oo}
Z'Ie v'LE z622| LVov| es | 6€ | 89 | €91 [uwb oze 5%
H4W 00€
'Ly L'€e 9'1eL| 6¢€8e| 162 | 9Lt | 62 | 991 |uwb 091
(%) (BdW) ad | an [ a0 | an | @O | aw QI 8idwes
urens Ssang
Bupieaig | Bueaig | (xeyNw) (%) (xayNw)
19014 SNINPOW uiesg ssang
aibuig [entu| Buneaig buneaig | seiuadoiy

elp 9%y110 |jBws Buisn ejes moj} He °%G/ e
passasoid siaqy 8jbujs pue sqem jo sapnsadoud sjisuel
cL'a sejiqel




198

182 A 611 |uwb ogy
09¢ 0G L'el |ww/b 0Zg [H4w oool
v LE 86 gL Juwb 091
8 1e £ L2 |uwb ogy
0,
g2 SS | 8€L |uwb oze |Han 009f 3R
2>
62 v8 | 0L |[uwb o9l o
WO
98¢ 8. | €91 |uwb osy il
o2
Ly GL £81 |uww/b ozg |uaw oog| ®°
v'8¢ 66 g/L |uwbd 091
G'.lE L6 2yt |uwb oze
H4NWN S€
92y GoL | 20z {uwwb 09}
ad an al sidwes
(xayNw)
Ssals (xayNw)
Bunjea.g Sssang
1aq14 9buig Buiyealg qap | seiwadolry

alp ady110 piepuels Buisn ajel mojy Jie o,G/ je
passasoud siaqy albuis pue sgam jo ssaisls Bupjeasg
€1°'a slqel




199

S've '8 Ly |uwb ozge
H4W 009
0'IE ELE | b |uwb 091
®? o
N O
80y £6 g9gl |uw/b oge 3 ®
"dw oog| § 2
L'9¢ L | 921 |uw/b 091 om
=3
€6 601 | 81 |uwb oze 8 P
Haw se| Yz
£'Gp g€l | vog |uwb 091
an an al aidwes ﬁ
(xayNw) ,
ssallS (xeyNw) |
,
bunjea.g ssang |
J8qi4 ajbuig Bunjesig qap | seiuedosd

aIp 8o%1j110 paepuels Buisn ajer moy} Jie %06 le
passaooid siaql 9jbuis pue sqam Jo ssails Bupjealg
vi'a eiqelL




200

862 G'E G0l |uw/b ogy
6°2€ x> L L Juiw/b 02 |y4w oooll N
3 8
6'€C 6G | 0L |uw/b 09} ww
oM
£ve £G 2L juwb ogy 52
oD
L Ly 89 €91 [ww/b oge 5
H4N 00€
L€ 6L 991 |ww/b 09|
ao an Q| sjdwes
(xayNw)
SS8.1S (xayNw)
Bunjeasg Ssang
Jaqi4 ajbuig Buyeaig gam | semadoiy

aIp adyuo jjews Buisn ajes moj} Jie °,G/ e
passaooid siaqu ajbuis pue sqam Jo ssalls Bupjeaig
Si'a 9slqelL




201

2'8¢g 1'682 | 6126 uiw/6 o8P
L'8€ 86ee | v6EL uiw/b ozg |u4w 000t
v op 2102 | evey uw/b 091
£€l v'102| 87208 wiw/6 08y
2'€2 98/2| L'106 /B 0z¢ | uan oos| E
p [+)
208 e'gel | 090¢€ uiw/6 091 a2z
o
2'Ge o8yl | €8Iy uiw/6 o8y = 32
® 4
val 921 | 609 uiw/b 02¢ | waw oogl 3
068 G692 | <T€eL uiw/6 09t
118 L'IGL | 6262 uw/6 oge
H4NW S€
rArAA ! o6lz| 6018 uiw/b 091
(ed>) ao an al I1dWVS
HIODN3IHIS w.00)
ONILSHNG . S311HI4dOHd

ALIQIDIY TvHNX3 14

aIp 9s11u0 piepuels HBuisn
passaosoid sqoam jo yjbuans bBuising pue Anpibu
9L’ aiqel

ales Moy} 118 %G/ 18

jeinxal4




202

YAVA Y v'Shy | 6°0.LL uiw/b 0zge
H4W 009
6'vL ovse| €119 uiw/6 091 5 ©
a R
L'1G 2502 | vv6l uw/B oze i 2
HAW 00E} O =
v'/8 0'G8c | c'8v8 uiw/6 091 = g
D
v'6v g'viz | 2'I8E uw/b oz =
H4NW SE
688 92zve | 02€9 uiw/6 091
(ed¥) as an al 3NdWvsS
H1DN3IYI1S wo5u)
ONILSHNA ALaoN Tonnxan | SFHE3dOod

aIp 251110 piepuels Buisn ajes Moj} e %06 le

passasoid sgom jo yibuans Buiysing pue Apibu jeinxald

Z1'd 9|qel




203

60l I'/EL| PEEY uiw/b6 08y
g2t L'ove | v066 UIL/B 0ZE [8an 0004 &
Ly 0662 | 265 uw/6 091 = 2
£el L'\8 | 860¢ uiw/b o8y s
S8l gLiL| 08Iy UW/B 02E | waw oog & 2
£2S €822 | £,028 uiw/b 091
(edX) ao aw al I1dNVS
Mfw@%%%w (ui0-Ou) S311H3IdOHd
ALIQIDIY vdHNAX3id

aip a8%110 [jews Buisn ajes moj} e %G/ e

passadsoud sqam jo yibuans Bujsing pue Aupibu jeinxaid

81°'d 3iqelL



204

£61°0 uiw/b o8y
€8Y°0 uiw/b ozge H4W 0001
LLEO uw/b 091
LYY 0 wiw/b o8y
w
220 uw/6 oze HAN 009 | B &
Q o
02€°0 uiw/6 091 22
a
6550 uw/6 o8y 23
O
2Er 0 uwyb oze | wawooe | SF
@ @
0€€0 uiw/b6 Q91
2S.°0 uiw/b ozge
H4NW GE
99€°0 uiw/b 91
(,W/S/N) al I1dWVS
ALIMIEVINHId HIV
S311H3d0OHd

alp 991110 piepuels Buisn ajes moy} 1e

%SG/, e passasoisd sgqam jo Alpqeawsad iy

61L°'d °iqelL




205

£9v'0 uiw/b oze
00
L1v°0 uw6 ogr | N9 28
3 o~
(o R
(0] 2590 uiw/b gzge m >
H4N 00€
0ve0 ulw/6 091 m.u.mMub
GEE0 uiw/B ozg W%
H4W SE = ®
v.2°0 uw/b 094 ®
LW/S/.N) al I31dWvS
ALINGV3IWH3d HIV
S311H3Id0Hd

a1p 9913110 pliepuels Buisn ajes moy le

%06 le passasold sgam jo Appqeswsad ny

0c'a ?lgqel




206

£8Y°0 uww/b o8y
LSY0 uiw/b oze H4W 0001 | ¢ =
3 %
19€°0 uw/B 091 D
o=
€080 ww/b o8y WW
8610 uw/b ozg 4w oog | 92
LEVO uiw/6 091 @
(,W/S/.N) al I1dWvsS

ALINEGVINHId HIV
S311H3dOYHd

aIp 921110 jjews Buisn ajes moj} Je

0,6/ }e passosoid sqom jo Ajjiqeswsad ny

1c°a ?iqel




207

Sepl 09200 WA uiw/6 08y

v'0e!L 09200 6°€C uiw/6 0Z€ | 44N 0001

v'601 0l€0°0 6'€¢ uiw/b o9t

9151 0520°0 6'.E uw/6 o8y 3

2vel £920°0 €6 uiw/6 0ze | Y4W 009 m w

6°001 0SE0°0 €'GE uiw/6 091 Sl

S /L1 16100 6°E uw/6 ogp 39

vevl 05200 9°'Gg ulw/6 0ze | H4W 00€ o

9021 /8200 9'pe ulw/6 091 = m

9’8yl 1G20°0 WA uiw/6 oze

£1el $820°0 €/ uw/b ggy | AW S€

(;w/b

01X) (wo) (,w/b) dl 31dNVS
ALISNAA | SSANMOIHL | L1HOIAM

g3Im g3am g3M | S311HIJOHd

a1p 821110 piepuels Buisn djes moj) lie %G, e passaosoud
sqam jJo Ajisusap gam pue ‘ssauyaiyl gom ‘Jybiom siseg
¢c’'a 9jqel




208

2'eet 08200 A uiw/b oze ? o
> O
8101 £6£0°0 6°€E uw/b gg) | HAW 009 = £
> 2
vevi 2920°0 £L€ uw/B oze S 2
m PEEO0 £L€ uwb ggy | HAW 00E m o
2851 62200 9'Ge uw/b oze o2
l
9°2e! 19200 9vE uwb pgy | HINSE  om
(,w/b
O1X) (wo) (,w/b) dl 3N1dWVS
ALISNIQA | SSIANMOIHL | LHDIAM
93M g3am 93M | S31LH3IJOHd

3Ip ¥dy140 piepuels Bujsn ajes mojy 4B %06 B passedoid
sqam jo Ajisusp qam pue ‘ssauxdjyl gom ‘jybjom siseq
€2°G 9|qey




209

L'8LL 10200 0°.€ uiw/b o8y @

0'8El £920°0 £'9¢ uw/b 0ge | Y4 0001 2 >

Obil 9€€0°0 £/ | uwb o9l Q

99y 8€20°0 6'vE uiw/6 o8y 22
m

8'G81 06100 £GE uw/b oge | YW 00€ o >
m

8 vl 8v20°0 6'GE uiw/6 091 m

(,w/b

01X) (wo) (,w/b) al 31dNvVS

ALISN3A | SSANMOIHL | LHOIIM
gam g3am g3m | S31143dodd

aIp 22140 jjews Buisn ajes Moy lie %G, e passadsoud
sqam jo A)isuap gem pue ‘ssawidiy} qam ‘lybiam siseg
vc'a 39iqel




210

G851 6291 '8 G'G8 gam uiw/b ogy
8961 L'291 9'8G 6'G8 gam uw/b oge
VeS| 8191 6'6G 8'/8 gam uiw/b 09|
2’651 LS9 2'8S 2'S8 uisay H4W 000} buiuels
6'GG1 L'€91 809 068 gam uiw/b 08y o |
L'2G1 G€9L 2’19 9°68 Qam uw/b oze| & 9
2951 0'€9l ¥'09 G'88 qam uw/b o91f  § 3
LS 1'G9 G'6S 128 uisey Y4W 009 Buiuelgy 4 =

O m
9'vG1 €191 625 G/LL qem uw/b ogy| T 2
6'€S1 0291 6'.G 6'v8 qam uw/b ozg| © D
9251 9194 1'2S 9'€8 gom uw/b 091 2 7
1’261 291 £'€s 2'8. uisey Y4W 00€ Buiuers
€191 L'v9t 0'2S 1'9/ gam uiw/6 oze
v'GG1 L'€91 895 £'€8 gam uiw/b 09|
€51 €91 02S 1'9L uisay Y4 € Buiberg

(Do) (Do) (%) (6/r) al adwes
HV ‘uoisny
ainjesadwa] | ainjesadwa | JO JeaH
18suQ yead Awueislu)
sainadoud

8|p 991140 piepuels HBuisn ajes moy) e
%S. 18 passadold sqam pue suisas jo Ajuljjeisiid

S¢'a Qlqel




8'GG1
8651
L'LS)

9'€9l
0'€gl
1991

0¢9
1'¢9
S°6S

606
016
L'48

gam uw/b oze
gam uiw/b 09|
uisey Y4W 009 buiueis

159401}
9vSt
L'est

029l
8191
¥'c9l

1’89
899
£'tq

L'46
2'ts
¢'8L

qam uw/b oze
gam uiw/b 09|
uisey H4W 00€ Buuels

8’16t
S'EGL
Eval

v'eE9l
P'E9L
£v9l

699
S99
0°¢cs

v'E8
8'¢c8
1'9L

qam ulw/b oge
gam ujw/b 09|
uisey H4W S¢ Buineis

813 804D PJEPUE]S
BIBY MOi4 IV %06

(Do)

ainjesadwa |
18suQ

(Do)

ainesadwa |
Jead

(%)

Awuyeiship

(6/r)
HV ‘uoisn4
JO JeaH

saluadoiy

ai e|dwesg

9Ip 921110 piepuels Buisn ajes moj} e
%06 e passadold sqam pue suisal jo Ajuijeishi)

9¢'ad elqel




212

9°/G}) vEIL 9°8G 6'G8 gam uiw/b ogy
L'LS) 9€91 685 LS8 gam uw/b ozel o o
8'/Gl 0€9l 9'95 6'G8 gam uw/b 091 3
2651 LG9l 2'8S 268 uisay H4W 0004 Buelg| = =
=
o 2
961 2291 0'vS 1'6. gem unw/b ogy| © =
L¥S1 1291 8'€S 8'8. qem uw/b oze| 2 &
L'EG1 €291 A4S v'6. gam uiw/6 091 ®
1'2S| v'29l £€S 28l uisey H4W 00€ buiuers
(Do) (Do) (%) (6/r) Qi edweg
HV ‘uoisny
ainjesadwa | | ainjesadwa | JO JeaH
19suQ yead Awijeiship
saiyadoid

alp 9oyI0 Jjlews Buisn ajes moy} Jie
%G/ le passaosoisd sqam pue suisal Jo Ajuljjeishi)

L2°a 9igqelL




213

APPENDIX E
FIGURES



214

-

"8Ip @21j110 piepuels Buisn ajes moj} lie 9,G/
le passaosoid sqam HiW s¢ Jo sydeisbosojwoloyd -1'3 a4nbig

NIW/9 02%

NIW/9 091

=
@b x00S AXSL @

e

WL Aln

e %

b X00S AXS1I QAL J1Nn

e




215

"?a1p @doy110 piepuels Buisn ojes Moy Jie %Gz
le passadoid sqam H4W 00€ Jo sydeibosojwoloyqd -z'3 ainbi4

NIW/9 08Y NIW/9 02¢ NIH/9 091

[—]
@b X00S AXSE QAL ALN

=0




216

*aIp 99213140 piepuels Buisn ajer moj} lie 9,6/
le passadoid sqam Y4 009 Jo sydeiboiojwoloyd -g'3 ainbig

NIW/9 08P NIW/9 0CE NIW/9 091

== =
Uil @ X00S AISL QWL JL1N Wil @ X00S AISE QWL LN




217

"81p 9@d11u0 piepuels Buisn ajel moj} i1e %06
le passasold sqam Y4 Sg jo sydesbosoiwoloyd

‘v"3 @inbiy

NIW/9 02€

NIW/9 091

| s— |
Orl @3 X008 AXSE AWL MIN




218

"91p @o1u0 piepuels Buisn ajes moj} Jie 9,06
le passadsoid sqam Y4W 00€ Jo sydesbosoiwoloyd °6'3 ainbig

NIW/9 02¢

NIH/9 091

b X00S AXS1 AL 1N

| — |
Orl @ X00S AXSE QAL MIN

-




219

*alp 9d1110 piepuels HBuisn ajes moj 11e 906
Je passasoid sgam YH4W 009 jo sydeibosoiwoloyd -9°

3 ainbi4

NIW/9 0CE

NIW/9 091

‘ =3
Ol @ X00S AASE QWL 1IN

=
Url @ X00S AAXSE AWL

LW

e

ALN




220

"a1p adi1io [jews Buisn ajes moj} Jie oG/
le passadoid sqam H4W 00g Jo sydeisBosoiwoloyd ‘"3 ainbi4

NIH/9 08V NIW/9 02€ NIW/9 091

= [ e |
Wrl @3 X00S AXSL QWL XLN Fﬁ@w X00S AXSL QAL LN

&




221

8Ip @dyuo ||

ews Buisn ejes moyy 18 9,6y

le passadold sqam HIW 000L jo sydesbosojwoloyd -g'g ainBi4

NIH/9 08V

NIH/9 02¢

NIH/9 091

Wil @ X00S AXSL QWL 1IN

==
Url M3 X00S AXSI QWL

ALN

i . ..m P \ A - '\ ‘
- M.

M




"9Ip 9231410 paepuels Buisn ajes moj) e oGz Je
passadoid sqam pue uisair YW S JO sweisbojewolyo Ddo  ‘6'3 a4nbig

222

(MIN) D01
00¢ o0v 006 005 oos
| _ -

NIH/9 028 = o=r=tmmree
z—:\w co — = on on o wn o 0 em
NIS3Y




223

"31p 951110 piepuels Buisn ajes moj) Jje .S/ e
passeooid sqgom pue uisal H4W 009 jJo swesbolewosyds Hdo -0L°'3 e4nbiyg

00t

(MIN) D01
o0d 006G 009 00.

1 X NIW/D 08P -— == -
N » NIW/9 02E ===
N LY NIW/9 09} ==wmemem

7.5
w7 NIS3Y




"alp 8doi1i0 piepuels Buisn ejes moy e o6/ 18
passasold sqem pue uisas H4W 000L JO sweibolewolyds Ddo -"L1'3 e4nbig

224

(MIN) D01
0o0¢ o0dv 006G 009 001

NIN/9D 08P o= =i
NI/ 02E ===
NIN/9 09 ~~emeuna

NISTY ————




225

e

"31p 9210 piepuels Buisn ales Moy e %06 1e

passasoid sgam pue u|sal HAW SE Jo sweibolewolyds 9do °ZL'3 a4nbi4

00¢

(M) D01
00¢ 009 00.

NIWH/9 02§ = =romroei=
NIH/9 09} ~=======-
NIS3Y




226

"alp 92110 pJiepuels Buisn ajel MOj} Jie %06 e
passas04d sqam pue uisal HAW 00 J10 sweibojewolyds Hdo °g€1°3 ainbig

(MW) D01
oo.n oot 00§ 009 002

| | —

\_¥ NIH/O 0ZE = o
. NIH/9 09} ~=memma=
NISIY




227

-aIp 9213110 paepuels Huisn ajes Moy} Jie %06 ie

passasosd sqam pue uisal H4W 009 Jo sweibojewoiyd ddo ‘vi'3 ainbiy

(M) D01
00¢ o]0} 4 006G

009 (007

z—z\e QNM RS ¢ SN ¢ D ¢ GES ¢ G
NIH/909] =crccana
NISIY —




228

3Ip 9oi110 |jlews Buisn 8jes moj} Jie ¢,67 e

passadoid sqam pue uisal Hi4W 00€ Jo sweibolewolyd 9do °GL'3 a4nbig

00'¢e

(M) 501

006G 009 00L

NIH/S 08P ===
NIH/9 0ZE = =imiomem
NIN/9 091 ====-= -

NIS3Y




e

*9Ip 221140 |jews Buisn ajes mojy Jje %G e
passadold sqam pue uisal YW 0001 0 sweibolewoiys Jdon -gL'3 ainbiy

229

(MIN) D01
00¢ oo?v 006G 009 00.L
T T \.“'ﬁ

NIH/9 08F -=mrimnim
NIH/9 0ZE == ==
NIH/9 091 === -

NIS3Y




230

"?aIp ad%yuo0 piepuels Bujsn ejes mo) se o6/ 18 passasoid
Sq8m HJW 00€ JO S9AIND ulens-ssens GO pue QW ebeisay -/1'3 einBig

(%) NIVHLS SNDIVIUE (%) NIvHLS DNDIVIUE
oe0 (Y] el i oo o'e 009 oer i oo oo o

o
2 1
m m
4 =
z 3z
o *o
[7)] «
- -4
v'u o
o m m
w ow
7.3 w
5 23
3 2
3 3
m m
x X
L &
°
-3
[
NIN/D 08 .- NIN/D 08P —eo—
NIN/D 0Z2€ —=— NIW/9 02¢ —=—

NOILD3HIa SSOHD NIN/D 09F —— NOILOIHIQ INIHOVA NIWD 098 ———




231

"9Ip 9931410 piepuels Buisn ajes moy ae 9462 le pessaosoid
sqam YW 009 JO SIAIND ujelIS-SSOAIS 0D Pue QW ebBeieay °gL'3 einbiqg

(%) NIVHLS DNDiv3HEa

[ [ 3 [ N 900
e

[ X 1 el ”e
re

NOILJ3HIG SSOHD

NIN/O 08p ===
NIN/D 028 —-~—
NIW/9 094 —

o0t
(X3L/NW) SS3HLS DNiv3IHE

(%) NIVHLS ONDIVIHEG

[N ]
'

NOILDO3HIQ INIHOVYW

NIN/D 08F .-
NIN/O 0Cf —-—
NIN/O 094 ——

o

"0
(x34/NwW) SSIHLS ONIDVIHE

Y
el




232

-alp aoyuo piepuels Buisn ejes moy Je °,62 18 pessesosd
SQ9M YN 0001 JO S8AIND ulelIS-SSBIIS gD pue g ebBeseay -61°3 ainbig

(%) NIVHLS ONDiv3IHEa (%) NIVHLS ONIXVIHE
[ M [ % [ N | ] Q.J. ..Jv 2°08 e 0°09 (X 13 008 0.1 ..1 ....

] ™
n -
m m
b ; >
x _ 82
Zz 22
o ¥ *o
7} 7]
- = 7 -4
- ® 1 X
em m
] ]
7] 7]
3 53
z L2 4
3 =
m m
= x
- &
[ ]
-$
L]
NIN/D 08y ——.— NIN/D 08F ===
NIN/D 028 —-— NIN/D 02 —=—
NOILD3HIQ SSOHD NIW/® 094 ——— 2 NOILD3HIQ 3INIHOVYWN NIN/D 094 —
»
: =
L ] -




"alp @oiu0 piepuels Buisn ajes moy die %06 e passasosd
Sqam HiW SE JO SO9AIND ujellS-SSAIS 0D pue gW eBelaay -0z'3 e.nbig

233

(%) NIVHlS ONINVIHE

(%) NIVHLS ONIDIVIHE
o-o0s (Y il i o'es oo ()]

» v [ X | J 08 008 *Nn [ X ]
re A A A ...
[ ]
=
L J
o
m
“ )
m m
= >
2 32
o *s
"
| 2
g b ]
o ]
(7] 7]
w ")
3 <3
z z
m o
x x
L&
*
£
-
NIWD 02 —-— NIND 0Z€ —mm
NOILD3HIG SSOMD NIW/O 09t NOILOIHIA INIHOVW NN/ 094 ——




‘9I1p 993110 paepuels Buisn ajes mol 1e 9,06 lB passasosd
sqom H4W 00E O S9AIND ulellS-SSaIS 0D pue g 8besaay °Lz'3 aunbBiyg

234

(%) NIvdlis DNiNv3Iug (%) NIVHLS DNDIV3HEG
o0 oo 000 i ves e

009 ¢ [ X [N 2 L ....
A . e A

o ]
4 ]
m m
= z
- l“l
4 P-4
o -z
4] 7)
= 4
e D ol
em m
A )]
» w
3 L85
z : W
3 3
) m
x x
X \ x
L a -
®
-8
L J
NIN/D 028 —-— NIN/O 0ZE —-—
NOILOIHIO SSOHD NIW/D 098 ——— NOLLO3HIG INIHOVW , NIN/S 09:




235

-alp 9911410 plepuels Buisn ajes moy) Jie %06 le passadosd
sqom H4WN 009 JO SaAIND ueIlS-SSAIIS D pue g obeseay -zz'3 einbiy

(%) NIVHLIS ONIMV3IHE (%) NIvHlS ONDIvIuE
(YT vor g i e e oo soy ves oo ro (Y]

”e

\
o

—_——
T
[N 1)

o
(X3L/NW) SSIHLS ONINVIHEG
n
(X3L/NW) SSIHLIS OHNINVY3HE

-
L) 18

Y
[

NIW/D 02 —=-— NIND 026 —-—
NOILDO3IHIO SSOH)D NIW9 091 —— NOILD3HIA INIHOVN NIN/D 09} ~——




236

"9lp 891110 jlews Buisn ejea moly se 9,52 1@ passedoid
Sqom H4N 00€ JO SaAIND uelsS-SSaIIS @O pue QW ebelsaay -gz'3 eunbig

sl

(%) NIVHLS ONIIV3IUE

L ] [ M 4 o8 e
L . .

NOWILD3HIAO SSOHD

NIN/D 08F ——.m
NIN/D 02 —-—
NiN/9 094 ——

(X3L/NW) SSIHLS ONDIVIHE

(%) NIVHLS ONIXV3IUg

oot [N 4 000
i

LY [ 3 ”e
& -

NOILDO3HIA 3INIHOVYN

e ——
[N 13

*n
(X3UNW) SS3HLS DNIIVIHE

NIN/D 08F —wm-=
NIN/D 02 —-—
NIW/9 o094 ——




237

"9lp 8djuo jlews Buisn ajes moy} st oGz 18 passesoid
SQ9m H4W 000} JO S8AIND ujesis-sselis gD pue QW obeleay "$2°3 eunbi4

(%) NIVHLS DNIivIHE (%) NIVHLS ONIIVIHG
[ N 00 o'ee ..Wv ..4. .... 9°08 o ..Q_. ..4. o.w- )
: °
| &
L J
L -
[ J
[+ )
3 ]
m m
> i >
a 82
3 *o
7] (/2]
& 3 2
.3 ﬁ
a 7]
— -T.\w/
2 °z
3 A
= x
&
L J
S
-
NIWD 08F =——. NIN/D 08F «cm.m
NIN/D 02 ~—~-— NIW/O 02 —=—
NOILD3HIA SSOHD NIW/9 094 ~——— 2 NOI1LD3HIa 3INIHOVW NIN/D 09} —— -
[ ]
® e




238

"31p 9211410 piepuels Buisn ajes Moy Jie oG/
e passod0id sqam H4W 00€ JO SaAIND Jeays °sz'3 o.nbiy

oy - ov- os- |
ot - os - 0% -
o2- 02 - 02-
. o . on- . -
W90 ‘¢ 33930 ‘P 338930 ‘P
oz L3} (1]} (Y] €0- oi- e 02z 02 c ol <o S0- oL- - 0z oz (1} ol (14 S0- o S 02

21} ot

-10? 02 (224

w3, ,b's,
37,0 5_4
w3078y

Jos NIW/O 08t o NIW/D 02¢ ov NIN/O 091




"91p @21j140 pJiepuels Buisn ajes moj} Jie %06
Je passadold sqam H4W 00 JO S9AIND ieays -9z'3 ainbig

ov- 0e-

02- oz-

. o - . o1 -
3930 ‘P IM030 ‘P

o2 [ 1} o cO- oL Cs- 0oz- oz <

T T T T L T A Al

o)
s&- s.l-

402 a a

< N
A a
2 3

(1,1 4 08

v NIN/S 0cE ov NIN/O 091




240

‘9Ip 9921110 |jews Buisn djel Moy Jie o2
Je passadsosd sqom H4W 00E JO SaAIND ieays -2z'3 o.nbig

(414 oy -
of - o -
02 - o2-
. Ot - . o -
334930 ‘P IM030 ‘P 33930 ‘P
02 (] o 0z 1) 7} () S0- Os- Si- oz- 02 [} ot [ X:) [ ol- [} 0?
T T T T T T T T T T T T
m o
" " o
a (LAY (32 N
3 3 3
4 oc (2,7 o8
{os NIWD 08V on NIW/O 02€ o NIW/S 091




241

passadoid sqam pue uisal H4N 00E JO swesbowsayl 9sa -gz'3 ainbig

"aIp @910 piepuels Buisn ajes mop Jje 946/ je

(J0) I¥NLVYIAWIL

GGl

0]’

4

0} 4"

Gel  Ogl G2l

NIW/9 08 -— = -

NIW/9 02E == ===

NIN/9 091 ~=mmmu- -
NISTY

-— (b/M) MO4 LV3IH




"alp adyio0 piepuels Buisn ajes moyp lie oG e
passadsoid sqom pue uisal HJW 009 J0 swesBowsayl Jsqa ‘623 94nbi4

242

(Do) 3HNLVHIdNITL

Gl 0Ll G9F 094 GGl OGSl Sbi Obh S€L  OFl Sz
T _ _ I I I _ _ ]

1".." oc‘

I

m

D

l

n

—

@

=

=

~

O
V' /7 NIH/9 08Y -=mim.. -
-, NIM/O 0ZE == mimome
\ NIW/9 091 ~mmmmme -

\ 7/ NIS3Y




243

"3Ip 2914110 piepuels Buisn ajel moj) Jie 9,6/ 1e
passasoud sqam pue uisal H4W 0001 jo sweibousdy) 9sa -0g°'3 a4nbi4

Gl

0L}

(Do) 3UNLVHIANITL
GOt 091 GGI OSI Gl Ovl Ggl  0Ogh G2l

I

_ T I T _ . S g

I
m
D
l
n
—
O
=
=
~
«
\ /
. NI/ 08P -— ==, -
. K4 NIW/9 028 == ===
\ v NIN/9 091 ~=mmmmem
.’ NIS3Y




244

"3lp 3dylo0 piepuels Huisn ajes moj e 9,06 e
passasoid sqam pue uisai 44w SE JO sweibountay) 9s@ "Le'3 eunbiy

(Do) 3YNLVYIAWIL
Gl OLL S9F 091 GGL OSh Gkl Obk  GEI OSK Sz

-— (b/M) MO14 LV3H

NIH/9 02 = == omim
NIH/9 09 ~-===== -

RIS31Y




245

"9lp adyuo piepuels Buisn ajes mojy lie 9,06 je
Passadoid sqam pue uisas HYIN 00€ Jo swesbowsay) Hsqg "2€'3 ainbiy

(J0) 3HNLVYIdWIL
0Ll SS9 091 GG OSh Gbl Obl GEL  Ofl 62}

! | | I | I _ | I

X

m

>

l

L

@

=

=

N

o
/ NIW/9 028 === ——
‘s NIW/9 091 ~--==- -

NIS3d




246

passeo0id sqam pue uises HYW 009 o sweiBowrsay) 0Sa -ge'3 a.nbiy

"91p 8dy1i0 piepuels Buisn ales mojy sie 9,06 e

(Do) 3YNLVYIANIL

OLL G9F 09 GGl OGSk Gbl Obl GEI  OSh G2
_ T T

o b mmm s mm s wma s wm s wm s -

NIHN/9 02 = ===t

NIH/9091 ~~cccuaa

NIS1Y —————

=— (b/M) MO14 LV3IH




247

"9Ip aJllI0 jjews Buisn sjes moyy aie 9,67 e
passadsoid sqem pue uisas Y4\ 00E jo sweisbowsayy osd “ve'3 ainbig

Gl OLl G99 091 GSGI OGL GSbL Obl SEF OSH G2

(Do) 3YNLVHIAWIL

I I | | Jd e = = =

-—

.\'-0".0"00"

xI

m

) >

—

M

r—

(@)

-~ ° -, e - - - - - M

>3

~

o)

/
\ , ~
\ /

. NIL/O 08P -—=iome. -
- NIH/9D 0ZE = = 1mimem
NIW/9 091 ~=-=mm-n -

NIS3d




248

"3Ip adyuo jjews Buisn ayes mopy Jie 9,67 18
passodoid sqam pue uisal H4W 000t Jo sweibowtayl 9sa ‘se'3 ainbig

SiL OLL G9F 09F GG OSh Stk Obl SEL oSk <zt

(J0) 3YNLVYIANIL

I
m
) >
l
n
oy
()
3
-3
~
Q
\ 4
) . NIN/9 08Y -= == -
\ K4 NIW/9 028 = ===
Y, NIW/9 091 ———meuw -

\., NIS3IY




249

| ! I ! | M | v I M I ' 1 ! | ! i
160 G/MIN
!
=
[72]
4
(W]
£
" 1 4 | i | s | . 1 n | I 1 I { I |
10 12 14 16 18 20 22 24 26 28
28>
!
=
72
I 4
Y]
-
£
10

Figure E.36. X-ray diffractograms of 35 MFR webs processed at
75% air flow rate using standard orifice die.




250

LA LD BN B RO A B S e s mae m S
160 G/MIN
{
<
£
2
10
AR LA AN AL L A B A o S S S s
320 G/MIN
{
E
z
2
10
LN I B AN DL RS I A S S S ML ma
480 G/MIN
{
£
[72}
z
g
10

Figure E.37. X-ray diffractograms of 600 MFR webs processed at
75% air flow rate using standard orifice die.
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Figure E.38. X-ray diffractograms of 1000 MFR webs processed at

75% air flow rate using standard orifice die.
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Figure E.39. X-ray diffractograms of 35 MFR webs processed at
90% air flow rate using standard orifice die.
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Figure E.40. X-ray diffractograms of 300 MFR webs processed at
90% air flow rate using standard orifice die.
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Figure E.41. X-ray diffractograms of 600 MFR webs processed at
80% air flow rate using standard orifice die.
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Figure E.42. X-ray diffractograms of 300 MFR webs processed at
75% air flow rate using small orifice die.
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Figure E.43. X-ray diffractograms of 1000 MFR webs processed at
75% air flow rate using small orifice die.
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APPENDIX F
CRYSTALLIZATION KINETICS STUDY OF POLYPROPYLENE
RESINS
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CRYSTALLIZATION KINETICS STUDY OF POLYPROPYLENE
RESINS

The study of the crystallization kinetics of various melt blowable isotactic
polypropylene resins using differential scanning calorimertry (DSC) technique
is reported here. The DSC method allows investigation of crystallization under
two conditions: isothermal and non-isothermal. The method is sensitive and
fast enough for qualitative and quantitative measurements and presents the

advantage that only a microsample is required.

Experimental. The polymers used in this study were commercial

Exxon 35,300,600, and 1000 MFR homopolypropylene whose
characteristics are given in Table 3.1. A model DSC-7 Perkin Elmer differential
calorimerter was used to measure the crystallization kinetics under isothermal
and non-isothermal conditions. Indium was selected as the standard to
calibrate the instument. The exact weight of the sample (ranging from 3.5 to 4
mg) was determined with an accuracy of 0.001 mg in an aluminium pan. The
rate of crystallization under isothermal conditions was studied at temperatures:
133 °C, 131 °C, 129 °C, and 127 °C; and, the rate of non-isothermal
crystallization was studied at five cooling rates: 40, 20, 10, 5, 2 °C/min. The
rate of crystallization (rate of heat evolution) was very slow above T = 135 °C
for the DSC technique to detect the rate of heat evolution accurately; and, the
crystallization was very fast below To = 125 °C  for the thermal equilibrium to be

reached when cooled rapidly from 200 °C to To. Each sample was kept melted

for five minutes prior to crystallization at 200 °C. This ensured that in all cases
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the crystallization proceded from the equilibrium melt. Since the DSC method
requires a very small amount of sample ( 3 to 5 mg), it has the advantage of
attaining thermal equilibrium very quickly, with the consequence of following a
more rapid crystallization rate than is possible for techniques such as
dilatometry.

In the study of isothermal crystallization, the samples were cooled rapidly
to the desired crystallization temperature (T¢) and were allowed to crystallize.
While in the study of non-isothermal crystallization, the samples were cooled at
a given rate. The rate of heat evolution was recorded as a function of
time/temperature until crystallization was completed or the heat evolved was
small enough to be detected. The DSC curves were normalized and evaluated
using TAS7 Perkin Elmer software. Each DSC curve was rescaled and
digitized using a digitizer available through The University of Tennessee
computing center. The digitized calorimertic isotherm data were analyzed to
obtain relative crystallinity as a function of time using a program written on an
IBM PC (Figure F.1) [114]). The following equation was used to calculate the

relative crystallinity at a given time/temperature [138]:

t
[ (dH, 7 dt)adt
0
X

e
jo (dH, / dt)dt

Where Xi = Weight fraction of crystallized material at time t.
The numerator of the expression gives integral heat of
crystallization at time t; and, the denominator of the
expression gives the total measured heat of
crystallization.




260

This program calculates relative crystallinity versus time
from DSC data for isothermal crystallization. Required
input parameters are coefficients A0 to A9 of peolynomial
fitting of DSC trace; to compute fractional area.

10 AO=~0.0455332

20 Al=-6.50493

30 A2=10.5349

40 A3=-10.4825

50 A4=6.68217

60 A5=-2.65897

70 A6=0.657843

80 A7=-0.0987065

90 A8=0.00824317
100 AS=-0.000294377

FX = Total time for crystallization to complete

110 FX=5.5

120 N=550

130 H=FX/N

135 INPUT AAS

137 AAS="B:"+AAS+",DATY

150 OPEN AAS$S FOR OUTPUT AS #1

160 DEF FNA (X)=A0+A1*X+A2*X*X+A3*X " 3+A4*X " 4+A5%*X"5
+RA6*X"6+AT*X " 7+AR*X"B8+A9*X "9

170 S1=FNA(O0) : S2=FNA (FX)

180 S=51+82

190 FOR I=1 TO N-1

200 IF 2*INT((I+1)/2)=I THEN CO=2 ELSE CO=4

210 X=X+H

220 S=S+CO*FNA (X)

230 NEXT I

240 TAREA=S*H/3

250 FOR I=1 TO 55

260 X=0

270 FX=I*0.1

280 N=1%*16

290 H=FX/N

300 S2=FNA(FX)

310 S=S1+82

320 FOR J=1 TO N-1

330 IF 2*INT((J+1)/2)=J THEN CO=2 ELSE CO=4

340 X=X+H

350 S=S+CO*FNA(X)

360 NEXT J

370 PRINT USING "#4#.## #.#####";FX,S*H/B/TAREA

380 PRINT

390 WRITE #1,FX,S*H/3/TAREA ‘'time v/s rel. cryst.

data file

400 NEXT I

410 CLOSE #1

420 END

Figure F.1. Computer program for calculating relative crystallinity.
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After each isothermal crystallization, the melting point was determined

during heating cycle at 10 °C/min. The peak temperature was used as the

melting point coresponding to a given crystallization temperature (T¢). A plot of
melting point (Tm) versus crystallization temperature (T¢) was used to estimate

the equilibrium melting temperature (Tm°) for each sample -- a parameter of

fundamental importance in testing various crystallization and melting theories.

Since the isothermal crystallization in case of polypropylene can only be

studied at lower temperatures (at higher under cooling), the extrapolation of Ty

versus T¢ to get Tm® would not be unequivocal.

Results. The above equation was used to obtain relative crystallinity as
function of: (1) time for isothermal condition; and, (2) temperature for non-
isothermal condition. The plots of relative crystallinity versus time for 35, 300,
600, and 1000 MFR at different crystallization temperatures are shown in Figure
F.2. The relative crystallinity versus time data for different polymers at a given
crystallization temperature are shown in Figure F.3. The non-isothermal
kinetics data for different polymers at cooling rates of 40, 20, 10, 5, and 2 °C/min
are shown in Figures F.4 and F.5.

The isothermal crystallization data was analyzed using Avrami analysis
to obtain crystallization rates 'k’ and Avrami index 'n'. The values of Avarami
index 'n', rate constant 'k', t1/2, T ° as determined from peak temperature are
shown in Table F.1. The value of 'n' close to 2 indicates hetrogeneous
crystallization giving 2-dimensional disks. Pratt and Hobbs [139] have reported

values of 'n' in the range 2.8-3.0 from calorimetric as well as light depolarization

microscopy studies for their polypropylenes. Godovsky et al [140] have
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Figure F.4. Relative crystallinity versus temperature for different
polymers.
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Avarami Index, Rate Constant, Crystallization Half-Time (t4,2),
and Equilibrium Melting Point (Tm©) for various PP Resins

Table F.1

Polymer T¢ n k t1/2 Tm®
MFR °C min-1 min °C
133 2.85 2.64E-03 10.8
131 2.11 2.97E-02 04.5
PP-1400 186.4
129 1.68 0.109 03.1
127 1.68 0.357 01.5
133 2.06 2.43E-03 15.7
131 1.74 2.55E-02 06.5
PP-700 193.1
129 1.63 0.124 02.9
127 1.66 0.481 01.3
133 2.02 4.24E-03 12.3
131 1.84 2.89E-02 05.7
PP.300 190.3
129 1.69 0.144 02.6
127 1.66 0.654 01.1
133 1.66 4.23E-03 21.0
131 1.88 6.91E-03 11.2
PP-35 200.3
129 1.74 0.053 04.5
127 1.60 0.697 01.03
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reported that their polypropylenes gave n=2 from calorimetric results and n=3
from dilatometric results.

As shown in Figure F.2 as well as in Table F.1, the rate of crystallization
increased (or t1/o decreased) with a decrease in T¢ ( or at high undercoolings).
This negative temperature coefficient of crystallization rate suggests a

nucleation controlled crystallization. A marked effect of molecular weight on the

crystallization rate is seen in Figure 2. At T = 133 °C, the rate of crystallization
for 35 MFR (highest Myy) was slowest as one would expect. However, the rate
of crystallization for 600 MFR was slower than that for 300 MFR at all
crystallization temperatures (Tc) as seen in Figure F.3. Since all of the
polymers studied were commercial polymers with broad molecular weight
distributution, it would be difficult to draw any conclusions based on observed
trends. The lower crystallization rate for 600 MFR may be due to the presence
of a fraction of atactic polymer or more chain defects. The influence of
molecular weight is not so strong at high undercoolings as can be observed in

Figures F.4 and F.5.
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