ABSTRACT

Joghataei, Majideffects of Polymer Rheology on Meltblowing Fiber formation process and Fiber

Diameter Distribution(Under the direction of Dr. Eunkyoung Shim.)

Meltblowing technology is one of the most economical ways to produce fine fiber webs.
Properties and quality of web, fiber size, and fiber diameter distributions in the meltblown
procesgesult fromcomplex interactions between capillary orifice configiomratviscoelastic
polymer strands, and surrounding higfeed air stream. Even though the mechanism of
meltblowing is extensively studied, a comprehensive understanding of the role of polymer melt
rheology on fiber diameter, diameter distributipnocesstability, and fiber breakage is still
lacking. In this study, linear isotactic polypropylenes (PP) @eithriety of melt flow rates

(MFR) and narrow molecular weight distribution and PP BlgeB)wereused to produce
meltblown web in order to undersththe role of polymer melt rheology attenuation and
instability development in meltblowing fiber formation and related to fiber dianteéaneter
distributions and lower limit of fiber diameter at-set failure pointsThe morphological
characteristics of produced nonwoven samples have been determined by scanning electron
microscope images and rheological characterization determined by capiliappllel plate
rheometer to find the melt viscosizefo shear viscosity-()) and melt elasticity which

correlated here with the longest relaxation time (

There are two critical questions in this stud@iiie firstis how polymer properties contrtber

diameter andliameter distributionThe results have shown that an increase in viscosity and
elasticity appears to make a statistically significant increase in median fiber diameters.
Moreover, each polymer sample has different median fiber diasratéhe same melt viscosity,
although median fiber diameters are the same at the same melt elasticity for diffaresih®P

On the other hand, dispersity and skewness show the same trend. The dispersity and skewness
decrease with increased melt elaisgi, although melt elasticity has almost more effect on these
parameters when polymer rheology is modifiedrmlecular weight antemperatureln the

following, PPB has been used to investigate the effect of melt rheology on fiber diameter and
diameter dstribution to modified melt rheology by changitige molecular weightlistribution

The results have shown that an increase in melt elasticiBABmakes a statistically



significant increase in median fiber diameters. On the other hand, dispers#iyeavitess show
the same trend. The dispersity and skewness decrease with the increase in melt dlasticity.
results indicate that utilizingigh molecular weight PP resin can stabilize the production of
polymeric micro and nanofibers through the meltblgocess.

The second question of this study is how polymer properties influence melt strand instability and
the onset of a process failure and achieving the smallest possible fiber diameter without defect
formation. The following investigated melt strandslity and fiber breakage after digit. The
results have shown that the critical air drag force, which represents the melt strength of flow
before fiber breakage, increases with the increase of melt viscosity and elaltiertyis a
relationship beteen critical air drag force and polymer melt viscosity and elasticity when
polymer rheologys modified bymolecular weight antemperaturgalthough the critical air drag
force is almost the same at the same temperature and melt viscosity aruod dimsilar at the

same temperature and melt elasticity which it can be related to the high molecular weight
polymer resin used to make BPThen the results have shown tha tritical draw ratio after

die exit decreases with the increase of melt visg@sid melt elasticityThe critical draw ratio is

not the same at the same melt viscosity andsmaklsticity for different PP with different MFR
when polymer rheologis modified bymolecular weight antemperatureAlso, the critical draw

ratio after @e exit is almost similar at the same temperature and melt viscasayt is not

similar at the same temperature and melt elasticity when polymer rhesioggified by

molecular weightlistribution Finally, the results show that the failure mechansalmost

similar for all polymer resins at different throughputs at critical poiat&l polymer melt

rheology does ndiave too mucleffect on stress at the break and stability psint
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Chapter 1: Introduction and Background

There are several definitions fieonwovens by different standards and different associations.
According to ISO 9092, the nonwoven is described as a "manufactured sheet, web, or batt of
directionally or randomly oriented fibers, bonded by friction, and/or cohesion and/or adhesion,
excludirg paper and products which are woven, knitted, tufted, dibdcidled incorporating

binding yarns or filaments or felted by weilling, whether or not additionally needled. The

fibers may be of natural or mamade origin. They may be stapled or continuidasents or be
formed in situ".

Nonwovens are divided into three major categoriesiald; wetlaid, and polymetaid, which

the last one include spunbond, flash spun, and meltblown. Furthermctaiddnyaterials have
origins in textiles, wetaid maerials in papermaking, and polyrdard products in polymer
extrusion and plastics.

Recently nonwoven industry focused on new applications requiring fiber of smaller size. Micro
and nanofibers are among the most significant developments in recent yéatseaping all of

the characteristics expected by textile producers and users. Very fine fibers have high specific
surface areas and high flexibility. As a result, webs containing predominantly micron or
submicron fibers have a large surfdoesolume raio and micropores. Micro and nanofibers

have been used in highly technical applications such as filtration, membrane separation,
superabsorbent clothing, wound dressings, scaffolds for tissue engineering energy, biosensors,
storage, and other electronigadipations. Melt spinning, meltblowing, and electrospinning are
the three current processes to produce fine fibekéeltblowing is a rapid, singtstep process

used to produce fibers with diameters in the rangeafiin and lesMeltblowing has the

potential to compete with electrospinning because meltblowing would provide a much faster,
easier, and less costly aheative to the electrospinning technique. If meltblowing technology
makes very fine fiber at the scale of nano size, then it would penetrate new markets and enhance
current product offerings. Therefore, a significant focus on meltblowing research is geducin
fiber diameter without defects formation and controlling the fiber diameter and diameter
distribution?In the meltblown process, a polymer melt is extruded through die capillaries into
the highspeed hot gas stream, and polymer melt strands simulisljexccelerate, cool, stretch,
and form small fibers. Properties and qualityrafweb, fiber size, and distributions ahe

results of complex interactions between capillary orifice configuration, viscoelastic polymer



strands, and surrounding higpee air stream. Even though the mechanism of the meltblown
process is extensively studied, a comprehensive understanding of the role of polymer rheology
on meltblowing and their contributions to process stability and fiber diameter distribution is still
lacking. This research aims to investigate how polymer melt rheology influences meltblowing
fiber formation. Our focus will be polymer melt strand attenuation and instability development
near the die exit, where molten polymers extrude out and experiencatiosiaand extremely

high extensional deformation by air drag. It may determine both fiber size and width of fiber size
distribution as well atheonset of melt stream breakage that yields fiber defects such as fly and
shot.

In thisstudy, Chapter 1 coverthe introduction and background. Chapteh@literature review
covers the important concepts, including an introduction to meltblown technolodglyeaefiect

of polymer properties, processing parameters, and die geometry on fiber diameter, diameter
distribution, defect formatigrand fiber breakage ithhe meltblown process. Besides, it is
explained the polymer melt rheology and how polymer rheology changed by temperature and
modifying the molecular weight. ChaptesBows thenfluence of polymer metheology on

fiber diameter, fiber diameter distribution, and skewness for meltblown produdeghbylFR
polypropylene resins and modifying the melt rheology by temperahdaanolecular weight
Chapter 4ollows chapter 3 with different polymer resinsi@n polymer melt rheology is

modified by polymer molecular weigHbtstribution Chaptes 5 and 6 Investigate theffects of
polymermelt rheology ormelt strandinstability andon-set of procesgailure inmeltblown when
polymer rheologys modified by temperaturend molecular weighbr different PP resins with
variety of melt flow rate andholecular weightlistributionto make PB andcompared bywo

PP resins have use@®verall conclusions are explaohén chapter 7.
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Chapter 2: Literature Review

2.1Introduction to Meltblown Technology

The meltblown process is unique, highly engineered, angttst/nonwoven. This process is
unique because it is used almost exclusively to produce microfiber and, recently, nanofibers
rather than fiber thsize of standard textile fibéMeltblown microfibes generally have
diameters ranging from 2 to 104 although they may be as small as 860and as large as 30

“ a2° Figure2-1 shows a schematic view from inside a meltblown fabric.

Figure 2-1 Schematic image of meltblown nonwoven fabric

The technology to produce microfiber with meltblowing was first introduced under the U.S.
government project by the Naval Research Laboratory in 1950. In this project, the goal was to
collect the radioactivegpticles in the upper atmosphere with microfibers. This work was
published for the first time by Wente in 1956. Therefore, the meltblown process is one of the
newest method® producenonwoven mats. Esso Research and Engineering Company
(ExxonMobil Corpoation) developed a program initiated in 1960 and followed Wente's work.
They licensed the meltblown production technology to others and concentrated on producing
resins to supply this new process. Since then, the meltblowing process and numerous meltblown
products have been recognized, developed, and commercialized. The most accepted definition
for the meltblown process is: "a eatep process in which higrelocity air blows a molten
thermoplastic resin from an extruder die tip onto a conveyer or takég gpreen to form a fine
fibered sekbonding web *

The number of publication activities about meltblown fabrics from 1970 to 2020 is presented in
Figure2-2.°
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Figure 2-2 The number of scientific studies on the fundamentals of the meltblown process

The meltblown process is similar to a spunbond process with the difference that in the meltblown
process, resins convert to nonwoven fabrics in a single, integrated proaestaidard

meltblown presses consist of the following elements. In the first step, polymers are in the form of
beads, pellets, or chips stored in silos, and then these are carried to the feed section of an
extruder. In the next step, materials are meltgdimthe extruder barrel and pumped to the
meltblown die through heated channels. Therefore, the extruder reduces the polymer molecular
weight by shear and heat degradation. The primary step in the meltblown process is-the fiber
forming process. In thigep, the metering pump and filter are added between the extruder and

die tip to clean the polymer and transfer it to the die. Next, the molten polymer transfers to a
distribution system to provide uniform flow to each hole in the die tip. The air holes, or

knives, are responsible for supplying the kigocity hot air, known as primary air, which

assists in drawing, or attenuating, the polymer to form microfibers. The die hole diameter can be
produced in a wide range, typically between 0.3 and 0.4Awmeording to several authors, the
orificebs density v a+lb @iBcesiper cestimeter. An areampressol | vy
generates highelocity air, usually 50% 80% of the sound speed. Air goes through a heating

unit to receive the optimurar temperature, typically 200°C to 370°C. The air temperature is
hotter than the polymer to hold the polymer in a liquid state. After fiber formation immediately
below the die, air with ambient temperature is drawn into the hot air stream containing the

microfibers. Ambient air solidifies the fiber and cools this region's hot air or gas. The distance
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between the die arttiebelt is around 15 to 50 cm. The hot air stream, directed horiootal
downward, delivers the fibers onto the collection device a/kiee web forms. The filaments are
placed on a circular drum if the path is horizontal. Also, if the direction is downward, the
filaments are placed on a moving belt. Then vacuum is used inside the drum or under the belt to
collect the air, and microfibenade in the previous steps is laid down randomly and entangled
together. In this region, fibers are still soft at laydown and will tend to formtiibiber bonds

that this bond will cause microfibers to stick together. Fiber entanglement antbfibeer

bonding make fiber cohesion and strong fabric. That is why meltblown is-stem@rocess, and
there is no need for a separate bonding step. The final step in the meltblown process is winding
and finishing. The schematic picture of the meltblown pe@nd fiber attenuation after die by

the drag force of the hot air themeltblown process are shownRigure2-3 andFigure2-4.5'8

Polymer
gt
.
Gear Pump and Filter

Hot Air

ttt

W ‘ Heat |
V] Extruder -
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| ) Collector Screen | ) =
Nz N/

Figure 2-3 Schematioziew of the neltblown process

Polymer melt

Hot air Hot air

a\uj/i
| I

Figure 2-4 Schematic picture of fiber attenuation after die in the meltblown process. (a) Die

diameter, (b) Fiber diameter at die swell, and (c) Fiber diameter after swell
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The meltblown process variables can be classified into the polymer system, the process
parameters, and the die geomefrglfle2-1). When a change to the process parameters, polymer
system, or geometry occurs, fiber diameter, fiber diantgséribution, and orset of a process

failure will change in the following.

Table 2-1 Variables that affect fiber formation the meltblown process

Parameters Effect on Meltblown Final Products

Polymer System Process Parameters Geometry

_ Polymer Throughput
Chemical Structure
Polymer Temperature

Molecular Weight L/D Ratio
_ _ Melt Flow Rate . . .
Polydispersity . Die capillary diameter
_ _ Air Flow Rate _
Melt viscosity Nose tip Angle

__ Air Temperature
Melt Elasticity Die Temperature

Melt strength _ .
Die to Collector Distance (DCD)

2.1.1Polymer Resins Used in Meltblown Process

A wide range of thermoplastic polymeric materials can be used in meltblowing. Thermoplastics

are plastic polymers that melt whieeated and solidify as they are cooled. Also, many

thermoplastic polymers can melt, stretch, and elongate into a fibrous form. Among the

thermoplastic polymeric materials, polypropylene (PP) is the most commonly used polymer for
meltblowing due to its easd processing and suitability for ense Many new products

employing different polymersave eitherecently been introduced or are currently being
researched. According to the | atestPPresearch
Nonwoven Fabrics Marketolume was valued at $27 billion in 2019 and is projected to
surpas$s5hlionby 20260. Typically, PP used for mel tl
between 300 1500 g/10 min. Typically, a higher melt flow rate indicates lower viscosity, which

hasa vital attribute of the meltblown process, as it allows for the ragdustion of fine fibers.

Moreover, PP is used widely because of its physical properties, ease of processing, low cost, and

versatility in making a wide range of produgi&he other parametewhich make the PP

valuable for meltblowing can be a low degaf PP (0.934—), enablingto makeof lightweight
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fabrics. Then, | owa3gandmdtingttempenatuie {Tme b8 élldng =
PP to produce economic meltblown fabric. Next is inherent hydrophobicity, which reduces the
drying step bedre production, and finally, chemical stability and good mechanical strength and
abrasion resistance of PP compared to other polymeric résinse2-5).1°

(> IS I I I IS B I I IS )

Isotactic PP —(.)—(.)—Q—‘)—(.)—Q—Q—(Q—Q—Q— . . . =
o 9 o 9 0 R 0 R OQ
o o O

Carbon Hydrogen Methyl group

Figure 2-5 Chemical structures of Isotactic Polypropylgwhichis mainly used inthe
meltblown process

Most types of thermoplastic polymers used in the meltblown process are summariabtein
2-2.

Table 2-2 Polymers used in the meltblown technolbgy

Commonpolymers havebeenused Other polymer$iavebeenused
in the nmeltblown process in the neltblownprocess
Polypropylene (PP) Ethylenevinyl acetate (EVA)
Polystyrene (PS) Ethylene methacrylate (EMA)
Polyesters Ethylene vinyl alcohol (EVOH)
Polyurethane (PUR) Poly Lactic Acid (PLA)
Polyamide (PA 6, 66, 11, 12) Polybutylene terephthalate (PBT)
Polyethylene (PE) Polyphenylene sulfide (PPS)

Low- and highdensity polyethylene
(LDPE and HDPE)
Linear lowdensity polyethylene (LLDPE) Polyvinyl alcohol (PVA)

Poly methyl pentene (PMP)

Polycarbonate (PC) Polyethylenderephthalate (PET) Pol

The effects of polymer properties on fiber diameterfdvet formation are discussed in the
future section.
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2.1.2Meltblown Processing Parameters

The meltblown process is complex in that many variables impact the created web. The actual
process parameterstime meltblown process that determine the final fiber diameter and web

properties are representedTiable2-3.

Table 2-3 Some variables that must be controlled dutimgmeltblown process

Processingarameters thaffect fiber diameter andvebformation

Extruder Hot air Polymer Die Ambient air Die to collector Laydown
condition conditions conditions conditions condition  distance (DCD) conditions

Temperature
Volume Temperature rofile
Temperature P P
Vacuum
Temperature
Flow rate
Flow rate Gas flow
Shear \
rate profiles
Turbulenc
Lack of
Temperature e
Shear rate turbulence
Polymer
. Polymer
degradation
. flow rate
Velocity :
profile

There are several studies have been ddoet thepolymer throughput, melt temperature, melt
viscosity, air speed, air pressure, air temperature, die to collector distance (DCD), collector
speed, and die temperature to find the effects of these parameters on fiber diameter, fiber
diameter distribution,rad onset of melistrand breakage the meltblown websTable2-4

shows the general effects of some critical parameters on fiber and web formatiavthbeen

found for the last four decades. The effects of processing parameters on fiber diameter and fiber

formation by details are discussed in future sections.



Table 2-4 Effect of processariables on fiber diameters and defect in meltblown

procesd!21314151617.1819
t Polymer Polymer  Air flow Air Die D Collector
throughput temperature rate temperature temperature Speed

Fiber l l l l 1

Shot 1 1 1 1

!

Fly l, e '
Roping e . e l, e e

1

Fiber l I

breakup

1

2.1.3Die Geometry

In themeltblown process, die assembly is one most craces that seriously affect the

polymer strands. The die assembly has ever been the hot innovation spot in the history of
meltblown technology developments because it vastly influences polymer strands' aerodynamic
and rheological forces. Meltblown die is gerilgran assembly of a polymer feed distribution
system, a nosepiece, and two atijbkeair knives in many case$able2-5 summarizes

improvement in raltblown die design in chronological order.
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Table 2-5 The most important meltblown die patents between L2D

Patent title Date Author Description Die design
A drilled hole type
meltblown die that holes

MELT- are drilled in a single
BLOWING J.W. Harding: block of hard .metal,' suc
DIE FOR 1974 3. P Keller- | 2 steel. A pair of air
PRODUCING R R Buntir’1 slots on each side of the
NONWOVEN T nosepiece is connected
MATS?0 to the air nanifolds and
can be adjusted to
different die setting¥®%*
The twopiece assembly
produces die, and the
capillary tubes are
included in the solder
MELT- layer between the two
BLOWING _| pieces to form the die
DIEUSING | 1974 D'I'F';_OE';ﬁgp’ device. The capillary
CAPILLARY type of die has the
TUBES? advantages of
performing longer holes
and more accurate
alignment of the orifice
with great easé-??
In this die type, the
polymer is heated to
APPARATUS decrease viscosity gnd
AND then accelerated _qmckly
PROCESS FOR by nozzlgblown :_;ur to
near sonic velocity to
MELT- roduce fine fibers with
BLOWING ri)ttle polymer
AFTER . .
degradation. This
FORMING . AIR ORIFICE
THERMOPLA 1983 | E.A. Schwarz @s.cov.ery bro.b the
limitation of air from HESIN ORIFICE
STIC two sides of the tapered
POLYMER o
die tip. Therefore,
AND | orifice rows can
PRODUCT Zivaerr:a ed in a die head
PRODUCED to prodzce desirable
THEREBY?

productivity without a
tremendous capital

increasel23
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Table 2-5 (Continued)

SLOTTED
MELT-
BLOWN DIE
HEAD?*

1988

D.W. Appel;
W. Wis;
A.D. Drost;
J.C. Lau

The slot die has a single
continuous slot opening
running instead of
several individual
orifices. To produce
fiber, at least one of the
slot's inner sides has
spaced grooves
perpendicudr to the apex
line, and one of the side
extends below the other
side to form a lip within
the fluid streant®-24

MELT
BLOWING
DIE?

1991

P.G. Buehning;
S Hills

A die tip is mounted on
the die body to give a
residual compressive
force to the digip
nosepiece, and oppositg
and similar forces are
utilized on both sides of

the orifice row to secure|

the die tip. The mounted
die tip can be easily
disassembled and
cleaned by specialty
methods such as high
temperature ovens and
ultrasonic cleanerg:?®

MODULAR
MELTBLOWI
NG DIE?®

1997

M.A. Allen;
J.T. Fetcko

Modular die
constructions include a
plurality of sideby-side
self-contained,
interchangeable
meltblowing modules on
a manifold. Each modulg
consists of a body, a di€
tip assembly, and
polymer and airflow
passages for conducting
hot melt and hot air from
the manifold through
each module. The
modular die tip cost is
approximately $300/in.,
which is relatively
inexpensive compared t
$1300/in?1:26
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Table 2-5 (Continued)

MULTIHOLE
MELT

BLOWN DIE
NOSEPECE’

2000

M.W. Milligan

The present invention is
directed to an improved
die nose piece
comprising a multiplicity
of adjacent holes offset
concerning each other g
an angle greater than or
equal to 5 and less than
90, through which resin
filaments are ejected. In
each adjoining hole pair
the first hole angled
toward the upper face
and a second hole turne|
toward the lower face. It
is claimed that this
nosepiece reduces the
filamentto-filament
interaction, thus
minimizing the shot
formation?2%27

20

MELTBLOWN
DIE HAVING
A REDUCED
SIzZE*®

2005

B.D. Haynes;
M.C. Cook

This invention presents
meltblown die, which
has a considerably
smaller width in the
machine direction of the
meltblowing process
than conventional
meltblown dies. The
invention die included a
die body, a die tip
mounted to the die body
the first air plate
mounted to the die body
and the Second airplate
mounted to the die body|
Also, this die has
advantages over
conventional meltblown
die, including inproved

air entrainment®

201
202

1628 e

O0OO0OO0O0

131

210

O 020 G

102

20
202

-—1620
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Table 2-5 (Continued)

A die tip is modified for
extruding a plurality of
meltblown
multicomponent
filaments that includes 4

DIE FOR least two series of pipes
PRODUCING that extend and converg
MELTBLOWN into the interior of the
MULTICOMP -
B.D. Haynes; | die tip to convey a
ONENT 2006 M.C. Cook multicomponent
FIBERS AND thermoplastic structure
MELTBLOWN into the interior of the
NONWOVEN die tip to a series of
FABRICS?® e P
capillaries that opeto a
series of die opening for
extruding
multicomponent
filaments is provided?
Meltblowing die for
fabricating polymeric
nanofibers with spin
holes formed by
channels in plate(s)
METHOD surface(s) of the plate(s
AND where polymer exits at
APPARATUS the plate(s) edge(s). The
FOR J.E. Brang; | channels are Smaller
PRODUCTION | 2008 A. Wilkie; than 0.005" widex0.004"'
OF J.S. Haggard| deep and have an L/D a
MELTBLOWN least as large as 20:1.
NANOFIBERS Flow rates of the
80 polymer though the
apparatus are on the
order of 0.01 g/hole/m o
less. This die makes
fibers mostly less than
0.5 microns in diameter.
The die includes a stack]
of plates, including
MELT corresponding
BLOWING meltblowing die tips, die
DIE, body, and air
APPARATUS, 2017) M.A.ALLEN functionalities. One or
AND more rows of polymer
METHOD?3! filament extrusion

orifices extend through
in a stack direction
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across multiple stack
plates. Within the stack,
a gas distribution systen
has gas outlets
positioned to provide
distributed gas flow to
contact and attenuate
extruded polymer
filaments. The stack ma
also include at least 20
60 plates per centimetern
of length and 420 rows
of orifices?!

In this meltblown die,
the primary airflow path
blows out the primary
air, and the secondary
airflow path that is
presented across the
primary airflow path
blows out the secondary
air from outside the
primary air. The
secondary airflow path ig
inclined to be closer to
the resin flow path's
central axis toward the
lower side, and the
second air outlet that is
located at the tip of the
inclined part and blows
out the secondary aif.

Melt-blowing H. Adachi;
die* 2017 Y. Miura

Moreover, the die assembly consists of three essential parts: the polymer feed distribution plate,
the die nosepiece, and the air manifolds. The first part is the feed distribution plate. This part is
responsible for creating an equal polymer flow acrbegptate. The plate should be heated to

keep the polymer flowing. Also, the shape of the plate distribution can influence polymer
distribution. There are two types of feed distribution plates, ttyp& and coat hangéype, but

the coat hanger is broadlged In the Exxon die because it provides both even polymer flow and
residence time across the die's full width. The coat hanger distributiorsiptatsin Figure

2-6.2
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Figure 2-6 Coat Hanger Dié®

In a valuable study for the optimal design of the die geometry, Sun and cowotkeidhat the

coat hanger die has a ptableoperation for different resins and various throughputs, and the
melt flow in the die obeys powdaw behavior® Meng et al. proposed an optimal design

procedure to improve the uniformity of flow rate distition at the coahanger die outlet. They

also found that the coat hanger die decreases the coefficient of variance by 65% compared to a
typical plate®* The next part is the die tip, which is the crucial component of the die assembly
and is responsib mainly forthefiber diameter and quality of the webs. Today, two types of
meltblown die tips, single royand multiple rows die tips, are very utilizable in the indysisy

shown inFigure2-7. A single row refers to a single line of capillaries meehy two imposing

hot gas streams for fiber attenuation, and a multiple rows die consists of cylindrical tubes to

provide concentric air at near sotevels around each polymer jet steam as it forms a fiber.

I Polymer melt inlet

Die tip
Air knife Air knife o
) Top plate J [
Hot air ) Hot air Topplateairhole [ i
R .

Conveyor belt

Figure 2-7 Exxon type die (left) and multirow die (right)

Also, there are two basic types of nosepieces for sioglecapillary and drilled hole types. The

capillary nosepiece consists of two flat surfaces with a semicircle milled into each flat piece, and
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the pieces are placed together and correctly aligned to form the orifices. The drilled hole type is

one piece oMmetal in which holes are drilled to form the orifices.

Die nose tip

Polymer
feed

L.

Slot

Die nose tip

Polymer
feed

Figure 2-8 Schematic of die nosepieces for single row rbkdtvn die, capillary type (top),
drilled hole type (bottont)

The last important part of the die is that the air manifold or air knives are responsible for
supplying the higkvelocity air (primary air), with assists in drawing or attenuating the polymer
to form micro or nanofibers. Typically, the manifold is located on the die nosepiece's sides and
hits the polymer with hot, highelocity air when it exits the die tip. An air compressor creates
high-velocity air, typically 50% 80% of the sound speed, passing through a heating unit to
obtain the optimum air temperature, typically between 230 te 3@he air gap and setback

determine the angle anighe the air hits the polymer streath.

Figure 2-9 Die tip schematic (a) slot angle (b) nosepiece or die tip (c) aifd)agbot angle (e)

setback
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More explanations about the effects of gemetry on fiber diameter and fiber formation are

discussed in future sections.

2.2 Fiber Diameter and Diameter Distribution

Micro and nanofibers are among the most significant developments in recent years while keeping
all of the characteristics expectedtbytile producers and users. Very fine fibers have high

specific surface areas and high flexibility. As a result, webs containing predominantly micron or
submicron fibers have a large surfaoesolume ratio, micropores, and high porosity. Micro and
nanofbers have been usednmanyhigh-technology applications such as filtration, membrane
separation, superabsorbent clothing, wound dressings, scaffolds for tissue engineering energy,
biosensors, storage, and many electronic device applicationsspitaling, meltblowing, and
electrospinning are the three current processes to produce fine fibers. The fibers produced via
standard melt spinning are usually not smaller than 10 um. Since the polymer solidifies during
the drawing process, this yields higldriented chaingproducing solid fiberat fast rates.

Meltblowing is a rapid, singlstep process used to produce fibers with diameters in the range of
1-2 ym, while electrospinning can make fibers with diameters in the range of 100 nm and even
less.The electrospinning process includes the presence of an electrostatic charge to a polymeric
solution fed through a spinneret under a high electric field. The main operation involves charge
induction in the solution through contact with a higiitage electrde in a metal syringe. High

voltage is applied to the solution and causes the solution to drop off from the syringe tip and

twist into the shape of a Taylor cone. An electric field of the surface charge overcomes the
surface tension of the solution. Thened, a thin jet of the solution erupts from the solution

surface and travels to the grounded collegté¥Most of the research on electrospinning has

used solutions, and this method is solvent intensive, and solvents can be toxic. On the other hand,
polymers,commonly used for nonwoven proses especially polyolefins, are not soluble in

many known solvents. Therefotbgy cannot be used for electrospinning easily. Hence,

meltblown is the best method to produce fine fiber for these polymers. Adseletttrospinning
process is inherently sloand irappropriate fotheindustry. Meltblowing has the potential to

compete with electrospinning because meltblowing would provide a much faster, easier, and less

costly alternative to the electrospinning teciue. If meltblowing technology makes very fine
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fiber at the scale of nano size, then it would penetrate new markets and enhance current product

offerings. Therefore, a significant focus on meltblowing research is reducing fiber didfneter.

There is a aed for meltblowing processes to control the fiber diameter distribution, like the
control of fiber diameter. Still, the number of studies in this area is not a lot, such as fiber
diameter. For some applications, such as air filtration, a wider fiber tiadistribution can be
advantageous. Stilharrow distribution, such as liquid filtration and tissue scaffolding, is more
beneficial for other useé®§ In this process, fiber diameters were distributed normally for larger
fiber diametersHowever fiber diameter distribution for smaller fiber diameters has been shown
to follow a lognormal distribution regarding average fiber diameter, which affects the pore size

distribution and nonwoven performartte.

2.2.1Effects of Proessng Parameter

As mentioned biere, meltblowing is a simple, versatile, estep process for converting

polymeric raw materials into nonwoven. Meltblowing technology is one of the most economical
ways to produce fine fiber webs. In this process, a polymer melt is extruded through die
capillaries into the higispeed hot air stream, and polymer melt strands simultaneously
accelerate, cool, stretch, and form small fibers. Properties and quahsvetb, fiber size, and

its distributions aréheresults of complex interactions betweescdelastic polymer strands and
thesurrounding higkspeed air stream. Therefore, many processing parameters impact fiber
diameter and diameter distribution, such as polymer throughput, melt temperature, airspeed, air
pressure, air temperature, deecollector distance, collector speed, and die temperature. In the
following, we will describe more than two decades of study about the effect of processing

parameters on fiber diameter and diameter distribution.

In the first studies in this field, Kayserc&a@hambaugh found that increased polymer throughput
resulted in highediameter fibers. This is due to the same amount of drafting force cannot stretch
more material to the finer diamet&Chen et al., in a comprehensive study, discovered similar
resuts. They explained and verified their model in the meltblown process with experimental
results, predicted fiber diameters, and compared with the experimental data. They found that a
lower polymer flow rate, a higher initial polymer temperature, and a hgggmer melt flow

index can produce finer fibefdRecently, Hao et al. started investigating jet motion in the
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meltblowing process with a numerical simulation involving airflow. They also predicted the jet
diameter based on the jet velocity calcudatethe model and mass continuity equation. They
verified modeling calculatidwith an experimental study. Finally, it was determined that
decreasing the polymer flow rate would increase the polymer jet velocity on average. Therefore,
they have suggestguicking a polymer with lower polymer flow rates and smaller viscosity to
produce finer fibef* Straeffer and Goswami found a narrow fiber diameter distribution at the
higher jet velocitiesThere is no peak or broad fiber diameter distribution atawedt jet

velocities. Also, Malkan, in a study, discovered that there is a wide fiber diameter distribution
with an increase in the polymer melt flow ind&X.he increase in the processing temperature,
such as polymer and die temperature, decreasébéneliameter due to the reduction of the

melt viscosity*® Although Chen showed that the effect of air temperature on mean fiber diameter
is insignificant, most studies have shown that an increase in the air temperature results in a
decrease in the mediber diametert>**Different studies have shown that an increase in the
airflow rate decreases the average fiber diamBirertheless, Milligan showed that the fiber
diameter is not affected at higher air velocities {2360 m/s and higheff:*' The die to

collector distance is another vital parameter modifying the fiber diameter and properties of the
web inthemeltblown process. Most studies have shown that the fiber diameter decreases with an
increase in the collector distance. However, ingécated that the mean fiber diameter was not
affected beyond a collector distance of 30 tm**84Bresee declared that the increase in the
collector speed (83%) increased the fiber diameter only by 0.1 microns, meaning that the
collector speed isot an influencing factol’ Shambaugh performed an energy balance and a
dimensional analysis by analyzing the industrial data on the meltblowing process and show the
resulting fiber diameter is affected by the viscosity ratio (polymer/air viscésitgyeover,

Haynes realized meltblowing experiments using a sihgle die and concluded that the ratio of
air-to-polymer mass fluxes presented a satisfactory description of the fiber size for a wide range

of processing conditions.

2.2.2Effects of Material Properties

Several studies have shown that the fiber diameter and fiber diameter distribution are related to
material structure. Material variables include polymer type, molecular weight, molecular weight

distribution, polymer melt viscosity, melt elasticity, metesigth, and melt flow rate. As shown
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in Table2-2, a wide range of thermoplastic polymeric materials can be used in the meltblowing
process. The comphtlity of a polymer in meltblowing is independent of the backbone chemical
structure. The most common polymers for meltblowing are polyolefins. Polypropylene is typical
polyolefin used in the meltblown process due to its physical properties and an extarsage
range of molecular weights in different tacticity, low cost, and versatility in making a wide range
of products’ Much progress ithe meltblown process has been made by introducing-hitja

and extremely high melt flow rate resins availatitectly from the polymerization reactor.

These resins significantly improve meltblown productivity and product quality and reduce fiber
diameter and energy costs. Also, the meltblown market's growth is accelerated due to this new
resin technology. The ingptant attributes of polypropylene for the meltblown process are

summarized imable2-6.°2
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Table 2-6 Important attributes of polypropylene for the meltblown process
Polypropyleneviscosity can be controlled by
chemical degradation, mechanical shear
degradation, and thermal degradation. The
resin is of higher melt viscosity (lower melt
flow rate), and the processor can control th
final melt viscosityby combiningthree
degradatiormechanisms to meet the desire
product attributes.

The meltblown process requires narrow
molecular weight distribution to produce
uniform fine fiber. The new catalyst
technology enabled resin manufacturers to
Molecular weight distribution produce extremglhigh melt flow rates with
narrow molecular weight distribution. The
three degradation processes above further
reduce thgolymer's molecular weight
distribution

The melting point in polypropylene is high
enough for mostg@plications, and yet the
Relatively High melting point melting behavior is such that it can be
thermally bonded due to its relatively broad
melting range.

The polypropylene melt can be drawrfitee
fiber if the melt viscosity is sufficiently low
and the narrow wiecular weight distribution
The low melt viscosity is needed because t
fiber draw is accomplished by the drag of
Fine fiber capability high-velocity airflow rather than by
mechanical draw. The narrow molecular
weight distribution reduces the melt elastici
and mels strengh of the resin so that the me
stream can be drawn to a véirye diameter
without much draw force.

Melt viscosity tailoring

Polyester is an important material in the textile industry. Also, it is believed that this polymer
resin can become the second most widely used molygsin inthe meltblown processafter
polypropylene. The reason can be related to a higher temperasistgancehigher strength, and

other meltblowing fabric properties that cannot be fully met with polyolefins. Thereforeisend
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and compatibilitywith the meltblown process are twdtical factors in using different polymer
resins inthemeltblown industry. Zhao and coworkers produced a bicomponent meltblown web
with polypropylene and poly (ethylene terephthalate). The result has shown thatthe hig
percentage of shrinkage of PET increased the average fiber diaN®tertheless)y adding
Polypropylene (25%), the increase of fiber diameter under the same heating conditions is
reduced significantly® Recently, JafarandShim, due to theising concerns over the

environmental sustainability of polypropylene (PP) filter materials, used Poly(lactic acid) (PLA),
which is a likely alternative for petroleubased synthetic plastic. This study investigated the
effects of processing parametersRitA meltblown structures and filtration performances using

a commercially available low molecular weight PLA resin. The result has shown that PLA
meltblown tends to have larger fiber diameters than PP meltblown at the same processing
parameters? Louis and coworkers produced poly(vinylidene difluoride) (PVDF) mats with fine
fiber by meltblown process. This study has made meltblown fabric with an average fiber
diameter varying from 2 tol . This study's goal is to create a meltblown mat for battery
separation’ Tan and coworkers used polystyrene (PS) blends with different molecular weights to
produce meltblown fabrics. In this study, they have found that increasing melt viscosity leads to
an increase in average fiber diameter without any signifeff@tt on the coefficient of

variation.In contrast, an increase in melt elasticity beyond a threshold value reduces the
variation coefficient whiléncreasing the average fiber diamefeReng and coworkers

successfully fabricated bicomponent microfofdrers membrane based on polypropylene and
polystyrene by meltblown process. The incompatibility of the used polymers made the viscosity
of blended melt fluctuate continuously, resulting in the remarkable diameter difference that
happened in prepared fitse® Although ethylenébased polymer has been used in textile
technology for several yearsinimal data have been reported on polyethylene meltblown
nonwovens. Yesil and coworkers investigated the effects of processing parameters on some

characteristis of polyethylene meltblown nonwovessich as fiber diametét.

2.2.3Effect of Die Geometry

A meltblown die tip's geometry widely impagislymer strands' aerodynamic and rheological
forces and fiber diameters. Numerous die tips were invented and uexhieltblown industry,

but the two universal categories of meltblown die tips, such as single row and multiple rows die
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tips, have been used more than other categories. The first osigsearow refers to a single
line of capillaries matched by two imposing hot gas streams for fiber attenuatidiolldwng
commercial die used in meltblown is Mutbw, or Biax die (die patented by Bietberfilm
Corp). In this model, polymer meltdributes to cylindrical capillaries. An annular attenuating
air stream surrounds each capillary to provide concentric air near sonic levels around each
polymer jet steam for fiber attenuation. Moreover, sirgle die tips are generally usedtire
meltblown industry, and there is still room for additional design optimization for making fine
fiber.

Researchers had to change the die geometry in many studies to enhance the airflow field to
achieve a higher drag force to reduce fiber diameter. Tate has #haivensharp slot die is
aerodynamically superior to a blunt die, enhancing airflow and reducing fiber didhtdsmsan

and coworkers used computational fluid dynamics (CFD) simulations to investigate the effects of
different meltblowing die configutens on the meltblown process's airflow field. They

investigated the effects of air constrictors of different widths, lengths, and angles to identify
designs that would maintain high centerline air velocity below the polymer injection and keep
polymer tenperature around the melting point near the die face. Simulation results revealed that
vertical air constrictors with a width between 20 and 30 mm and length between 10 and 20 mm
would result in higher maximum centerline air velocity and higher maximurerntiestair

temperature to get finer fibéf.

In a comprehensive study, Khan investigated the effect of die orifice dimensions such as
diameter and L/D ratianddie geometry variables such as nose tip angle, air gap, nose tip
setbackandface gap on fibr diameter. It was observed that orifice diameter, air gap, and L/D
ratio all had a statistically significant effect on average fiber diameter, and higher MFR was more
sensitive to orifice length than low MFR. the investigation has shown that the dffexteotip

setback and L/D on fiber diameter was not statistically significant. It was also learned that orifice
diameter in the range of 20 mm had no practical effect on the final fiber diameter. This

study's result has indicated that a lower nosariigle reduced average fiber diamet€Bun and
coworkershaveshown that the L/D ratio in meltblown die has a positive linear effect on the
pressure drop as the L/D ratio increaSéghe effect of the capillary diameter has been

thoroughly researched as a function of fiber strealler capillary diameters allow for lower
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mass throughputs of polymer attldus finer fibers. Ultimately, the die density, or the number of
holes per inclfHPI), has been of great interest, yet there is a lack of research to describe the

exact effect of die density on meltblown nonwovéns.

2.3 Process Failure, Flow Instability, and Defects

One of the ultimate goals of the meltblown process would be the piadotthe smallest

possible fibers. Fiber diameter reduction can achieve in various ways, including higher melt and
air temperaturé€ low molecular weight polyméthigh airflow rate?* low polymer throughput?

high melt flow rate’?. Still, eventually, the process reaches the failure points where melt or

polymer strands break.
2.3.1Major Instabilities and Defects in Meltblown

Several flow instabilities and defects can limit the processing window for the meltblown
technology, especially concernitige smallest achievable fibers. Instabijlgych as

aerodynamic perturbation or whipping action and fiber breakup instabiditeesiriven by

surface tension (Rayleigh instability) in the meltblown process. Moreover, the result of
instabilities in the miéblown process after die would be defects such as shot, fly, die drool, and
roping in final products. These instabilities and defects explain in more detail below.

2.3.2Melt Strand Instability

Fiber Breakup

During attenuation of the melt strand, a few o®peters below the die, where the melt strand is
stable and the elongation is along the direction of extrusion through a nozzle, the fiber diameter
started to fluctuate periodically, which led to the pHpciint formation at which melt strands
breakages a@ur under extreme extensional deformation imposed by air drag force. It has been
reported that the resin propertisach as elongational viscosity and surface tensiave

affected periodic fluctuatiaof fiber diametef?

One reason for fiber breakup after die is a kind of instability in meltblown fibers induced by
surface tension, particularly when fiber diameters approach the nanoscale. This phenomenon is

typical for Newtonian liquids and is called Rayleigh instabilitynierous researchers studied
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Rayleigh's instability, both theoretically and experimentally. Rayleigh explained that
axisymmetric disturbances could grow and control the breakup of a jet, and a small disturbance
can be increased exponentially with time. Fibeeakup in meltblown occurs when surface

tension forces increase fiber necking at various locations along with the fiber. These necked
regions grow and ultimately pinch off the fiber, resulting in droplets of a characteristic size.
Moreover, extensionaitress builds up for viscoelastic fluids due to the fiber's drawing, which

can delay or even retard this instability. Also, as showiigare2-10, thespherical particles

made after fiber breakup are different from the shot in the meltblown process.

W
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Figure 2-10 Meltblown fiber breakup?

Han and coworkergroduced nanofibers wittnultihole die meltblown machines using two kinds

of commercial polypropylene under different processing conditions. In this study, they
investigated both theory and experimentally the fiber breakup driven by surface tension, and The
Rayleigh instability teory presented as the cause of fiber breakup. The results of this study
reveal that polymer viscosity plays an essential role in fiber breakup. Also, meltblowing process
conditions, such as higher melt viscosity or lower air pressure, could reduce thedddaip.

The modeling part of this study has shown that the polymer surface tension influences the fiber

breakup and could increase dramatically with decreasing fiber diatheter.

Ellison and coworkers have studied the fiber breakup under certain giracesnditions. The
materials in this study were polymers (polypropylene (pp), polybutylene terephthalate (PBT),
and polystyrene (PS)). Fiber breakup was not observed in PBT meltblowing experiments. The
reason may be related to higher melt viscosity dastieity in the PBT compared to PP and PS.
They also observed that thiber breakup amount dependsmocessing temperature and air and
polymer flow rates. In general, they believed that the overall average fiber length and mat
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strength reduce by a sifjnant level of these instabilities. Also, the level of entanglement in

meltblown can affect the creation of fiber breakup during the fabrication process.

Ziabicki, in a study, described that a cohesive fracture and capillary action cause fiber.breakup
Surface tension effects drive capillary breakup. However, for meltblown compared t&ponelt
fibers whose fiber diameters are smaller, capillary forces are probably too low to cause the
breakup. On the other hand, Cohesive fracture occurs when tHe &ress in the fiber passes a
critical stress value, and the critical stress value is a function of temperature and elongation

rate®°

Recently Hao used a Levelet method coupled with the Nawvigtokes equations to simulate the
breakup process of melt strands during melt blowing and specifically after die exit. In this study,
they explained by using the theory of the melt strand brepfagess driven by surface tension,

and the breakup process was illustrated visually by simulation results.

Figure2-11 shows simulation results of the polymer jet breakup process driven by surface
tension during melt blowingrhe numbers at the top eapi the time of the process. At zero

time, which presents the initial state of the disturbed melt strand after die-lkeeeetions

between larger nodules of fluid. In the meltblowing process, these perturbations are always
present and can be genedhby various sources, includinige vibration of the processing

machine, fluctuations of the airflow turbulence, and theuniformity in the shear stress on the

free surface. In the flowing time between 04082 seconds, the perturbation continues to
develop, and the thinner part of the melt strand becomes thinner until they break up and form like
an individual droplet. As time progresses, each droplet tends to be pulled into a spherical shape
caused by surface tension. The breakup process in a raall siegins with the development of

small perturbations on the free surface of the ftdid.
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Figure 2-11 Evolution of a melt strand breakage into drops after die (diametegrof 8iscosity
of 3 Pa-sand surface tension of 0.02 NAih)

!

Moreover this study investigated the effectssafveral parametersuch as polymer viscosity,

fiber diameter, surfacension, angberturbation amplitudeyn the breakup process. They have
foundthatthe breakup of the melt strand after die happened very easily with the decrease of
polymer viscosity, polymer jet diameter, and the increase of polymer surface tension and
anplitude of perturbation. They have also explained that lowering the surface tension is a very
important parameter of the polymer that can methuce the fiber breakup phenomena and
simultaneouslybtain meltblown nonwovens with better qualiiowever they did not explain

how we can reduce the surface tension of each polymer sample.

Whipping Motion

In meltblown, airflow attenuates a molten polymer jet that passes out from a small orifice in a
die. The surrounding air or ambient air, drawn into the #ixram, reduces the molten jet's
temperature as the molten polymer falls toward the collection screen, located a few centimeters
away from the die orifice. The higher airspeeds between the die and screen lead to thinner jets
and faster production rates aralise the fiber to undergo violent whipping motions before it
arrives on the collection screen. Therefore, the bending instability of thin liquid jets in the air is
caused by a high level of melt and air inetfihe fiber vibration in which the nanotanged to

fiber whipping was first identified in Shambaugh's meltblown study. Their study showed that the
fiber motion appeared to be playing, and the view seemed to be a bundle of jets, with each jet
leading toward a single fiber. Also, in their studighispeed strobe photography was used for
recording in a singkaole meltblowing devic&® Zeng and coworkers used a higpreed camera
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to capture the fiber whipping motion below a single orifice meltblowing slot die. In this study,
they proved that the pping action of the fiber in meltblowing is similar to electrospinning.
However, the whipping in the electrospinning process is an electrically driven bending
instability, whereas, in the meltblowing process, it is aerodynadmigen bending instability

Also, the bending instability is related to the high velocity of air. Higher airspeeds lead to thinner
jets and faster production rates and cause the fiber to undergo violent whipping motions.
Although whipping behavior in electrospinning has been ameftt in numerous works, fewer

have touched on the meltblown fiber whipping dynarfidhe theory of aerodynamically

driven bending instability of thin liquid jets in the air was developed and explained for the first

time by Yarin and his coworké?.

Shambaugh and coworkers have made several numerical simulations of the meltblowirgy proces
to predict fiber diameter. The first model was based on equations applied to tkpinreiig

process. This ondimensional model simulated fiber dynamics and used empirical correlations

to incorporate heat transfer and drag effects at thigair boundary. The model included a
Newtonian and a viscoelastic equation, and it was concluded over the range of parameters
studied that viscoelasticity had minimal effect on fiber diameter. In the following, they

developed the model from owémensional to tworad threedimensional models. These models
allowed the fiber to experience lateral velocity perturbations and thus attempt to simulate the
fiber whipping phenomena observed in meltblowing. These models also indicated that
viscoelasticity had minimal impaon fiber diameter because they believed that the rapid

changes in temperature occurs during melt blo®i%§Xie and coworkers utilized an

improved Lagrangian numerical approach to simulate the fiber whipping in melt blowing. The
fiber whipping similated in this research was significantly developed compared to earlier work
that utilized the Lagrange model to simulate fiber whipping. Furthermore, this research simulated
fiber diameter, velocity, and temperature below the spinneret. Meanwhile, tregdrasiuded

that the most attenuation of fiber diameter occurred close to the die exit. Also, the fiber velocity
increased gradually while the air velocity decreased rapidly along the spinning line. On the other
hand, the fiber temperature decreased sloger the decreasing air temperatifre.

Yarin and coworkers presented a comprehensive, -gunasiimensional model of the dynamics

of threedimensional excursions of polymer jets in meltblowing outlined. The model could

predict the fiber laydown patteras in nonwovens formed on the collect®his stugy compared
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the model's fiber diameter and standard deviatith experimental data. Also, the model

suggests that the effect of the turbulence spectrum in gas flow and screen speed does not affect
the valus of the mean diameter fibers significantly and fiber size distribution approaches the
normal one as the screen velocity incredSes.

In the meltblown process, whipping can be into various forms oftfimensional bending

motion and threelimensional spal path of fiber. As shown iRigure2-12, this model (twe

dimensional bending motion) is related to sla, where the frequency changes as theudcst

from the die head, polymer flow rate, polymer temperature, and airflow rate change. Also, the air
temperature does not have any effect on frequency. On the other hand, the amplitude increases if
the distance from the die head and airflow rate incecas®l the polymer flow rate decreases.

Air and polymer temperature do not have a significant effect on the amgfitude.

\|\

Figure 2-12 two-dimensional fiber bending instability near die &xit

Another form of whipping would be the thrd@mensional spiral path of fiber in the pasé

area that is related to the swilie, as shown ifigure2-13. This type of whipping reduces the
frequencywith polymer flow rate and temperature rise. Also, the frequency decreases when the
airflow rate decreases. Moreover, air temperature and distance from the die head do not have any
particular impact on fregncy. On the other hand, the amplitude remains constant with the

change in processing conditiofis.
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Figure 2-13 Development of fiber path near the swirl die

While influences of variouprocessing parameters on whipping and bending perturbation and its
impacts on fiber diameter and diameter distribution are relatively well studied, it is not the only
source of fiber diameter variations and process failures. The instability developraenbtién
polymer jet in the higtspeed air jet stream also needs to be understood, as it determines process

failure.
2.3.3Fiber Defects

Shot

"Shot" is a particle of polymer in the meltblown fiber web (shot is not very common in other

types of the nonwoven process) that is larger than the size of the fiber (several tens of microns in
size) that have indistinct shapes. Butin and Lohkamp suggésietthe fiber breakage associated
with the incidence of shot formed by the elastic "snap back" of the fiber ends upon breaking.

Still, this model is not the only way to produce a shot. Milligan and Haynes never observed a
broken fiber except in the caséa plugged and chugging orifice. SEM and optical microscopic
pictures of shots in the meltblown web are showRigure2-14.3
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Figure 2-14 SEM (bottom) and optical (top) microscopic picture of shots in meltblowriaveb

Several parameters would be affected to produce shaneltblown web, but most of these
clumps result from the process conditidhBor instance, high temperatures, much low
molecular weight, and smaller equipment cleanliness can be the main reasons to have more shots

on our web:

Utsman and Milliganbased on an experimental study, have suggésaethe number of shot
intensity decrease with increased primary air velocity and decreases primary air temperature,
polymer throughput, and polymer temperature. They also found that the higher meltéow ra
can reduce the number of shot intenétty.

Khan investigates the effects of die geometry and process variables on the shot formation of
meltblown webs. He also developed a subjective technique to determine the shot level. In this
method, he explainettiat each sample web was visually rated on a relativddixad subjective

32



scale such as none, low, medium, high, and high incidence. He also revealed that shot notably

increased if the orifice diameter and nose tip setback incttase.

In a brilliant stdy, Bresee and Yan explained their experimental observations of the shot in
meltblown webs. They conclude thiaeshot is typical in just meltblown webs, not other
nonwoven webs. They also explained that most shot particles visible to the human eye have
diameters in the range of 1300t | , the overall shape is approximately circidadwell
crystallized, and the volume is roughly estimated to b&07mn¥. The amount of web area
containingtheshot is typically less than 0.1%. Most of the big size shdigbes causéhe

melting of nearby fibers in webs. "The number of shot particles per unit basis weight decreases
with increasing basis weight when basis weight is varied only by changing the collector speed.
Also, the number of shot particles per unitvaeea decreases with increasing die to collector
distance." They also tried to explain their experimental data because of three different models.
The first model was the Fiber transformation model. "This model invobresrig fibers and
thentransformingthem into shot particles.” The development of tiny shot particles is plausible
this model. However, this modelusisutable for medium and large shot particles because of
significant size, shape, and internal morphology changes. The second modelitedtshot
formation model. "In this model, fibers and shot are both formed initially, so shot particles are
produced directly without undergoing a filershot transformation." the final model is shot
precursor model." This model involves forming sprecursors at the die and allowing these

precursors to grow into shofts.

Fly

Fly is a contamination of the surrounding aithe meltblown process by a collection of very

short and extremely thin fibers that do not collect on the screen or Buthermore, it does not

affect the web as with the other defects. Extreme and excessive blowing conditions (air pressure)
die to collector distang@nd collector speed cawsdbis defect’® Fly particles are shown in

Figure2-15, whicharerelated to different die to collector distances.
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Figure 2-15flies particles collected at high (tophedium (middle), and less (bottom) die to
collector distance. (Black bar is equal to 3.0%¢m)

Several researchers, during their studies, found that very high air velocity (supersonic flows)
produces an utebleairflow field, which is the maimeason and also responsible for a large
number of fibers breakage or fly generation between die and s€réen.

Bresee an@ureshi publishetheir study about fly formation in the meltblown process. This

research also explained that primary air pressiie to collector distance, and collector speed is
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the main reasons for fly formation. They also explained that fly formation is controlled by
aerodynamic drag and fiber entanglement, which states that fly particles are released during
meltblown when aig force exists that is strong enough to break fibers. Second, fiber
entanglement is insufficient to retain broken fibers within the forming web. They also presume
that only two regions of the meltblown process produce a large enough drag force oarthe fib
leading to fly particle generation. These regions can be near the die and the collector, where
differences between air and fiber speaussignificant!’

Khan investigates the effects of die geometry and process variables on the fly formation of
mdtblown webs. He also developed a subjective technique to determine the fly level. In this
method, he explained that each sample web was visually rated on a relatiegdivaibjective
scale such as none, low, medium, high, and extremely high incidém@dso revealed that fly
notably decreases if the orifice size diameter increase and fly rating irsongsan increase in

the air gap?®

Die Drool

Die drool in polymer technology is a lotigne known phenomenon, and the first publication on
this phenomenonaenebackin 1946. Die drool is described as an unwanted spontaneous
accumulation of the polymer at the die exit of the extrusionmighich the polymer builds up

into a large, usually degraded, or solidified mass. Die drool frequarthk® away from the die,
entirely or partly encloses the flow, and causes reduce the quality of the product. Until recently,
scientists believed that die drool is only related to process, but based on recent studies, it is
considered a fundamental rheolaliphenomenon. Moreover, die drool is a complex problem
related to extrusion techniques, polymer materials, and different processing conditions. Also,
there are two @ drool types, external and intergigure2-16).
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Figure 2-16 Die droll phenomend#

Several factors have affected die drool, such as die design, polymer materj@ioeesking
conditions. Die design includes sharp corners at die lips inside the extrusion die, high surface
energy die wall materials, high surface roughness, and a small length to diameter ratio. Polymer
characteristics such as low molecular weight foasj low molecular weight tail, high melt

elasticity, different material properties in blends, extending oils or waxes, and chemical reactions
between the polymer and the metal die can affect die drool. Furthermore, processing conditions
such as high prossing temperature, drawdown, and intensive cooling of the die exit and other
factors such as die swell, shark skin, wall slip, vortices, andttik are essential to make this
phenomenon.

Also, there are some methods to eliminate die drool. Miodjfextrusion dies, such as using low
surface energy materials, ceramic dies or hard chrome, rounded die exit edge, flared die exit,
replaceable inserts, and dies with a short convergent channel followed by a long diverging
channel. Modification of polymer matals such as the addition of processing aids, increase in
chain branching, decrease in polymer melt elasticity and shear viscosity, reduction of the filler
content, optimization of coating agents used to prevent the formation of agglomerates, and
modificaion of blending of polymers to reduce phase separation during processing. Finally,
modification of processing conditions such as replacement of contaminated air near the die exit
with clean hot air or gas, decrease in external cooling, reduction in resitliere, extreme

shearing, and viscous dissipation to minimize material degradtion.
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Roping

Roping mainly occurs when several fibers bundle or fuse together and effectively create one
large fiber bundle or one large, fused fiber during the meltblowogss. Roberts has explained
that three different fibrous interlacing types will be considered roping: 1) Roped fiber bundles
when several singular fibers can still be identified within a roped bundle. 2) Fused fibers when
the differentiation between inddual fibers within a roped bundle is vague due to fiber fusion.

3) Unusually coarse fibers, when the large fiber of approximately five times the size of a typical
fiber, was likely formed from fiber fusion but may or may not have been caused by natural
variation in the proces¥ Several patent and scientific papers regarding the roping phenomenon
in themeltblown process exist. Within these studies, scientists investigated the dependent and
independent variables such as turbulence in the air streanfifibness, dito collector

distance, air volume, cooling rate, air stream uniformity, and polymer resin on ropimeg in

meltblown process.

Bresee and coworkers claim that an increase in air flow rate or a reduction in die to collector
distance increasehe roping in the meltblown web. Therefore, it seems that fiber traveling time,
actual melt temperature, heat transfer, and cooling efficiency play an essential role in roping in
this process§®®! Different fiber roping irthe meltblown process havéewn inFigure2-17.

On the other hand, theaeenot many studies about the quantification of roping inrtredtblown
process. In one of these studies, Bresee and coworkers quantified roping by usirgpeéigh
camera and measuring the diameter of the fiber burtles.

Figure 2-17 Different ropingmodek in themeltblown process: entangled fiber bundles, fused

fibers, and unusually Coarse fibers (from left to right)
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2.4 Polymer Melt Rheology

Thermoplastics are polymeric materials themeltedwhen heatedand denoted polymeric
materialscan be made to soften or take on new shapes under heat and pridssumeplastics
are available in soligtate as chips, granules, or powder and then melted and reshaped to form

various plastic productg

Melt rheology is the deformation of the material under the influence of stresses. There is a
deformation when the thermoplastics are melted and converted into solid products of various
shapes. All polymer melts are viscoelastic materials; response to externaldaad/éeying

extens between a viscous liquid and alastic solid. An ideal elastic solid is often described as a
spring. The deformation is fully recovered when the stress is released, whereas a perfect viscous
liquid is usually represented by a dashpiog, energy of deformation is wasted in the form of

heat. Moreover, the energy cannot be recovered by releasing externafforces

A polymer melt represents a bunch of entangled and flexible lines of varying lengths. Molecular
weight or the degree of pgherization influences the length of the line, and with increasing
molecular weight, the melt viscosity increase. Therefore, the longer the chains make the
polymers' flow harder because they are more tangled, and the processibility worsens, although
mecharcal properties improve. In the fiber formation process, different viscosity would
influence fiber diameter. On the other hand, the molecular weight distribution signifies the extent
of length variation in the cluster, and it can affect elasticity anttheifiber formation process,
affects fiber diameter distribution width. Rheological tests' sensitivity is mainly due to chain
entanglements resulting in significant differences in flow behagi@n for small variations in

chain length or branching. Changetferate of deformation describes changes in flow behavior.
Rheological analyses are often used as a valuable tool for quality control of raw materials,

manufacturing process, and final guzt and then fopredicting material performanc¥.

As shown inFigure2-18, polymer melts can exhibMewtonianbehavior under some conditions.
There is a Newtonian region in the low shear rate where the viscosity does not change with the
shear rate. This graph presents a general decrease in melt viscosity at some critical shear rate,
and polymer chains align more uniformly as the shear rate insre¢hea the viscosity decreases
accordingly. Molecular weight and molecular weight distribution are very efficient between all

parameters that affect the melt rheology.
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Figure 2-18 A typical viscosity versus shear rate curve for thermoplastic polymers

For instance, viscosity decreases with shear rate would occur sooner as molecular weight
distribution broadens. The reastan berelated to the length of the molecular chain because the
smallermolecular chains havewer viscosity. However, the polymer's viscosity would be

higher at broad molecular weight distribution at higher shear rates. The long molecular chains at
higher shear rates tend to act tenaciously and elastipedlyiding higher viscosity. Therefore,

the slope of the viscosity versus the shear rate curve is used as a tool to describe the molecular
weight distribution.

Furthermore, the low shear viscosity height can relate to the average molecular weight. However,
these relationships are considerably affected by influences such as branchinlnldragsand
molecular entanglememssuming the constant molecular weight and molecular weight
distribution, higher branching, creeking, or entanglement levetanhave a higher average
molecular weight at low shear rate testing compared to a reference polymer with low
entanglement and a small amount of branching or digsg. As the shear rate increases, the
viscosity decreases quicklyhe viscosity will be mue higher at higher shear rathan the

reference material having little branching, entanglement, or-trdssg. Due to the dependence

of rheology on the structure and the basic inherent chemistry of the polymers, rheological data
can be used effectiyeto control material parameters like molecular weight, molecular weight
distribution, branching, and creBeking. Therefore, the right choice of polymer for the process

can be made under a given set of processing condffions
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Polymer processing is deribed as the engineering specialty concerned with operations carried
out on polymeric materials or systems to increase their efficiency. The subject of polymer
processing has been traditionally and continuously discussed in terms of the current grocessin
methods to convert polymeric materials into valuable products. These processing methods are
injection molding, compression molding, calendaring, thermoforming, blow molding, transfer
molding, and extrusion, which are essential for us in this researetexfitusion is a Latin word

that comes from two parts, ex meaning "out" and trudere, meaning "to push." Extrusion is a
process for making continuous plastic objects such as tubes, rods, cables, wires, and various
profiles such as filaments, films, and stseén this process, the polymer powder, pellet, or
granola is melted in a heated barrel and moved forward, homogenized, and pressurized by a
rotating screw under high shear into a die. The chief operating variables are the frequency of
screw rotation, thearrel temperature, and die form. The die continuously shapes the melt into
the desired form, and the prodisformed, which is infinite in one direction. The molten profile

is cooledby air, water quench, eunning it over chill roll$®

2.4.1Polymer Melt viscosity

Thermoplastic resins are in the fluid state at temperatures above the melting point, and the degree
of stickiness of a liquid is expressed as its melt viscosity. In this section, at first, | have explained
what viscous liquid is. In the falving, essential factors that affect polymer melt viscosity have

been investigated.

2.4.2Viscous Liquid

Viscosity is the property of a liquid that offers resistance to the liquid's movemergasures
theresistance to motion between the fluid layers. All real liquids have a certain amount of
viscosity, while a viscous liquid has a large amount of viscosity. Sir Isaac Newton was the first
person to formulate this hypothesis. More than a century latggedige Stokes corrected
Newton's original work. As shown Figure2-19, two plates are closely spaced at a distance,

and the simple shear flow generated between two parallel plates. We assume that A is the area
of plats, and edge effects may be ignored. Also, the lower plate is fixed, although a force F is

applied to the upper plate.
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Equation2-1 is expressed in terms of shear stress, and the applied force is proportional to the
area (A) and velocity of the plate (u) and inversely proportional to the distance between the

plates (h)We are ombining these three relations results in the equation.

) ion2-
& sl E Equation2-1

Wheres is viscosity, this equation can be expressed in differential form, as sh@&guation
2-2.

& . s Equation2-2

T s 1@
Wherez is the shear stress in thalikection on a plane with its normal direction pointing in
the ydirection, and s the rate of deformation or shear rate. A dasiguiten used to

describe the Newtonian material, as showhigure2-20.
t t+At

gt

Ax

T

T
Figure 2-20 a schematic behavior of a Newtonian fluid with a dashpot
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Dashpot has shown elongation deformation along theis; which can be utilized for shear
deformation, as shown mquation2-3. Dashpot shows thatéldeformation is timelependent,
and the dependence between deformation and time is linear for a Newtonian fluid in terms of

shear rateEquation2-4 has revealed the shear réte

30
r — Equation2-3
E q
f 52 Equation2-4

2.4.3Factors Affecting Polymer Melt Viscosity

The polymer melt viscosity is a vital variable in the process because it effectively controls both
the process anithe strength of the final product. Polymer melt viscosity measures the rate at
which chains can move relative to each othergiven temperature. Melt viscosity control by

the ease of rotatioof the backbone bonds, the chain flexibility, and the degreatahglement.
Some polymers with low chain flexibility, such as aromatic polyimides and aromatic
polycarbonates, are highly viscous in their melting range as compared with polyethylene and
polystyrene. Polyvinyl chloride has a high melt viscosity due tpalarity. For a specific

polymer, the melt viscosity considerably depends on several factors, such as molecular weight,

temperature, and shear réte.

The root variable is the molecular weight, which with an increase in molecular weight of the
polymer,both the melt viscosity and mechanical strength increase. As shduguie2-21, a
polymer suclas polystyrenat room temperature with a degree ofypeerization of 1000 is stiff
and brittle. Still, this polymeis sticky and soft at a degree of polymerization of\iile the
stiffness properties reach an asymptotic maximum, the viscosity increases steadily with

molecular weight.
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Strength Viscosity

Molecular Weight
Figure 2-21 Effects of molecular weight on viscosity and mechanical properties

Most polymers show a molecular weight distribution, which means they are composed of
molecules of different lengths. There is the @asi molecular weight for such a molecular

weight distribution, such abenumberof average molecular weight- ), which is the

molecular weight of all the molecules per the total number of molecules. The weight average
molecular weight{ ) is alittle more complicated. In this definition, a bigger molecule contains
more of the total mass of the polymer sample than the smaller molecules do. In other words, the
weight average molecular weight depends on both the number of molecules present and the

weight of each molecule. These are represented below.

€0 Equation2-5
B¢

i Equation2-6
B

Whered is the molecular weighand¢ is the number of molecules with i repeat units.

Another form of molecular weight average is the viscosity avefkagg (hich is represented

below.

— 0O Equation2-7
Where f] is the intrinsic viscosity and andk are materialependent parameters. The viscosity
of a typical polymer as a function of molecular weight showsgare2-22. The picture shows
how the viscosity changes from a linear to a power dependence at some critical molecular
weight. This linear relationshi@sults fromntramolecular friction, which increas

proportionally with the length of the molecules. As the molecular weight increases with the
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increasing length of the molecules, the molecules tend to entangle, causing a power relation

between molecular weight and viscosity.

Log viscosity

Log molecular weight (M,,)

Figure 2-22 Zero shear rate viscosity for polymeessuswveight average molecular weight

A measure of the broadness of a polymer's molecular weight distribution is the polydispersity
index defined by the equation beldv

00 OU— Equation2-8
As mentioned before, th% ;‘glomsistance of polymer melt greatly depends on the temperature
because with decreasing temperature, the mobility of polymer molecular chains decreases.

Depending on the specific material processed and desired temperature range, two additional
models can based the Arrhenius and the WilliarAsandetFerry (WLF) models. The Arrhenius
equation, which applies to sefwrystalline and insoluble polymers, is written below.

-Y — 0 Equation2-9
where% is the activation energy,, a reference temperature and R is the gas constant. Using
the Arrhenius model, the viscosity curves measured at different temperatures can be used to
generate a master curve at a specific temperature. For amorphous thermoplastics polymers, the
Arrhenius malel is valid for temperatures more thént+ 100 K. Below this temperature, free

volume effects dominate the behavibherefore, for temperatils®etweend to 4 + 100 K,

the WLF model best describes the temperature dependence of amorphous thermoplastics'
viscosity.Equation2-10 showsthe WLF model
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-"Y =0 Equation2-10

Equation2-10represents the viscosity of the polymer at a different temperature concerning a
reference viscosity at a reference temperatifie Also, this equation is correct only in the zero

shear visosity region. Becaus® ' is a widely used temperature, and it is often chosen as the

reference temperature with = 17.44 andt =51.6 K8

Also, as shown ifrigure2-23, the melt viscosity decreases with increasing shear rate and
temperature due to the disentanglement and alignment of the molecules and enhanced mobility
of polymer molecules, respectively. Alghe melt viscosity depends on the pressure. Therefore,

the higher the pressure would increase the viscosity of the molten polymer.

/ Pressure Increases

Log Viscosity

v

Temperature decreases

Log Shear Rate
Figure 2-23 The viscosity of polymer melt depends on the shear rate, pressure, and temperature

2.4.4Polymer Melt Elasticity

Recovery of solid materials from a previously applied deformation is the most straightforward
meaning of the word elastic. In polymer processinghsas fiber formation, it has become well
recognized that polymer melt elasticity is equally important compared to polymer melt viscosity.
Viscous properties of polymer melts have been widely investigated and are documented in many
papers and textbooks omeology. However, there is no summarizing publication for elastic
behavior, and research articles are sparse, although elastic effects determine rheological

properties and may play a significant role in processing.
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One of the most important elastic belwavn polymer processing and fiber formation is the die
swell, which happens a few centimeters after the exit of an extrusion die. Also, extrudate
distortion and melt fracture are related to the polymeric material's elastic response. Besides, the
melt's dastic behavior can strongly influenttee energy required to process the polyffier

2.4 5Elastic Solid

Robert Hooke was an English scientist, and today his name remains well fardwsdeal with
solid mechanics anéhear elasticity thegr. He stated that force is directly proportional to the
deflection, as shown iBquation2-11.

& B0 Equation2-11
Where k is the spring constant, F is the force,@nebs the displacemenitooke's concept was

modified later by Leonhard Euler to the new equation below.

- Ow@Qort 0 Equation2-12
Wheret is the shear stress, G is the modulus of rigidity or elastic modulus, atite

corresponding shear strain.

Perfectly solid deformation under shear seawrigure2-24.
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Figure 2-24 solid deformation under shear

A spring often represents the elastic component of materials and polymers, as shigwrein
2-25.
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Figure 2-25 Schematic representation of Hookean law with spring

As shown inFigure2-25, the spring extends under the load and remains constant as long as it
remains the same. After releasing the pressure at thegipspring instantly returns to its initial
shape. Today, it evident that the elastic behavior is not observed only in springs allitother
springy bodiessuch as metal, wood, stones, hair, bones, and glass. Moreover, all the other
materials, such as polymeric materials, have a viscous force componedtjdimtgotime

dependency when they are deformed and should be considered viscoelastic rffaterials

2.4.6Evidence of Elasticity

Rubber is an excellent example of an elastic polymeric material because it can be stretched
greatlyand jump back to its first shapédnen released. This phenomenon is rulddastic.The
elastic properties of polymeric materials are usually more complex and become apparent by
various features, which sometimes look sligistlyprising. In the following, I will explain more

about this phesmenon.

Effects Due to Normal Stresses

In polymeric materials, it can be observed that the material climbs the rod as a rod rotating in a
beaker filled. However, during the same experiment with the Newtonian material, the free
surface remains flat at commaéle revolutions of the rod, and it is even pushed away from it at
higher rotational speeds due to the centrifugal force. This phenomenon is due to the existence of
elastic forces acting along the flow lines and giving rise to stresses perpendicutaiida/th

plane. These stresses are called normal stresses.
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Die Swell

Die swell is a common phenomenon for viscoelastic liquids flowing when a polymeric fluid
flows out of a dieThe extrudate diameter is usually higher than the channel sizesfidusis

called dieswell, extrudate swell, or the Barus effect. The die swell can attain significant values
for polymer melts. Therefore, it may play an essential role in some processing opelkédions.
publications about die sweach focusing on dérent aspects of this phenomenon. Moreover,
there are various interpretations of the extrusion swell of viscoelastic fluids from the
macroscopic view of polymer rheology, such as a normal stress effect, an elastic energy effect,

entropy enlargement, anientation effect, and a memory effect. These interpretations are all
related to each otheGenerallythe swell of a strand at the die exit is a vital characteristibef

fluid elasticity during flow and can be attributed to the recovery of elasticrdafimns the fluid

has experienced while passing through a channel.

Several critical parameters attributed to die swell explained b&welling will increase with

an increase in shear rate (up to a critical shear. \Mi#f) increasedemperature and lgth of the

die, swelling can be decreased. Also, the shape of the capillary can be dffeitiedie swell.

For instance, die swell through a capillary die is somewhat less than through a slit die. Finally,
die swell will increase with the increabgatio of reservoir diameter to capillary diametér.

Schematic of die swell after die exit have showRigure2-26.

Die Swell
D> D,

Figure 2-26 Schematization of the die swell at the die exit
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Entry Flow Vortices

Polymeric materials have shown that melts of polymers may exhibit vortices in the corners of a
sudden contraction flow from a reservoir with a ladgameter into the die with a smaller

diameter. These vortices are not related to the Reynolds numbers because it is far below the
critical value for turbulent flow. They are sometimes called "elastic turbulence," although the
flow is distinctly laminar. May studies on various polymer solutions and melts found that this

phenomenon is related to the elastic behavior of the polymeric matérials.

Time-Dependent

The ime dependence is one of the unique features of polymer melts' elastic bétetvior
related to the underlying molecular mechanisms. This phenomenbeédr@explained in a
simple experiment with silly Putty. Silly Putty is the bksbwn example of viscoelastic material
since it is more highly elastic and has a lower viscosdy thost other viscoelastic solids. Ball
form silly Putty can bounce up and down like an elastic rubber when thrown on the floor, but it
flows like a viscous liquid if left on the ground for a longer time.
The dimensionless Deborah numizeusedpone of tle most fundamental numbers of rheology,
to describe this phenomenon. It is the ratio of the longest relaxation time of a polymeric material
to the processing time, as showrEiquation2-13.

$A — Equation2-13

whereo is a processing time of the deformation processgand s t he | ongest r el ;

Deborah number of zerepresents a viscous flyidnd a Deborah number Hf an elastic

solid

2.4.7Factors Effect on Polymer Melt Elasticity

Correlations between elastic properties and the molecular structure of polymers are investigated
from several points of view. One of thesthat the elastic quantities may be used as a tool to
support the molecular analysis of samples. Alsear and branched molecules must be
distinguished according to molecular structureetwo samples' molecular weight and

molecular weight distribubn are characteristic quandéisi. In the case of branched molecules, the

type of molecular structure, the branches' lengths, and the branch’s distribution along the main
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polymer chain additionally determine properties, particularly in the molten stayenétal

materials consist of macromolecules with various lengths and, consequently, have a distribution
of different molecular weights, and the best method to obtain molecular weight distribution is

Gel Permeation Chromatography (GPC). On the other hamdhohecular structure investigation
becomes more complex for branched molecules, which are the bageafcommercial

polymers today. The number of branches and their length and distribution along a chain give rise
to various molecular architecturdsat affect polymeric materials' properties in the molten and

solid states.
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Chapter 3: Influence of Polymer Melt Rheology (Polymer Melt Viscosity and Melt
Elasticity) on Fiber Diameter, Diameter Distribution, and Skewness for Meltblown

Nonwovens Produced by High MFR Metallocene Polypropylene

3.1 Abstract

Meltblowing technology is one of the most economical ways to produce fine fiber webs.
Properties and quality of web, fiber size, and fiber diameter distributions in the meltblown
process aréheresults of complex interactions between capillary orifice configuration,
viscoelastic polymer strands (polymer melt rheology), and surroundihgspaged air stream.

Even though the mechanism of meltblowing is extensively studied, a comprehensive
understanding of the role of polymer melt rheology on fiber diameter and diameter distribution is
still lacking. In this study, two linear isotactic polppylenegPP) both having very narrow
molecular weight distribution, with different MFR (PPW: 500, and PPX: 1200 g/10 min) were
used to produce meltblown web in order to understand the role of polymer melt rheology on fiber
diameter and diametéistribution. The morphological characteristics of produced nonwoven
samples have been determined by scanning electron microscope images and rheological
characterization determined by capillary and parallel plate rheometer to find the melt viscosity
(Zeroshear viscosity« )) and melt elasticity (longest relaxation tim@)( The result has shown

that, at the same polymer throughput, airflow rate, and die to collector distance (DCD), the
median fiber diameters increase with the increase of melt viseogitynelt elasticity. However,

each polymer sample has a different median fiber diameter at the same melt viscosity, although
the median fiber diameter is alma#hilar at the same melt elasticity feachPP resin. On the

other hand, fiber diameter digtmtion (dispersity) and skewnedscrease with the increase of

melt viscosity and elasticity. Those parameters are almost similar at the same melt elasticity
This study can explain the role of polymer rheology on fiber diametedianteterdistributions

and itwill be usefulto guide engineering polymer properties and processing conditiaastrol

fiber diameter and dimeter distributionthe meltblown process.
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3.2 Introduction

Nonwoven fabrics are generally described as porous sheets or mat strmetdeesf staple or
filament fibers (natural or mamade) held together by mechanical, thermal, or chemical means
without requiring traditional textile methods such as weaving, knitting, and converting filament
to yarn! One of the newest and latest developments in the nonwoven industry is the meltblown
process. Meltblown is unique compared to other textiles and nonwoven methods because it is
widely used to fabricate microfibers in the range-d4f02 & Recently, new sdies have shown

that nanofiber as small as 1dhas been made by meltblown technology. The small fiber
diameters in meltblown webs can influence the degree of softness, opacity, and porosity
compared to other nonwoven and textile fab#it®n the oher hand, theneltblown process is

very complicated compared to other nonwoven methods. Many variables impact meltblown
fabrics, such as processing parameters (air and polymer temperature, air and polymer flow rate,
and die to collector distanc¢¥) polymer properties (melt viscosity, melt elasticity, and melt
strengthj, and geometry of the die tip.

The Naval Research Laboratory first developed the initial model of meltblown technology to
produce microfibers to collect radioactive particles in theeuppmosphere. This work was
published in 1954. In the mitl960s, Exxon developed a program to prototype the meltblown

process and take out the first patent for this inveritién.

The neltblown process is a single, integrated process that directedsrresins to the

nonwoven web. In this process, polymers in the form of beads, pellets, or chips are conveyed to
an extruder's feed section. Next, raw materials are melted in the extruder barrels through heated
conditions and pumped to the meltblown biyethe metering pumps after passing the resin filter
system to ensure a consistent flow of clean polymer mix. The die tip is designed so that the air
streams with different temperatuyggically reachingb0% 80% of sound speed, hitting from

each side. Aarge amount of ambient air is drawn to the hot air stream to cool and solidifies the
polymer jet below the die. Finally, the filaments are deposited on a circular drum or moving
belt1t13

The schematic picture of the meltblown process is showigimre3-1. Also, the Schematic
picture of fiber attenuation after die by the air drag force of the hot tie meltblown process

have shown irrigure3-2.
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Figure 3-2 Schematic picture of fiber attenuation after die in the meltblown process. (a) Die
diameter, (b) Fiber diameter at die swell, and (c) Fiber diameter after swell

Meltblown fabrics have various applications frequently usdidjind and gaseous filtration

medig medical/surgical markesuch as disposable gown and sterilization rap segments, sanitary
products, oil adsorbents, and electronic specialties such ayIs&paration. In the form of
nanofibers, meltblown mats are also used for biosensors and scaffolds for tissue endftiéering.

A significant body of work about the various aspects of the meltblown process has been
published in recent years. Even thotlgé meltblowing mechanism is extensively studied, a
comprehensive understanding of the role of polymer melt rheology and mostly melt elasticity on
meltblowing and their contributions to fiber diameter and diameter distribution is still la¢king
may berelated to thg@olymer properties under high pressure becausedmplicated or

practically impossible when very low viscosity polymers are under extremely high deformation
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ratesin the meltblown proces$. Some studies have explained that melt iaegt the major
dominant factor controlling fiber shapes and diameter rather than melt rhébldwgye is a

need for meltblowing processes to control fiber diameter and fiber diameter distribution. For
instance, some applications, such as air filtratcan be advantageous for a wider fiber diameter
distribution. However, narrow distribution is mdreneficid for other applicationssuch as

liquid filtration and battery separat&Previous studies ithe meltblown process have shown

that the highst-fiber attenuation occurs atnainimd distance after die (between 10 mm and 20
mm) and at short times less than 0.05M"Mdoreover, fiber diameter distribution for smaller

fiber diameters has been shown to follow a lognormal distribution regardanagavfiber

diameter, which affects the pore size distribution and nonwoven perforfibaceand

coworkers investigated the influence of polymer melt viscositydnd polymer melt elasticity
(described by the longest relaxation timé@] on the fiber diameter distribution the meltblown
process by using a variety of polystyrene blends. The blends are composed of low molecular
weight polystyrene and various high molecular weight polystyrene |&vety. employed a lab
scale meltblown mchine with a die similar tthe Exxon die. Experiments have explained that
higher polymer elasticity (), if it exceeds a certain threshoitdteduces the distribution of fiber
diameter (CV%), while the average fiber diameter increases simultanddosgover, a

decrease in polymer melt viscosity (molecular weight)déac decrease in average fiber
diameter with little impact on the coefficient of variation, C¥%hou and coworkers

theoretically confirmed Tan's experimental analysis by invesimg#te effect of polymer

rheology on fiber diameter by considering some constitutive models in steddysothermal

and norisothermal by using a 1D slendet model inthe meltblown process. They have proved
that viscoelasticity manages to incredsefiber diameter biinear stability analysis because
disturbances decay faster at large elasticity, and the oscillation frequencies are smaller compared
to the Newtonian material. Moreover, the frequency response analysis reveals that increasing
melt elasticity reduces the magnitude of disturbance amplification, which is proving tahave
narrower fiber diameter distribution at large melt elastiéidthough those were perfect studies
regarding the effect of polymer rheology on fiber diameter andetier distribution, there is still
some deficit in them. As mentioned before, polystyrene was considered a raw material in these
studies, which is not commonly usedlie meltblown process, particularly with the molecular

weights used in those studies dagoor solvent and thermal resistance. Moreover, it can be
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debdablehow the obtained results from binary polystyrene blends aretabbejor industry,

which primarily uses polymers such as polypropylene with rruiie meltblowing dies at

different pocessing conditiond?olypropylene is mainly used in meltblown because of its
economical price, excellent mechanical properties, inherent hydrophobicity, and simple
processing compared to other polymers due to low glass and melting tempefaturailtinole

die is more complicated than a singlele die since the multihole die produces a complex fiber
stream with extensive fiber entanglement. Studies have shown that in multihole die, fiber
entanglement starts at a few centimeters (1 cm) afteaffiseting fiber diameter attenuation,
diameter distribution, and fiber orientatiéri! Drabek and Zatlouka investigated the effect of
branching on fiber diameter distribution e meltblown process. This study compared two
linear isotactic and longhain branched polypropylene with comparable molecular weight, zero
shear viscosity, and palispersity index. The experiment has also done at the same airflow rate,
polymer flow rate, and temperature, and the result has shown that the average fiber diameter is
the same for both samples. Simultaneously, the coefficient of variation, or CV%rds m
significant for linear polypropylene than lowehain branched polypropylene because the melt
elasticity or longest relaxation time is less for linear polypropylene. Also, the cross model and
Maxwell model give a meaningful relaxation time, while ther€atYasuda model does not

provide a realistic numerical fit.

This study describes how polymeric materials' viscoelasticity (polypropylene with different

MFR) influences the median fiber diameter, fiber diameter distribution, and skewness of
meltblownfibers. Melt viscosity and melt elasticity (related to the longest melt relaxation) are
varied by changing the air and die temperature. High temperatures lead to short molecular
weight, low melt viscosity, and shorter relaxation times. The reason catatetirto free volume
between the molecules because, at low temperatures, the free volume between them is small and
restricts or slows down their movement. Ultimately, this study's final goal is to present a
comprehensive understanding of the role of p@yrheology inthe meltblown process, fiber

diameter, fiber diameter distributions, and skewness that may be used to engineer polymer

properties.
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3.3 Experimental

3.3.1Material

Meltblown fibers are made from two types of commercial meltblowing grade polypropylene.
The first one isnisotacticPPhomopolymer (Metocene MF650W, from Basell USA Inc) with a

high melt flow rate and very narrow molecular weight distribution because they have used

metallocene catalyzed for the polymerization. The density is about-8-91a 23 , and MFR

is equal ® 500 ———) measured at 239 /2.16 kg.The othelPPis isotactic polypropylene
homopolymer (Metocene MF650X, from Basell USA Inc) with an thigh melt flow rate resin

and very narrow molecular weight distribution. The density is about(6-8}at 233 , and

MFR is equal to 1200—) measured at 230 /2.16 kg. The melting point of the polymers is
more than 168 . ASTM D 792 and ASTM D1238 are used for calculating density and MFR,

respectively.

3.3.2Meltblowing

The meltblown webs needdor this research were produced by the Reifenhauser Reicofdl Pilot
scale meltblown line with a traditional Exxon slot die system (35 holes per inch) in the
Nonwoven Institute (NWI) at North Carolina State University. Other technical specifications of
theprocess are total die width equal to 1.3 m; orifice diameter equal to 0.4 mm @00

seatback equal to 1.2 mm; L/D ratio equal to 10. Moreover, in this experiment, three process
variables were investigated: die temperatures:Z955 C, air temperatusenvhich were set %

more than die temperature at each die temperature (air is hotter than polymer to hold the polymer
in a liquid state), and minimum level of airflow rgger meter of the die800 (). Other

important process parameters were heltlgeconstant such as collector belt speed, die to
collector distance: 225 mm, and polymer mass flow rate: 0.26 (g/hole/min). All performed

experiments are summarizedliable3-1.
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Table 3-1 Summarization of meltblown process condition

Process variables Conditions
Die temperature 2052953
Air temperature 210-3003

Air flow rate 800 ()

Polymer throughpuper capillary 0.26 (g/min)
Die to collector distance (DCD) 225 mm

3.3.3 Rheological Characterization

For highshear rheologysteady shear viscosity was measured at shear rates from about 100 to
about 7500  using an Instron CAEST SR20 Capillary RheomeZapillary dies of 30- and

20-mm length and 1 mm diameter and an orifice die of the same diameter were used. Capillary
measwements were adjusted for end effects and wall slip using the Bagley and Rabinowitz
corrections, respectivefy2’The molten polymer's dynamic oscillatory flow behavior was
measured with 25 mm parallel plates TA Instruments Discovery Hybrid Rheonietgr Fhe
aluminum bottom plate with the ovlow channel was used to prevent polymer melt leakage
from flowingout of the geometnAll samples performed oscillatory shear rheolegth linear
viscoelastic regime strain amplitude (5%) from 0.01 to 25Gsradgular frequency range at 200,
210, 220, 230and2403 . The CoxMerz rule was used to convert from angular frequency to the

shear rate.

3.3.4Fiber Diameter and Morphological Characterization

Before taking the SEM picture, five samples witmensions of 0.50.5 cm were cut out from
different nonwoven mat locations and coated in the Denton Desk V sputtering system under the
following conditions, argon as a protective atmosphere and gold as a coating material. Then, a
PHENOM scanning electramicroscope (SEM) was used to visualize the nonwoven structure

for each sample at the same magnifications. For each nonwoven m&tSEM micrograph

images were taken, and Z@&30 fiber diameter measurements were made ukeighage

analysis software InggeJ. A diagonal line was drawn on each SEM micrograph to keep track of

which fibers had been measured. A data analysis software package JMP was employed to obtain
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the statistical parameters for each sample. Also, fiber diameter distribution was fitted by
lognormal distribution. Th&t Lognormal option estimates the parametdgscale) and (shape)
for the tweparameter lognormal distribution. A variable Y is lognormal if X = In(Y) is normal.

The data must be greater than zgtquation3-1).

Qo dET®
00 p_ ! G Equation3-1
. VG Q
T Ch b ° b

In the following, we quantified the relative dispersity of the distribution as the standard deviation
of thedistribution's log divided by the distribution's median fiber diam@gquation3-2).

Median fiber diameter has been studied instead of mean fiber diameter because meltblown
fabrics are a combination of various fiber diameters (nanofibers and microfiber with different
sizes), and fiber diameterstiibution inthe meltblown process follows a lognormal distribution,
and they are most heavily skewed.

Dispersity ={——) p T T Equation3-2
Finally, the effect of polymer melt rheology on skewness has been investigated. Skewness is
usually described as a measure of a dataset's symmetry or lack of symmetry, and the normal
distribution has a zero skewness. Positive skewness typically meatigethghthand tail will
be longer than the leftand tail and negative skewness indicates that thaaef tail will be
longer than the righlhand tail (there is no leftand tail in meltblown fabrics). Also, skewness is

based on the third moment of thiean and is computed Bguation3-3.

B & Equation3-3

Wherea obtained fromEquation3-4, and is a weight term is equal to 1 for equally weighted

items.

a — Equation3-4

To summarizeTable3-2 shows the skewness organized into three categories according to the

skewness equation's rétsyperformed on the diameters and the logarithm of the diameters.
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Table 3-2 Types of skewness related to the number of skewness

Number of skewness Skewness type
between0.5 and 0.5, fairly symmetrical
betweenl1 andi 0.5 or between 0.5 and 1 moderately skewed
less thanl or greater than 1 Highly or heavily skewed

3.4 Result and Discussion

3.4.1Rheology

In this experiment, for high shear rate rheology, a capillary rheometer with a capillary die of 30
and 20 mm length and 1 mm diameter and an orifice die of the same diameter were used to
enable Bagley and Rabinowitsch corrections. Moreover, these polypnepsdmples were
carefully characterized via a 25 mm diameter parallel plate. Oscillatory shear rheology was
performed with linear viscoelastic regime strain amplitude (5% )aw shear rate (0.01 to 250
rad/s) angular frequency range @02 2403 for all samples, anthe Cox-Merz rule was used

to convert from complex viscosity and angular frequency to the shear viscosity and shear rate.
Zero shear viscosity (Newtonian plateau viscosities) d@@®2403 by capillary rheometer and
parallel plateand a@ivation energie®© for both utilized meltblown polypropylene samples are

summarized iMable3-3 andFigure3-3.

Table 3-3 Zero shear viscosity and activation energy of utilized PP sampdgeraperature
between 20-24(3

Sample  PPW (500 MFR) PPX (1200MFR)

T(3) - (PA) O(Kkjmol) — (BA) O (kj/mol)

210 28.15 9.10
220 23.03 47.49 7.50 48.05
230 18.43 5.92
240 14.47 4.47
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Figure 3-3 Shear viscosity versus shear rate and zero shear viscosity data collected by capillary

rheometer at the high shear rate and parallel plate rheometer at the low sHeaut#itzed PP
samples at different temperatur@Sorrectiors were madedr samples byBagleyand
Rabinowitsch correction$

Measured values of atfive different temperatures (R-240 °C) by capillary and parallel plate
rheometer allows us to determine the flow activation ené@gytly the Arrhenius plot degied

for both polymer samples as showrFigure3-4 and activation energies shownTiable3-3.
These values dD are in best agreement with values reported by other researchers for low
molecular weight meltblown isotactic polypropygsnsuch as PP35056 €46.8 kj/mol,
MFR=400 g/10 min at 238 /2.16 kg), PPHL504FBQ =56.59 kj/mol, 450 g/10 min at 230
/2.16 kg MFR), and PPHL512FE)(=56.69 kj/mol, 1200 g/10 min at 230 /2.16 kg MFR%2®
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Figure 3-4 Arrhenius plot for PPW and PPX utilizing obtained via rheometer

In the following, two methods were used to define relaxation tijné( material elasticity
evaluation. In the first method, flow curves for given samples were fittéoet§yross and

CarreadYasuda model b¥quation3-5 andEquation3-6.%°

Equation3-5

T Equation3-6

Where— is zero shear viscosity, is infinite shear viscosity, is thetime constant, a ithe
cross rate constant the cross model andis thetransition control factor, and ntilse power

index inthe CarreadY asuda model.

The second method to obtain the longest relaxation timetbe timetemperature superposition
(TTS) principle wasapplied for the frequenegtependent storag&]) and loss Ogmoduli
measured at 210, 220, 230, and 24 the linear viscoelastic region to generate a master
curve at these temperaturegiich were consequently fitted withegeneralized Maxwell wdel
(Equation3-7 andEquation3-8).

01 o= Equation3-7
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01 "0 1 = Equation3-8
PT

Wherg is the frequency, is the m relaxation time;O is the m modulus that corresponds to
_ , and n is an integer that signifies the different relaxation tifrtes experimentally measured
relaxation times of all the materials with a generalized Maxwell model at different tenmpsratu
are listed inTable3-4, and the master curve was fit with a generalized Maxwell model

represented ifigure3-5.

| PPW 500 MFR
10+ 4 Temperature: 210 °C

(MPa) ]

Storage modulus G’ (MPa) /A
Loss modulus G”
=)
»

—— Maxwell Model Fit

T T T ——— T T T T T T T ——
10-1 100 101 102 102
Angular frequency w (rad/s)
10-2 5

3 PPX 1200 MFR
103 , Temperature: 210 °C

(MPa) [J

104 4
10

10 4

Storage modulus G’ (MPa) /A
Loss modulus G”

107 ]

] —— Maxwell Model Fit
10‘6 T T T L | T T T T T T T T T T T T T
10! 100 101 102 103

Angular frequency w (rad/s)

Figure 3-5 Experimentally measured frequendgpendent storag&]) and loss© ) modulus at
2103 for PPW and PPXsampleditted by a twemode Maxwell model (lines)
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Table 3-4 longest relaxation time fitted by a twonode Maxwell model

Sample PPW (500 MFR) PPX (1200MFR)

T@E) _ (ms) _ (ms)
210 1.88 11
220 1.64 1.1
230 1.49 0.83
240 1.07 0.68

As expectediherelaxation time obtained from different models decreased wittethperature
increa®. Also, relaxation time should be less with the growtthemelt flow rate!® However,

this study shows thdlhe Carreat¥asuda model predics t hat t he r el axati on
high melt flow rate polymer PPX (1200MFR) thim Low melt flow rate polymer PPW (500

MFR), which is not accepble The Crossnodel's conclusion gives a meaningful relaxation

time, while the Carreatyasuda model does not shaecuratedata. Also, data from the Cross

model is further supported by an independent measure of the longest relaxation time obtained by
fitting small amplitude oscillatory shear data fittedtbggeneralized Maxwell model, which

was found to be higher for PPWOEMFR) in comparison with PPX (1200MFR) at the same
temperature. The Longest relaxation timgdnd zero shear viscosity () shifted to the

processing temperatures used in this experiment from 250 ® 3®@ained vighe Arrhenius

equation Equation3-9) and seen ifable3-5.

Y b YO~ - — Equation3-9
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Table 3-5 Basic rheological characteristics shifted to the melt blown processing temperature via
the Arrhenius shift factor

Sample PPW (500 MFR)  PPX (1200MFR)
TE) - B& _ms) - P _(ms)

250 11.94 0.97 3.82 0.54
260 9.73 0.79 3.10 0.44
270 7.99 0.65 2.54 0.36
280 6.61 0.53 2.10 0.29
290 5.50 0.44 - -
300 4.61 0.37 - -

3.4.2Meltblown Fiber Diameter and Diameter Distribution

Samples were produced at the conditions explained in secoan? without common defects
in meltblownprocesses, such as sigties®?, and ropiné. Previous studies have revealed that
meltblown fiber diameters did not fit by a normal distribution and followed lognormally
distribution by showing asymmetric distributions with heakewness, espiadly at high
temperaturg air flow rate, andow throughpué SEM images, fiber diameter distributions, and
log-normal function fits for some produced PPW and PPX meltblown samples at processing
conditions explained ifable3-1 are provided ifFigure3-6 - Figure3-9. These figures have
shown the size of fibers from thin to thick for each sample and the overall fiber diameter
distribution. The result shows how processing temperature whided in this lbapter to

modify melt rheology affects the fiber size and diameter distribufionexampleFigure3-6
shows that fiber diameter is normally distribdifor PPWand therange offiber diameter is
betweer to 13t | , while Figure3-7 shows that fiber diameteistribution is lognormal

distributedand the fiber dimeter imnged betweeless than 10 9 {1 .
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Figure 3-6 SEM images of PPVZ100.26800 (air temperatur@olymer throughputair flow

rate with the 80° awhite scale bar and statistical analysis of fiber diameter distribution (normal
diameter distribution)
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analysis of filer diameter distribution (lognormal distribution)
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] PPx 28010.26/800]

' L B S e B S S B B S |
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Fiber Diameter (mm)

.26800 ith the 100 dawhite scale bar and statistical
analysis of fiber diameter distribution (lognormal distribution)

The AndersorDarling test is used to determine each data set is from which specific distribution.
This testuses the particular distribution in calculatingical values ands an alternative to

the chi-squareandKolmogorov+Smirnovgoodness of fit test3.his test statistic is defined by
Equation3-10.

e . 3 Equation3-10
Where S is equal t&quation3-11.

3 CEP &9 i TR Equation3-11

Where N is the sample siZeis thecumulative distribution functionf the specified
distribution andY:; is theordereddata. The critical value for this test is 0.@fich is related to
the specific distribution being tested. Also, highiglues (more thathealpha levelwhich is
equal to 0.05) mean that the datanesirom thenameddistribution. The distribution type and
goodness of fit for each sample are showhahle3-6.2* As shown inTable3-6, all samples
except one distribution fitted by a lognormal distribution. As showEqgmation3-1, variable
dis lognormally distributed i¥=In(d) is normally distributed. Herg is theshape parameter
which is the standardeviation of the log of the distributiorand’ is the scale, and it is the
median of the distributiorT his tableshows that shapg, which related to standard deviation of
the log of the distributiartends to bemore significantvhen® or scale which isthemedian of
the distributionis smallerand it happened wittheincreasan temperature for both polymer

resins at the same polymer throughput and air flow rate. Moreover, Shape and schéehave
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used toobtainthe dispersity aa standard deviation of the log of the distribution and the median

of the log distribution, respectively.

Table 3-6 Fiber diameter distribution analysis of PPW and PPX meltblown samples and

distribution types

Distribution .
Parameters Goodness of Fit
Sample ID Distribution Type '
‘ scale , Shape: A2 Simulated
P-Value
PPW 210/800 Normal 6.54 2.24 0.71 0.06
PPW220/800 Lognormal 1.52 0.44 0.9 0.024~*
PPW 230/800 Lognormal 1.32 0.5 0.64 0.087
PPW 240/800 Lognormal 1.12 0.41 0.67 0.078
PPW 250/800 Lognormal 0.99 0.42 0.76 0.05
PPW 260/800 Lognormal 0.89 0.47 0.74 0.057
PPW 270/800 Lognormal 0.71 0.5 1.127  0.008*
PPW 280/800 Lognormal 0.64 0.57 0.62 0.108
PPW 290/800 Lognormal 0.59 0.56 0.72 0.062
PPW 300/800 Lognormal 0.45 0.63 0.69 0.078
PPX 210/800 Lognormal 131 0.41 0.42 0.3
PPX 220/800 Lognormal 1.18 0.57 0.34 0.48
PPX 230/800 Lognormal 0.97 0.64 0.77 0.05
PPX 240/800 Lognormal 0.72 0.63 0.55 0.17
PPX 250/800 Lognormal 0.72 0.58 0.54 0.15
PPX 260/800 Lognormal 0.71 0.60 0.71 0.063
PPX 270/800 Lognormal 0.53 0.59 0.82 0.03*
PPX 280/800 Lognormal 0.55 0.60 0.77 0.05

*P-Value lover thar®.05 means distribution is not exactly fit by lognormal distribytimrt the numbers and distribution shapes show these are very close to
lognormal.

™ The polymers nomenclature used as follows: PP(W/X) a/b signified (MFR) air temperature/airflow rate
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The experimentally measured melt rheology paramétetsoth polymerresinsthat were
meltblown and the median fiber diameter, dispersity, and skewness are istadle 3-7 and
Table3-8.

Table 3-7 Summarization of melt rheology and meltblown experimental parameters for PPW

sample
SampleID - (P& _ (ms) Median fiber dispersity Skewness
diameter {1 ) (%)
PPW 210/800 28.15 1.88 6.5 34.3 (Normal)
PPW 220/800 23.03 1.64 4.7 28.8 0.65
PPW 230/800 18.43 1.49 3.7 37.9 0.93
PPW 240/800 14.47 1.07 2.9 36.7 1.23
PPW 250/800 11.94 0.97 2.6 42.6 1.13
PPW 260/800 9.73 0.79 2.3 52.6 1.96
PPW 270/800  7.99 0.65 1.9 70.5 1.83
PPW 280/800 6.61 0.53 1.8 88 2.56
PPW 290/800 5.50 0.44 1.7 95 1.8
PPW 300/800 4.61 0.37 1.5 140 2.22

Table 3-8 Summarization of melheology and meltblown experimental parameters for PPX

sample
SampleID - (P& _ (ms) Median fiber dispersity ~ Skewness
diameter {1 ) (%)
PPX 210/800 9.10 1.04 3.6 31.3 0.89
PPX 220/800 7.50 1.14 3.3 48.4 1.33
PPX 230/800 5.92 0.83 2.6 66.4 1.52
PPX 240/800 4.47 0.68 2 86 1.85
PPX 250/800 3.82 0.54 19 80.6 2.07
PPX 260/800 3.10 0.44 1.9 84.2 1.73
PPX 270/800 2.54 0.36 1.6 110.6 2.27
PPX 280/800 2.10 0.29 1.7 111.5 3.15
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Meltblowing PP samples with different MFd polymer melt rheologgrovided insight into

the role of viscosity and elasticity on the statistical properties of median fiber diameter and
dispersity of meltblown fibersT@ble3-7 andTable3-8). Figure3-10 shows an increase in

viscosity, and elasticity appears to make a stediby significant increase in median fiber
diametersThe result shows thatach polymer resin has different median fiber diametiettse

same melt viscosity, although median fiber diameters are the same at the same melt elasticity for
each PP. Moreovethe result shows that at the same melt viscosity for both polygsis the

median fiber diameter is more for PPX than PPW, which can be related to polymer melt

elasticity because melt elasticity is higher for PPX compere to PPW at the samiscosity

when polymer rheology modified by temperatdtenay explainhow the melt elasticity

significantly affectanedian fiber diameteFurthermoreFigure3-10 bottons can prove the

results fronthetop graph because the results have shown that median fiber diameter increase
with the increase dhelongest relaxation time or melt elasticity. Therefore, it can show why
PPXatthe same melt viscositompared td®PW shows higher median fiber diameteklso,

higher fiber diameter at higher melt elasticity can be related to the fiber's elastic stress that resists
the pulling force induced by the surface shear stress.
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Figure 3-10 Effect of polymer melt viscosity and longest relaxation t{melt elasticity)on the
median fiber diameters with 95% thie confidence band

The effect of melt rheology on fiber diametistribution or dispersity was investigated in the
following.Figure3-11 shows the effect of melt viscosity aalhstiéty on dispersity obtained by
Equation3-2 andhas been shown ihable3-7 andTable3-8 for each polymer resin. The top

graph exhibits dispersity versus meakacosity. From this graph, it is obvious that dispersity
decreases with an increase in melt viscosity. Still, when we comiperedsults for each

polymer resinthe slope of the lines was differeand theravas not the same dispersity at the
sameviscosity, especially at high melt viscosity. It can explain that the melt viscosity does not
affectdispersity in the meltblown process too muEbrthermore, the bottom graphkigure

3-11 shows the effect of melt elasticity on dispersity. This graph shows that dispersity decreases
with an increase in melt elasticity. The difference between the melt viscosity and melt elasticity

is that both polymer saples have almost the same dispersity at the same melt elasticity,
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although dispersity is different compere to melt viscosity beyond the threshold value. These
median fiber diameter and dispersity results are comparable with other studie$iéhotinst

have been done befdbat with different polymer materials. Zhou and coworkers explained that
Frequency response analysis shows that viscoelasticity reduces the magnitude of disturbance
amplification, suggesting a mechanism for the narrower fiber diamisteibution at high melt

viscosity and elasticit§:

= PPW (500 MFR
140 " e PPX ((1200 MFR))
130 4
120
1104 S
1004 O\

Dispersity (%)
3

Zero shear viscosity (pa.s)

= PPW (500 MFR)
e PPX (1200 MFR)
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Longest relaxation time (ms)

Figure 3-11 Effect of viscosity and elasticity on the dispersity with 95%hefconfidence band

3.4.3Fiber Skewness

Skewness is the degreedstortion from the symmetrical bell curve or the normal distribution.
It measures the lack of symmetry in data distribution. It differentiates extreme values in one

versus the other tail. A symmetrical or normal distribution has a skewness of zercarEhigve
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types of Skewness: Positive and Negative skewness. Fiber diametermigltblown process

have shown positive skeWwi@ure3-6 - Figure3-9). Therefore, the distribution's peak is left of

the average fiber diametand would mean that many fiber diameters are less than the average
fiber diameterHere, he effect of melt rheology on skewnesshameltblown process
investigatedTable3-7 andTable3-8 show the skewness of both polymer samplesshsvnin
Figure3-12, there is no logicalelationship between viscosity and skewness. Similar to
dispersity, skewness decreases with the increase of melt viscosity, but wHe&h tesins are
comparedthere is not the same skewness at the same vis@nitye other hand, skewness
versus melelasticity has shown thabth polymer resins have almost similar skewness at the
same melt elasticityl he results explain that the number of thick fibers compares to other fibers
in the meltblown webs decreases with the increase of melt viscosity atidiglaalthough it is
more controllable by changing the melt elasticiyccording tothe skewness category shown in
Table3-2, most meltblown samples, specifically at lower melt elasticity (p & i ), have

skewness of more than 1, and are categorized as a heavily skewed sample.
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Figure 3-12 Effect of viscosity and elasticity on the skewness with 95%h@tonfidence band

3.5Conclusion

Two isotactic polypropylene homopolymers (Metocene MF650W, and MF650 X, from Basell
USA Inc) with differentMFR, 500 and 1200—), respectively, were used to produce

nonwoven via Reicofil meltblown production line equipped with a traditional Exxon style die

system at a variety of die and air temperat(@€0-3003 ), and one level of airflow rate: 800

(—) for each sample in order to understand the effect of melt rheology (melt viscosity and

elasticity)on median fiber diametethewidth of fiber diameter distribution (dispersitgnd
skewness. Other important process parametach as die toatlector distance: 225 mm, and
polymer mass flow rate: 0.26 (g/hole/min), were constdett viscosity (zero shear viscosity)
and melt elasticitgorrelatedwith the longestelaxation time were evaluated via relaxation time

determined by shear viscosity versus shear rate data fitting by Cross and-Gaseda
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models and the longest relaxation tinm@asachieved by fitting small amplitude oscillatory shear
data with a geneliaed Maxwell modelThe morphological characteristics of produced

meltblown samples were determined using digital image analysis of SEM images to visualize the
nonwoven structure for each sample at the same magnifications. In the following, we conclude
thatanincrease in viscosity and elasticity appears to make a statistically significant increase in
median fiber diametersloreover the result shows thatch polymer sample has different

median fiber diameteia the same melt viscosity, although medibar diameters are the same

at the same melt elasticity for different PP samples. On the other hand, dispersity and skewness
show the same trend. The dispersity and skewness decrease with increased melt elasticity,

although melt viscosity has almost néeet on this parameter.
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3.6 Supplementary Information (Empirical Models)

3.6.1Experimental Resultsand Discussion

This section presents the experimental results for the median fiber diameter dependence on the
processing variables. The results were obtained from two types of commercial meltblowing
gradepolypropylene explained in chapter one. The processing variables considered during the
research included: polymer throughput, air flow rate, die temperature, and air temperature. Die to
collector distance is also constant for all the experiments. Albbpeed experiments are
summarizedn Table3-9 andTable3-10. The meltblown webs needed for this research were
produced by the Reifenhauser Reicofil Rdoale meltblown line with a traditional Exxon slot

die.

Table 3-9 Summarization of meltblown process condition

Process variables Conditions
Die temperature 2052953
Air temperature 2103003
Air flow rate 800 & Maximum air flow rate-{)
Polymer throughput per capillan 0.26(g/min)
Die to collector distance (DCD) 225 (mm)

Table 3-10 Summarization of meltblown process condition

Process variables Conditions
Die temperature 2553
Air temperature 2603
Air flow rate 500,800, 1100, 1500, 1906-)
Polymer throughput per capillary 0.3, 0.6, 0.9 (g/min)
Die to collector distance (DCD) 225mm)
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Median Fiber Diameter Dependence on the Processing Variables (PPW 500 MFR)

All experimental results for PPW 500 MFR sample have shown in this section. In the first step,
Figure3-13 shows the variation of median fiber diameter versus Air flow rate at different
polymer throughputs. The results show that the effect of polymer throughput decreases with
increasing air flow re. Other studies have shown that increasing the air flow rate decreases the
average and the following median fiber diamétéurthermore, it appears that there is negligible
change in median fiber diameter above a particular air flow rate for eachgrdiyroughput,

and This critical air flow rate increases with increasing polymer throughput.
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Figure 3-13 The Effect of air flow rate on median fiber diameter at different polymer

throughputs (Die temperature: 2%5 air temperature: 268 , and DCD: 225 mm)

Figure3-14 shows the variation of median fiber diameter as a function of polymer throughput at
different airflow rates. The result shows that increasing the polymer throughput resulted in larger
medianfiber diameters independent of the airflow rate, and the effect of polymer throughput is
more sensitive at a lower air flow rate. Moreover, this is evidelfigure3-13 that there is a

more extensive spread between the polymer throughput extremes at a lower air flow rate. Other

studies in this field have shown similar resélts.
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Figure 3-14 The effect of polymer throughput on median fiber diameter at different air flow
rates (Die temperature: 285, air temperature: 268 , and DCD: 225 mm)

In the following, median fiber diameter was investigated versus @iogetemperature, and the

result has shown iRigure3-15. An increase in processing temperature decreases the median

fiber diameter for a fixed airdw rate and polymer throughput. Other studies have shown similar

results®* The viscosity of the polymer is a vital function of the polymer temperature, and the less

viscous polymer can be more easily drawn into a smaller fiber diameter. Therefore, the critical

difference between the processing temperatures is in the viscosig pdlymer.
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Figure 3-15 The effect of processing temperature on median fiber diarffagmer
throughput: 0.26, and DCD: 225mm)

Figure3-16 shows the airflow rate's influence on the median fiber diameter at different air

temperatures for the PPW (500 MFR) sample. For a fixed air flow rate at 800 (m3/hr), an

increase in processinngmperature decreases the median fiber diameter. With increasing the air
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flow rate to a maximum point before the failure point for each sample, the median fiber diameter
starts to decrease, although with increasing the temperature, the median fiberdianretses
smoothly. However, there is no specific change in fiber diameter at very high temperatures
between the low and high airflow rates.
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Figure 3-16 Median fiber diameter versus airflow rate at diéfiet temperature

Median Fiber Diameter Dependence on the Processing Variables (PPX 1200 MFR)

The effect of airflow rate on the median fiber diameter for PPX (1200 MFR) shdvigure

3-17. The results have shown that the median fiber diametezase with the increase of
polymer throughput at a fixed air flow rate. On the other htémeimedian fiber diameter
decreases with the increase in air flow rate. These results are similar to PPW, although the
median fiber diameter is smaller than thieestsample at the same processing parameter.
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Figure 3-17 The Effect of air flow rate on median fiber diameter at different polymer
throughputs (Die temperature: 2%5 air temperature: 268 , and DCD: 225 mm)

Figure3-18 presents the median fiber diameter versus polymer throughput at different airflow
rates. Data shows that increasing the polymer throughput resulted in larger median fiber
diameters independent of the airflow rate, and the effect of polymoergihput is more sensitive

at a lower air flow rate. Similar results were found for PPW 500 MFR.
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Figure 3-18 The effect of polymer throughput on median fiber diameter at different airflow rates
(Die temperature: 25% , air temperature: 268 , and DCD: 225 mm)

The effect of processing temperature for PPX is shoviilgare3-19. An increase in processing
temperature decreases the median fiber diameter for a fixed air flow rate and polymer

throughput.
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Figure 3-19 Theeffect of processing temperature on median fiber dianfetdymer
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Figure3-20 shows that fiber diameter decreases with the increase of airflow rate, although with
increasing the temperature, the median fiber diameter decreases smoothly. However, at very high
temperatues, there is no change in fiber diameter between the low and high airflow rates.
Furthermore, Fiber diameter decreases with the increase of temperature, although it is not very

varied at the higher temperature. Another polymer sample used in this expdranshown a

similar result.
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Figure 3-20 Median fiber diameter versus airflow rate at different tempersiture

93



3.7 Modeling of Experimental Results Empirical Correlation

The next logical step after the experimental data has been collected is the examination of the
results for any type of correlation. There are not many studies on the empirical correlations for
meltblown experimental results. In this section, we presenglations for the experimental data
using several empirical equations. The empirical equations consider several dimensionless
parameters such as air to polymer mass flow rate, air to polymer viscosity, and Deborah number
to show the effect of important gressing parameters and polymer properties on fiber size in the
meltblown process. Finally, we discuss the statistical analysis used to determine the relative
significance of the processing variables. Also, the statistical computer software JMP was used
for the regression analysis and empirical and statistical analysis of the experimental data. Fiber
diameter distributions are presented as box plots as a function of processing condition, and
median fiber diameters obtained from empirical models have shokigune3-21 for the PPW

(500 MFR) and-igure3-22for the PPX (1200 MFR) sample, respectively. Each fiber diameter

distribution results in 20@50 individual fibers measured by Image J.
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Figure 3-22 Fiber diameter distributions for different processing parameters and (*) empirical
results for PPX (1200 MFR)

Figure3-2landFigure3-22 show that the most significant parameters that affect fiber diameter
in the meltblown process are temperature, polymer throughput, and airflow rate. The results have
shown that the airflow ratis most effective at higher polymer throughput. Furthermore, fiber

diameter is more variable at lower temperatures than at higher ones. In the next step, following
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the dimensional analysis of Shambatghe fiber diameter for both polymer resins usethis

study fit an empirical model using a dimensionless parameter. In that study, Shambaugh
presented fiber diameters as a function of a mass flow ratio and polymer to gas viscosity. The
mass flow ratio is the primary air mass flow rate to the polynassrfiow rate or polymer
throughput. The mass flow ratio reported by Shambaugh correlated his data with some success.
In this study, the median fiber diameter was fit to three empirical models using three
dimensionless parameters: the air to polymer nassratio, air to polymer viscosity ratio, and
Deborah number. The dimensionless Deborah number is very useful to describe the
viscoelasticity of any material and specifically polymeric materials. Deborah number is a ratio of
the longest relaxation time afpolymeric material to the processing time, as shoviagiration

312

16 Equation3-12

1
A5 T
whereo is the processing time of the deformation process,i s t he |l ongest rel a
the polymer velocity after die exit, and L is the die length. The highest Deborah humber shows
the material is more sdlor elastic, and the less Deborah number shows the material is more
fluid or viscosé In the first step, we made an empirical model separately for the air to polymer
mass flow ratio. Then the median fiber diameter was fitted to an empirical modgtwisin
dimensionless quantities. Finally, the empirical model basdttjaation3-15 was fitted with all
dimensionless parameters. All the data related to PPW (500 MFR) and PPX (1200 MFR) are

shown inTable3-11andTable3-12, respectively.

Three empirical equations were formulated to obtain the best correlation for the experimental
data, and the form of the empirical equationshiswn below.

A A Aj Equation3-13
A A Al s Equation3-14
A A Al s$A Equation3-15

In these equations, d is the modeled median fiber diameter in microthetpresents the air to
polymer mass flow ratios is the air to polymer dynamic viscosity rat(®,(3s Deborah number,
andd , 0 , a, b, ad c are constant to be chosen. Air viscosity as a function of temperature was

found via reference, and polymer viscosities were found by the method explained in this chapter.
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The longest relaxation time, polymer velocity inside the die and die lengtlubagido obtain

the Deborah number.

Table 3-11 PPW (500 MFR) data in n

edimensional form

Sample Name YB) | "Y@3) a 0 (—) Q L - De Q ¢ 09
(g/hole/min) ¢ 9 un - (Empirical Model)
PPW.260/0.3/500 255 260 0.3 500 3.89 1334 | 287 p 1 0.0087 4.01
PPW.260/0.3/800 255 260 0.3 800 2.23 2135 | 287 pm 0.0087 2.46
PPW.260/0.3/1100 255 260 0.3 1100 1.53 29.36 | 287 pT 0.0087 2.01
PPW.260/0.3/1500 255 260 0.3 1500 1.41 40.03 | 287 p 0.0087 1.78
PPW.260/0.6/500 255 260 0.6 500 7.01 6.67 287 pm 0.0174 6.34
PPW.260/0.6/800 255 260 0.6 800 3.72 10.68 | 287 pm 0.0174 3.34
PPW.260/0.6/1100 255 260 0.6 1100 25 1468 | 287 pm 0.0174 2.47
PPW.260/0.6/1500 255 260 0.6 1500 1.8 20.02 | 287 p T 0.0174 2.02
PPW.260/0.6/1900 255 260 0.6 1900 1.49 2535 | 287 pm 0.0174 1.83
PPW.260/0.9/500 255 260 0.9 500 8.32 4.45 287 pm 0.0261 8.59
PPW.260/0.9/800 255 260 0.9 800 411 7.12 287 pm 0.0261 4.20
PPW.260/0.9/1100 255 260 0.9 1100 2.87 9.79 287 pm 0.0261 291
PPW.260/0.9/1500 255 260 0.9 1500 2.12 1334 | 287 pm 0.0261 2.26
PPW.260/0.9/1900 255 260 0.9 1900 1.76 16.9 287 pm 0.0261 1.97
PPW.210/0.26/800 205 210 0.26 800 6.51 27.17 | 927 p ™ 0.018 6.52
PPW.210/0.26/1900, 205 210 0.26 1900 3.05 6452 | 927 pm 0.018 2.36
PPW.220/0.26/800 215 220 0.26 800 4.72 2661 | 115 pm 0.0157 4.97
PPW.220/0.26/1900, 215 220 0.26 1900 2.23 63.2 115 pm 0.0157 2.10
PPW.230/0.26/800 225 230 0.26 800 3.69 26.05 | 146 pm 0.0143 3.67
PPW.230/0.26/1900, 225 230 0.26 1900 2.2 61.87 | 146 p 1 0.0143 1.88
PPW.240/0.26/800 235 240 0.26 800 2.95 2557 | 188 pm 0.0102 3.18
PPW.240/0.26/1800] 235 240 0.26 1800 2.26 5752 | 188 pm 0.0102 1.83
PPW.250/0.26/800 245 250 0.26 800 2.66 2512 | 231 pm 0.0092 2.65
PPW.250/0.26/1750 245 250 0.26 1750 1.96 5495 | 231 pm 0.0092 1.74
PPW.260/0.26/800 255 260 0.26 800 2.3 2464 | 287 pm 0.0075 2.35
PPW.260/0.26/1600, 255 260 0.26 1600 1.86 49.27 | 287 p 1 0.0075 1.72
PPW.270/0.26/800 265 270 0.26 800 1.98 2419 | 354 pm 0.0062 2.13
PPW.270/0.26/1400, 265 270 0.26 1400 2.11 4233 | 354 p T 0.0062 1.71
PPW.280/0.26/800 275 280 0.26 800 1.82 2378 | 433 pm 0.0051 1.98
PPW.280/0.26/1300| 275 280 0.26 1300 1.96 3864 | 433 p1t 0.0051 1.69
PPW.290/0.26/800 285 290 0.26 800 1.67 2337 | 526 pm 0.0043 1.87
PPW.290/0.26/1200, 285 290 0.26 1200 1.6 35.06 | 526 p 0.0043 1.67
PPW.300/0.26/800 295 300 0.26 800 1.52 2296 | 635 p 1t 0.0036 1.79
PPW.300/0.26/1100| 295 300 0.26 1100 1.86 3157 | 635 pt 0.0036 1.66
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Table 3-12PPX (1200 MFR) data in nedimensional form

Sample Name YE) | Y@B) a b | @ 0(_ - De Q ¢ 9
(g/hole/min) ¢ a9 an - (Empirical Model)
PPX.260/0.3/500 255 260 0.3 500 2.42 13.34 9 pm 0.0048 2.44
PPX.260/0.3/800 255 260 0.3 800 1.43 21.36 9 pm 0.0048 1.90
PPX.260/0.3/1100 255 260 0.3 1100 1.05 29.36 9 pm 0.0048 1.66
PPX.260/0.6/500 255 260 0.6 500 3.24 6.67 9 pm 0.0096 2.98
PPX.260/0.6/800 255 260 0.6 800 2.23 10.68 9 pm 0.0096 2.23
PPX.260/0.6/1100 255 260 0.6 1100 1.6 14.68 9 pm 0.0096 1.90
PPX.260/0.9/500 255 260 0.9 500 3.55 4.44 9 pm 0.0145 3.39
PPX.260/0.9/800 255 260 0.9 800 2.32 7.12 9 pm 0.0145 2.49
PPX.260/0.9/1100 255 260 0.9 1100 1.79 9.8 9 pm 0.0145 2.08
PPX.210/0.26/800 205 210 0.26 800 3.65 2717 | 287 pT1 0.0099 3.92
PPX.210/0.26/1800 205 210 0.26 1800 2.57 61.13 | 287 p 1 0.0099 2.29
PPX.220/0.26/800 215 220 0.26 800 3.27 2661 | 353 pt 0.0108 3.05
PPX.220/0.26/1450 215 220 0.26 1450 2.22 4823 | 353 p1 0.0108 2.13
PPX.230/0.26/800 225 230 0.26 800 2.62 2605 | 453 p1 0.0079 2.66
PPX.230/0.26/1250 225 230 0.26 1250 2.28 40.7 453 p 1t 0.0079 2.06
PPX.240/0.26/800 235 240 0.26 800 2.01 25.57 6.1 pt 0.0064 2.19
PPX.240/0.26/1150 235 240 0.26 1150 2.03 36.75 6.1 pm 0.0064 1.83
PPX.250/0.26/800 245 250 0.26 800 1.94 2512 | 721 pm 0.0051 2.05
PPX.250/0.26/1100 245 250 0.26 1100 1.87 3454 | 721 pm 0.0051 1.77
PPX.260/0.26/800 255 260 0.26 800 1.96 24.64 9 pm 0.0041 1.85
PPX.260/0.26/1100 255 260 0.26 1100 1.87 33.87 9 pm 0.0041 1.62
PPX.270/0.26/800 265 270 0.26 800 1.63 2419 | 111 p Tt 0.0034 1.69
PPX.270/0.26/850 265 270 0.26 850 1.81 25.7 111 pm 0.0034 1.65
PPX.280/0.26/800 275 280 0.26 800 1.72 2378 | 136 p Tt 0.0028 1.57
PPX.280/0.26/825 275 280 0.26 825 1.84 2452 | 136 pTt 0.0028 1.55

Equation3-13was applied to part of the data sets, Bodation3-14 andEquation3-15were

applied to all data sets that consist of various air tempegatair flow rates, and polymer
throughputs. In the next step, the solutions to the above empirical equations will be presented
with the corresponding coefficient of multiple determinatidin)(and Root Mean Square Error
(RMSE) which is the square rodtthe variance of the residuals and demonstrates the absolute

fit of the model to the data and how close the observed data points are to the model's predicted
values. Whereay is a relative measure of fit, RMSE is an absolute measure of fit. Lower values
of RMSE indicate a better fit. Moreover, RMSE is a good measure of how accurately the model
predicts the response, and it is the most significant criterion for fit if the model's main purpose is

prediction. Also,Y indicates whether or not the variationthe fit of the empirical equation is
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due to regression or chance and the possibility that important predictor variables have not been

considered.

The solution folequation3-13is given byEquation3-16 for PPW (500 MFR) an&quation
3-17for PPX (1200 MFR).

A ™ T @a B Equation3-16

A ™ (a8 Equation3-17
The RMSE an@ for Equation3-16 andEquation3-17 are 0.76, 0.89 and 0.38 and 0.83,
respectivelyFigure3-23 andFigure3-24 show all the data presentedFigure3-13 andFigure
3-14, andFigure3-17 andFigure3-18 use the air to polymer mass flow ratio as the correlation
parameters. Fdhese fixed geometry data, the air to polymer mass flow ratio appears to correlate
with the data.
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Figure 3-23 Median fiber diameter versus dimensionless air to polymer mass flow ratio and
modeled line for PPW 500 MFR
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Figure 3-24 Median fiber diameter versus dimensionless air to polymer mass flow ratio and
modelal line for PPX 1200 MFR

In the following, the solution t&quation3-14 andEquation3-15 for all data sets are shown
below.Equation3-18 Equation3-19 are related to PPW (500 MFR), aBduation3-20 and
Equation3-21 are related to PPX (1200 MFR).

A p® TP pmt i Bs 8 Equation3-18
A p® Y pm i 8s 8% B Equation3-19
A pgymg pmr i Bs 8 Equation3-20
A pgto @ pmi &g 8 B Equation3-21

Table3-13 shows the RMSE an@2l for Equation3-18- Equation3-21.

Table 3-13RMSE and2 for Equation3-18 Equation3-21

Number of Equations RMSE

2

Equation3-18
Equation3-19
Equation3-20
Equation3-21

052
0.30
0.29
0.26

0.9
0.96
0.81
0.86

Results show thdquation3-18 andEquation3-21 correlated with the actual data better than

Equation3-16 andEquation3-17, as reflected by the RMSE and. Also, all data obtained from
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Equation3-19 andEquation3-21 are shown imMTable3-11 andTable3-12 and plotted irFigure
3-21 andrigure3-22.

In the following, two sample analysisTlest ha been used to show if there is any meaningful
difference betweethe median fiber diameter and modeled median fiber diameter. All data and
plots Figure3-25) show no significant difference between the standard deviation and mean of
median fiber diameter and modeled fiber diameter obtainedBqumation3-18 andEquation

3-20, as shown imable3-11 andTable3-12. Therefore, results have shown that models are

compared with actual data.
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Figure 3-25T-Test analysis to show the meaningful difference between median fiber diameter
and modeled fiber diameter obtained from Empirtegiation3-19 - Equation3-21

These modelsh®w the relative importance of air/polymer temperature, air flow rate, polymer
throughput, polymer melt viscosity, and elasticity in causing median fiber diameter reduction for
the Reicofil machine with 35 (HPI) slot die. For the 500 MFR polypropylenelsathp

exponent b is more than the magnitude of a and d, showing that polymer viscosity has a more

significant effect on median fiber diameter than throughput, air flow rate, and polymer melt
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elasticity. Therefore, achieving fine fibers through polymecaesity modification by appropriate

resin selection can be more economical than increasing air temperature and flow rate or reducing
polymer throughput. In a similar study, Barilovits made an empirical equation by using Biax
meltblown machine and PPW 500AR polymer resin. He explained that exponent a, which is

air to polymer mass flow ratio, is near twice the magnitude of exponent b, which is air to

polymer viscosity. The data shows us that in Biax meltblown machine, polymer throughput and
air velocity hae a more significant effect on fiber diameter compared to polymer viséosity.
Moreover,Equation3-19 andEquation3-21 show that all the exponents a, b, and d decrease

with MFR increaseéo 1200 for PPX polymer resin. It can explain that all these parameters are

more effective on fiber size when the polymer MFR is at a lower rate.

Finally, Commercial meltblowing operations typically seek to produce fine fiber without defect
very fast, agneasured in kilograms per meter of die per hour, and a reduction in total polymer
throughput is moving in the wrong direction economically. The primary cost associated with the
meltblowing process is the energy required to heat large volumes of air.orbeieis costly to

reduce fiber diameters by increasing air flow rate and temperature. This empirical model can be
used as the basis for resin and condition selection as well as to analyze the tradeoffs involved in

producing fibers of the desired dianrety Reicofil Machine with slot die
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Chapter 4: Influence of Polymer Melt Rheology on Fiber Diameter, Diameter Distribution,
and Skewness for Meltblown Nonwovens Bxduced by Polypropylene Blend to Modify
Molecular Weight and Comparison with Metallocene Polypropylene

4.1 Abstract

This work investigates the effect of polymer melt rheology on fiber diameter and fiber diameter
distribution by the meltblown process. In thisdy, high melt flow rate linear isotactic
polypropylenes PPW (500 MFR) compared with a blend of high melt flow rate linear isotactic
polypropylenes PPX (1200 MFR) and low melt flow rate polypropylene PP3854 (24 MFR)
miscible blend. Both the PPW and PPiRlehaving comparable zeshear viscosity but

different melt elasticity (longest relaxation time), were used to produce meltblown webs to
understand the role of polymer melt rheology in the fiber diameter distribution and skewness.
The results have showhdt, at the same polymer melt viscoséy,pressureand die to collector
distance (DCD), the median fiber diameters increase with the increase of melt elasticity. On the
other hand, the width of fiber diameter distribution (dispersity) and skewnesacioisample are
significantly related to the melt elasticity of polymer resins, and both decrease with the increase

in the longest relaxation time.

4.2 Introduction

The meltblown process is one of the most recent, highly engineeredpkidevelopments in

the nonwoven industry. The meltblown process exclusively produces microfiber rather than fiber
the size of standard textile fiber with diameters ranging from 2 td 1However, they may be

as small as 500m and as large as 30 .>? The meltblown process is very complicated because
many variables, such as air and polymer temperature, air and polymer flow rate, die to collector
distance, polymer properties, Lf@atio, die capillary diameter, and nose tip angle affects the final
products>#

In the meltblown presses, polymers in the form of beads, pellets, or chips are carried to the feed
section of an extruder. Then, molten polymer is pumped to the meltblown die. At the die tip, The
air holes are responsible for delivering the hsgleed hot gas, which assists in drawing and
attenuating the polymer melt strand to form a fine fiber. After fiber formation immediately below

the die, air with ambient temperature is drawn into the hot air stream containing the microfibers.

105



Ambient air solidiies the melt strand. Ultimately, the filaments are placed on the collector
screer?’ ’ Meltblown fabrics have various applications frequently used in filtration media,
liquid8 and gaseous filtration such as medical/surgical masks and disposable’goivns
adsorbent$, and electronic specialties such as battery separdfibinsensors?, and scaffolds

for tissue engineerint.

Even though a significant body of various aspects of the meltblown process has been studied in
recent years, aonprehensive understanding of the role of polymer melt rheology on
meltblowing and their contributions to fiber size and width of fiber diameter distribution is still
lacking* Meltblown studies have shown that fiber attenuation mainly occurs a feimeéss

after die exit (between 10 mm and 20 mimyloreover, fiber diameter distribution follows the
lognormal distribution when we achieve to very fine fiber diameter regarding average fiber
diameter, which affects some web properties such as poréisidbution and nonwoven
performancé. Tan and coworkers were pioneers in investigating the effect of polymer melt
rheology, such as polymer melt viscosity and elasticity, on the fiber diameter and diameter
distribution in the meltblown process by ngia variety of low molecular weight and various

high molecular weight polystyrene levels. In that study, they employedszddd meltblown

machine with a die similar to the Exxon die. Results have illustrated that higher polymer
elasticity can reducelfer diameter distribution (CV%) while the average fiber diameter

increases simultaneously. On the other hand, a decrease in polymer melt viscosity reduces
average fiber diameter with little impact on the coefficient of variation (C¥@Mou, in his

study, confirmed Tan's experimental result by considering some constitutive models in steady
state isothermal and nesothermal by using a 1D slendet model in the meltblown process.

This study also has shown that increasing melt elasticity reduces ginguda of disturbance
amplification, proving that a narrower fiber diameter distribution happens at a large melt
elasticity!” However, these studies have some concerns because polystyrene was considered a
raw material that is not commonly used in meltblown processes (polypropylene is the primary
polymer used in meltblown process&s)In the following, Drabek and Zatloukavestigated

the effect of polymer melt rheology on fiber diameter and diameter distribution by using the long
chain branch PP via a meltblown process. This study compared two linear isotactic and long
chain branched polypropylene with comparable moleaswaght, zereshear viscosity, and
polydispersity index. The experiment has also done at the same airflow rate, polymer flow rate,
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and temperature, and the result has shown that the average fiber diameter is the same for both
samples. Simultaneously, theetficient of variation (CV%) is more significant for linear
polypropylene than longhain branched polypropylene because the melt elasticity or longest
relaxation time is less for linear polypropyléetie.

In the previous chapter, we studied how polymerédt viscosity and elasticity influence the
median fiber diameter, diameter distribution, and skewness of meltblown fibers. In that study,
polymer melt rheology was varied by changing the air and die temperature for different
polypropylene with different MMR. High temperatures lead to short molecular weight, low melt
viscosity, and shorter relaxation times. However, previous fiber studies have shown that
changing the polymer melt rheology by changing the temperature can affect melt strand
solidification andpolymer chains crystallinity, finally would affect the fiber diameter and
diameter distribution. Therefore, in this chapter, to understand the exact role of polymer rheology
and, specifically, polymer melt elasticity on fiber size in the meltblown prpoeesmake a

polymer blend and compare it to another PP to have the same melt viscosity and different melt
elasticity. Ultimately, this study's final goal is to present a comprehensive understanding of the
role of polymer rheology in the meltblown procefdser diameter, fiber diameter distributions,

and skewness that may be used to engineer polymer properties.
4.3 Experimental

4.3.1Material
All meltblown samples are made from:

1) isotactic polypropylene (Metocene MF650W, from Basell USA Inc) with a highfiowit

rate and very narrow molecular weight distribution because they have used metallocene

catalyzed for the polymerization. The density is about -39 @t 23 , and MFR is equal to

500 () measured at 239 /2.16 kg.

2) Another polymerample is a blend of polypropylene made from two miscible polypropylene
resins containing 22 wt. % of high molecular weight PP (ExxonMobil Advanced PP3854 (24
MFR)) and 88 wt.% low molecular weight linear PP (Basell USA PP650X (1200 MFR). PPX is
the isotadt homopolymer (Metocene MF650X, from Basell USA Inc) with an thigh melt
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flow rate resin and very narrow molecular weight distribution. The density is about-8-9 Af(

233 , and MFR is equal to 1206—) measured at 230 /2.16 kg, andhe second polymer

resin is a premium homopolymer (Achi&/eAdvanced PP3854, from ExxonMobil USA Inc)

with a low melt flow rate and narrow molecular weight distribution. The density is about 0.9

(—) at 233 , and MFR is equal to 24{—) measved at 23®B /2.16 kg. The melting point of

all polymers is more than 180. ASTM D 792 and ASTM D1238 are used for calculating
density and MFR, respectively.

4.3.2Meltblowing

The meltblown webs needed for this research were produced by the Hillsssalalmeltblown
Machine with a traditional Exxon slot die system (25 holes per inch) in the Nonwoven Institute
(NWI) at North Carolina State University. Other technical specitioatof the process are the

orifice diameter equal to 0.43 mm (43t) and the L/D ratio equal to 10. Three process

variables were investigated: die temperatures: 285 C and air temperatures which were set 5

3 more than die temperature at each die napire (air is hotter than polymer to hold the

polymer in a liquid state), polymer mass flow rate: 0.12 & 0.18 (g/hole/min), and minimum level
of air pressure: 10 (PSI). Other important process parameters were held nearly constant such as
collector belt peed and die to collector distance: 225 mm. All performed experiments are

summarized imable4-1.

Table 4-1 Summarization of meltblown process condition

Process variables Conditions
Die temperature 2552753
Air temperature 260-8003

Air pressure 69 (kpa)

Polymer throughput per capillary  0.12-0.18 (g/min)
Die tocollector distance (DCD) 225 mm
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4.3.3Rheological Characterization

For highshear rheology, Steady shear viscosity was measured at shear rates from about 100 to
about 7500  using an Instron CAEST SR20 Capillary Rheometer. a capillary die-@fi@D

20-mm length and 1 mm diameter and an orifice die of the same dianverteused. Capillary
measurements were adjusted for end effects and wall slip using the Bagley and Rabinowitz
corrections, respectivef>'The molten polymer's dynamic oscillatory flow behavior was
measured with 25 mm parallel plates TA Instruments Discovery Hybrid Rheometgr Hfe
aluminum bottom plate with the ovlow channel was used to prevent polymer melt leakage

flow out of the gemetry. All samples performed oscillatory shear rheology with linear

viscoelastic regime strain amplitude (5%) from 0.01 to 250 rad/s angular frequency range at 210,
220, 230and2403 . The CoxMerz rule was used to convert from angular frequency to the

shear rate.

4.3.4Fiber Diameter and Morphological Characterization

Before taking the SEM picture, at least more than five samples with dimensions 0f30csn

were cut out from each nonwoven web and coated in the Denton Desk V sputtering system under
the following conditions, argon as a protective atmosphere and gold as a coating material. Then,
a PHENOM scanning electron microscope (SEM) was used to visualize the nonwoven structure
for each sample at the same magnifications. For each nhonwoven matSEM micograph

images were taken, and Z@&30 fiber diameter measurements were made ulkeighage

analysis software ImageJ. Also, most of the fiber diameter distribution was fiteelddpyormal
distribution. The Fit Lognormal option estimates the paramét{ssale) and (shape) for the
two-parameter lognormal distribution. A variable Y is lognormal if and only if X = In(Y) is

normal. The data must be greater than zEguétion4-1).

06 aem
00 P i C, Equationd-1
i} Mc“ 'Q
n Ch b ° BT,

In the following, we quantified the relative dispersity of the distribution as the standard deviation

of the distribution's log divided by the distribution's median fiber diameter, as sh@guation
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4-2 Equation3-2. Median fiber diameter has been studied instead of mean fiber diameter because
meltblown fabrics are a combination of various fiber diameters, and fiber diameter distribution in
the meltblowrprocess follows a lognormal distribution because they are most heavily skewed,
specifically when we achieve very fine fiber diameter.

Dispersity =——) pmm Equatiord-2
Finally, the effect of polymer melt rheology on skewness has been investigated in this research.

Skewness is based on the third moment of the mean and is compiedatipns-3.

Bl ¢ Equation4-3

Whered obtained fronEquationd-4, and is a weight term is equal to 1 for equally weighted
items.

a — Equation4-4

To summarizeTable4-2 shows the skewness organized into three categories according to the

skewness equation's results performed on the diameters and the logarithm of the diameters.

Table 4-2 Types of skewness related to the number of skewness

Number of skewness Skewness type
between0.5 and 0.5, fairly symmetrical
betweenl andi 0.5 or between 0.5 and moderately skewed
less thanl or greater than 1 Highly or heavily skewed

4.4 Result and Discussion

4.4.1Rheology

In this experiment, for high shear rate rheology, a capillary rheometer with a capillary die of 30

and 20 mm length and 1 mm diameter and an orifice die of the same diameter were used to
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enable Bagley and Rabinowitsch corrections. Moreover, these polygnemsamples were

carefully characterized via a 25 mm diameter parallel plate. Oscillatory shear rheology was
performed with linear viscoelastic regime strain amplitude (5%) at a low shear rate (0.01 to 250
rad/s) angular frequency range 802 2403 for all samples, and the CdWerz rule was used

to convert from complex viscosity and angular frequency to the shear viscosity and shear rate.
Zero shear viscosity (Newtonian plateau viscosities) &d@®2403 by capillary rheometer and
parallel plateand a&tivation energie® for both utilized meltblown polypropylene samples are
summarized imMable4-3 andFigure4-1. (PP Blend was characterized onlythg parallel plate

at 200 2103 ).

Table 4-3 Zero sher viscosity and activation energy wfilized PP samples at the temperature
between 202403
Sample PPW (500 MFR) Blend of PP (22 wt.% Exxon/ PPX

TE) - (PA) O(Kjmol) - ®A) O (kj/mol)
200 37.94 38.15
210 28.15 29.07 51.64
220 23.03 47.49 22.40
230 18.43 17.44
240 14.47 13.77
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Figure 4-1 Shear viscosity versus shear rate and zero shear viscosity data collected by capillary
rheometer at the high shear ridePPWand parallel plate rheometer at the low shear rate for
both PP samples at different temperatu(€orrectiors were made fothe PPWsample by
Bagley and Rabinowitsch corrections)

Measured values of at different temperatures (2220 °C) by capillary or parallel plate
rheometer allows us to determine the flow activation ené@gylly the Arrhenius plot depicted

for both polymer samples as showrFigure4-2 and activation energies shownTiable4-3.
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Figure 4-2 Arrhenius plot for PPW and PPX utilizing obtained via rheometer

In the following, polymer melt elasticity which correlated here with the longest relaxation time
obtained bythe timetemperature superposition (TTS) principle, was applied for the frequency
dependent storagé&) and loss O&moduli measured at 2001@, 220, 230, and 240 in the
linear viscoelastic region to generate a master curve at these temperatures, which were
consequently fitted with the generalized Maxwell mo&gjuationd-5 andEquation4-6). Our

study in the previous chapter has shown that cros€area-Yasuda models can not show us

the exact longest relaxation time for these polypropylene samples.

07 o= Equation4-5
P1 -
0 1 o ! = Equation4-6

Wherg is the frequency, Is the m relaxation time;O Is the m modulus that corresponds to

_ hand n is an integer that signifies the different relaxation times. The experimentally measured
relaxation times of all the materials with a generalized Maxwell model at different temperatures
are listed infable4-4, and the master curve was fit with a generalized Maxwell model

represented ikigure4-3.
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Figure 4-3 Experimentally measured frequendgpendent storag&) and loss© ) modulus at
2003 for top PPW 500 MFR and bottom Blend of PP (22 wt.% Exxon/ PPX) samples fitted by
atwo-mode Maxwell model (lines)

Table 4-4 longest relaxation time fitted by a twonode Maxwell model

Sample PPW (500 MFR) PP Blend (22 wt.% Exxon/ PPX)

T@B) _ (ms) _(ms)
210 1.88 1.26
220 1.64 0.97
230 1.49 0.76
240 1.07 0.59

As we expected, the relaxation time obtained from different models decreased with the increase
in temperaturé? The Longest relaxation timg)and zero shear viscosity () shifted to the
processing temperatures used in this experiment from 250 t® 2f@ained via the Arrhenius

equation Equationd4-7) and seen ifable4-5.

Y b YO~ - — Equationd-7
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Table 4-5 Essential rheological characteristics shifted to the meltblown processing temperature
via the Arrhenius shift factor

Sample PPW (500 MFR) PP Blend (22 wt.% Exxon/ PPX)

TE) - ®A _(ms) - P8 — (ms)
250 1194  0.97 10.88 0.47
260 9.73  0.79 8.71 0.38
270 799 065 7.03 0.30
280 6.61  0.53 5.71 0.25

4.4.2 Fiber Diameter and Diameter Distribution

Both polypropylene samples were processed at the conditions explaifeduled-1. All

samples were produced without common defects in meltblowregses, such as shots, flies,

and roping?2* SEM images, fiber diameter distributions, and lognormal function fit all
meltblown samples at the processing conditions explained before are providgdrev-4 -
Figure4-9. These SEM images and graphs have shown that fiber diameter and diameter
distributions change by changing the temperatme polymer throughput. The results have

shown that fiber size decreases with increasing of temperature for each polymer resin and also
decreaseof polymer throughput. Moreover, fiber diameter distribution change from normal to
thelognormal distributiorwhen processing temperature increases and polymer throughput

decreases.
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Figure 4-4 SEM |mages of PPVE60/0.1269top and PRV 260/0.1869 bottom (Air temperature
(3 ), polymer throughpufgr/hole/min), and air pressurep@), respectively) with the 30 &
white scale bar and statistical analysis of fiber diameter distribution (normal diameter
distribution)
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Figure 4-5 SEM images of PPW?O/O 1269top and PPW270/0.1869 bottom with the 30 &
white scale bar and statistical analysis of fiber diameter distribution (Log normal diameter
distribution)
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Figure 4-6 SEM images of PPVE80/0.1269 top and PPV\280/0.1869 bottom with the 30 &
white scale bar and statistical analysis of fiber diameter distribution (Log normal diameter
distribution)
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Figure 4-7 SEM images oPPB260/0.1269 top andPPB260/0.1869 bottom with the 30 &
white scale bar and statistical analysis of fiber diameter distribution (Log normal diameter
distribution)
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Figure 4-9 SEM images of PP 280/0.1269top and PB 280/0.1869 bottom with the 30 &
white scale bar and statistical analysis of fiber diameter distribution (Log normal diameter
distribution)

In thischaptey the AndersosDarling test has been used, similar to chapt¢éo determine each
data set is from which specific distribution.
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The distribution type and goodness of fit for each sample are sholiabla4-6.>>Thetablehas

shown which sample followed the normal and lognormal distribution. Generally, meltblown

samples follow normal distribution at low temperatures and high polymer throughput at the same

air pressure. Variable d (fiber diameter) is lognormally ithisted if Y=In(d) is normally

di stributed. Here 0 is the shape parameter wh
distribution for lognormal distribution and regular standard deviation for normal distribution, and

€ 1 s t he s c aliaaof thadisttibuiiotior logeormalrard medkad fiber diameter for

normal distribution Thistables hows t hat shape, 8 which is rela
the |l og of the distribution, tends danobe more
the distribution, is smaller, and it happened with the increase in temperature for both polymer

resins at the same air pressure. Moreover, Shape and scale have been used to obtain the

dispersity as a standard deviation of the log of the distribatial the median of the log

distribution, respectively.

Table 4-6 Fiber diameter distribution analysis of PPW and PP Blend meltblown samples and
distribution types

Distribution Farameters Goodness of Fit
Sample ID Distribution Type
‘ scale » Shape A2 Simulated Pvalue
PPW 260/0.12/10 Normal 7.46 2.65 0.66 0.078
PPW 260/0.18/10 Normal 8.77 3.12 0.5 0.2
PPW 270/0.12/10 Lognormal 1.58 0.41 0.46 0.27
PPW 270/0.18/10 Normal 6.99 2.78 0.55 0.144
PPW280/0.12/10 Lognormal 1.05 0.51 0.49 0.22
PPW 280/0.18/10 Lognormal 1.28 0.47 0.39 0.38
PP Blend 260/0.12/10 Lognormal 1.27 0.52 0.29 0.64
PP Blend260/0.18/10 Normal 6.1 241 0.4 0.39
PP Blend 270/0.12/10 Lognormal 0.78 0.55 0.72 0.06
PP Blend270/0.18/10 Lognormal 1.12 0.47 0.66 0.08
PP Blend 280/0.12/10 Lognormal 0.65 0.58 0.36 0.46
PP Blend 280/0.18/10 Lognormal 0.77 0.54 0.71 0.06

™ The polymers nomenclature used as follows: PP(W/Blaxidjemperature/polymer throughput/air pressure

The experimentally measured melt viscosity and elasticity for each polymer sample that was
meltblown in this study and the median fildgameter, dispersity, and skewness are listed in

Table4-7. Results fronlable4-7 have shown in the following pictures.
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Table 4-7 Summarization of melt rheology and meltblown experimental parameters for PPW
and PP Blend samples

Sample ID - P& _ (ms)  Median fiber diameterf( ) dispersity (%) Skewness
PPW260/0.12/10 9.73 0.79 7.73 35.5 Normal
PPW 260/0.18/10 9.73 0.79 8.84 35.5 Normal
PPW 270/0.12/10 7.99 0.65 4.87 26 0.7
PPW 270/0.18/10 7.99 0.65 6.84 39.7 Normal
PPW280/0.12/10 6.61 0.53 2.89 47.6 0.98
PPW 280/0.18/10 6.61 0.53 3.72 36.5 0.84
PP B 260/0.12/10 8.71 0.38 3.57 39.7 1.4
PP B 260/0.18/10 8.71 0.38 6 37.1 Normal
PP B 270/0.12/10 7.03 0.30 2.1 69.2 2.13
PP B 270/0.18/10 7.03 0.30 2.9 41.1 1.33
PP B280/0.12/10 571 0.25 1.84 89.2 1.75
PP B 280/0.18/10 571 0.25 211 69.2 1.72

Meltblowing PP samples with almost the same melt viscosities and different melt elasticity
provided insight into the role of polymer melt rheology and, specifically, melt elasticity on the
statistical properties of fiber diameter and diameter distributioneltblown fibers. In the first
step,themedian fiber diameter has investigated for both PP samples at different temperatures
and polymer throughput to show the effect of melt elasticity on fiber diameter when the melt
viscosity is almost the sanfier both polymer resin®ur study in the previous chapter has

shown that median fiber diameter increases with the increase of melt viscosity and melt
elasticity. Althoughthe median fiber diameter was less for a polymer with lower melt elasticity
when nelt viscosity was the same and adjusted by temperature. Nevertheless, as explained
before, modifying the melt viscosity for different PP with different molecular weights by
temperature is unreliable because temperate can affect the time of solidificatipolgmer

chain crystallization, impacting the size of final fiber diameteigure4-10 shows an increase in
elasticity at almost the same viscgsand appears to increase median fiber diameters
significantly. MoreoverFigure4-11 shows the same result when polymer throughput increases
from 012 to 0.18 (gr/hole/min) when the other parameters are the $ameeason can be

related to the elastic stress inside the fiber or melt strand after die exit that resist to the pulling

force induced by the surface shear stress.
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Figure 4-11 Effect of polymer melt elasticity (longest relaxation time) on the median fiber
diameters at almost the same melt viscosity for PPW and PP Blend at polymer throughput 0.18
(gr/hole/min)

We are also able to observe the effect of melt elasticity on the width of fiber diameter
distribution (dispersitypbtained byEquationd-2 and shown imrable4-7 for eachpolymer resin

by comparing the PPW with PP Blend at the same melt viscosity and different melt elasticity to
investpgate the effect of polymer melt elasticity on fiber diameter distribuimure4-12 shows

that the width of fiber diameter distribution decreasihb the increase of melt elasticity when

the melt viscosity and polymer throughput are the same for each polymer. Moreover, the result
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shows that the width of fiber diameter distribution is less at higher polymer throughput for each
polymer resin with theame melt viscosity and elasticity.

FurthermoreTable4-7 shows that the width of fiber diameter distribution is almost the same for
the situatiorthat follows the normal distribution. It can be related to the fiber size and explain
that fiber diameter distribution is more variable when we achieve to very fine fiber diameter
when the fiber diametdollows the lognormal distributiarAlthough Elison and coworkefs
believe there is no dependency between the fiber diameter distribution and average fiber
diameter, these results have shown that the width of fiber diameter distribution is almost similar
when the median fiber diameter is high, and the fiber diametenf®lihe normal distribution.
On the other hand, Hao and Zé&higave shown that fiber breakage decreases with the inérease
fiber diameter and melt viscosity, and polymes jake more time to break. The result from this
study is closer to Hao and Zésgtudy to explairthat the fiber diameter distributioelated to
fiber breakage can be directly related to melt rheology and fiber size.
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Figure 4-12 Effect of polymer melt elasticity (longest relaxation time) on the width of fiber
diameter distribution (dispersity) at almost the same melt viscosity for PPW and PP Blend at two
different polymer throughputs:0.12 and 0.18 (gr/hole/min)

4.4.3Fiber Skewness
Skewness is the degree of distortion from the symmetrical bell curve, and this phenomenon has
not been seen in a normal distribution. Details about skewness are explained in the previous

chapterHere,theeffect of melt elasticity on skewness in the melthigwocess at the same melt

viscosityis investigatedFigure4-13 showsthatthe skewness decreases with the increase of melt

122



elasticity at almost the same melt viscosity for each sample. It can explain that the number of
fibers with verythick fiber diameters can be decreased at higher melt elasticity. Therefore,
increasing the melt elasticity would be an appropriate methodke @aweb with no more thick
fiber.
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Figure 4-13 Effect of polymer melt elasticity (longest relaxation time) on the skewness at almost
the same melt viscosity for PPW and PP Blend at two different polymearghputs:0.12 and
0.18 (gr/hole/min)

Moreover, according to the skewness category showaklle4-2, webs, specifically at lower

melt elasticity ( is around 0.3 (ms)have skewness of more than one, and is categorized as a
heavily skewed sampl&he reason can be relatexdthe instabilly and fiber diameter oscillation
which lead to the pinch point formation when fiber diameter achieves to fine fiber specifically at
lower melt viscosity and elasticity. Hao and Z&%g their study have shown that fiber breakage
mostly happens when mealtrand achieve to minimum fiber diameter. In this situation, when

fiber breakage happens, polymer melt accumulate after die exit and it would make the thin fiber

in final product.

4.5 Conclusion

In the following previous chapter, isotacgiolypropylene homopolymers (Metocene MF650W)
with 500 MFR ), and PP Blendcpntaining 22 wt. % of high molecular weight PP

(ExxonMobil Advanced PP3854 (24 MFR)) in low molecular weight linear PP (Basell USA
PP650X (1200 MFR)were used to prode nonwoven via small scale hills machine equipped
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with a traditional Exxon style die system at a variety of die and air temperatur@8@60, two

levels of polymer throughput: 0.22.18 (gr/hole/min), and one level of airflow rate: 10 (psi) for
each ample to understand the effect of polymer melt elasticity in median fiber diameter, the
width of fiber diameter distribution (dispersity) and skewness. The results have shown an
increase in elasticity when the PP blend and temperature modify the metityisqpears to

make a statistically significant increase in median fiber diameters. On the other hand, dispersity
and skewness show the same trend. The dispersity and skewness decrease with the increase of
melt elasticity. The results indicate that utiig low molecular weight PP resin can stabilize the
production of polymeric micro and nanofibers through the meltblown process.
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Chapter 5: Investigate the Effects of Polymer Melt Rheology on Melt Strand Instability
and On-Set of Process Failure in Meltblown Nonwovens Produced by Metallocene

Polypropylene Resins

5.1 Abstract

Meltblowing technology is one of the most economical ways to produce fine fiber webs. In this
process, a polymer melt is extruded through die capillaries into thespegd hot air stream,

and polymer melt strands are simu#ansly accelerated, cooled, stretched, and formed into

small fibers. Properties and quality of a web, fiber size, and fiber diameter distributions result
from complex interactions between capillary orifice configuration, viscoelastic polymer strands,
and sirrounding higkspeed hot air stream. However, little research has been reported despite the
fact that polymer properties play a critical role in fiber processing and defect formation in the
meltblown process. On the other hand, one of the ultimate giothls meltblowing process

would be the production of the smallest possible fibers. Fiber diameter reduction can be achieved
in various ways, including higher process temperature, low molecular weight polymer, high
airflow rate, and low polymer throughpiiyt eventually, the process reaches the failure points
where melt strands start to break. These process failures result from melt strand instability
development close to the die exit. When polymer melts exit through the die capillary, it can
develop melt seam instability or fiber diameter oscillation which leads to the ppuaiht

formation at which melt strand breakages occur under extreme extensional deformation imposed
by air drag. There are possible sources of instability of polymer melt streamssilmiv a

instability inside die capillary, Raleigh instability (capillary force driven), aerodynamic jet
perturbations, and rubber elasticity. However, it is worth noting that, theoretically, polymer
rheology or capillary flow conditions determined by polymtesology play aritical role in

almost all these instability sources. Here, instability development during the meltblown process
is investigated at the maximum air pressure achieved before-#et oha process failure and

median fiber diameter and minimum fiber diameter swhethroughpupolymer combination.

Finally, the effect of polymer melt rheology on instability development, lower limit of fiber
diameter, critical draw ratio, which represent the degree of elongation deformation at the die exit,

and critical air drag fare after die exit, which can demonstrate the melt strength of polymer melt
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strand after die exit are investigatéathe final step, stress at break for each sample measured

and the results investigated and related to the melt rheology.

5.2 Introduction

According to INDA, Nonwoven fabrics are defined as "sheet or web structures bonded together
by entangling fiber or filaments (and by perforating films) mechanically, thermally or

chemically. They are flat, porous sheets that are made directly from sefdagegefifrom

molten plastic or plastic film. They are not made by weaving or knitting and do not require
converting the fibers to yarn.In general, nonwovens are divided into three major categories:

dry laid, wet laid, and polymer laid, which the lases include spunbond, flash spun, and
meltblown? The meltblown process is a unique, highly engineered, anddstnonwoven

process. This process is unique because it is used almost exclusively to produce microfiber and
nanofibers rather than fiberelsize of standard textile fio@Meltblown microfibers generally

have diameters ranging from 2 to{li0, although they may be as small as &@9and as large

as 30t | .**Meltblown web has been used in various applications sufittrason media, liquid

and gaseous filtration, medical/surgical market such as disposable gown and sterilization rap
segments, sanitary products, Oil adsorbents, and electronic specialties such as battery separation.
Meltblown webs are used in biosensansl scaffolds for tissue engineering in the form of
nanofibers'® The technology to produce microfiber by meltblown process was introduced under
the U.S. government project by the Naval Research Laboratory in 1950. In this project, the goal
was to colkect the radioactive particles in the upper atmosphere with microfibers. Wente
published this work for the first time in 19%8Iln a standard meltblown process, as shown in
Figure5-1, polymers are in the form bkads, pellets, or chips stored in silos, and then these are
carried to the feed section of ertruder. The extruder is used to reduce the polymer molecular
weight by shear and hed¢gradation. In the next step, the molten polymer is transferred to a
distribution system to provide uniform flow to each hole in the die tip. The most critical area in
the meltblown process is between the die to the collector when the melt stranddsdxtru

through the higfspeed, hot air stream, where it rapidly accelerates and undergoes extreme
extensional deformation, which assists in drawing or attenuating the polymer to form microfibers
(Figure5-2). An air compressor generates higlocity air, usually 50% 80% of the sound

speed. Air goes through a heating unit to receive the optimum air temperature, typically 200°C to
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370°C. The air temperatui® hotter than the polymer to hold the polymer in a liquid state. After
fiber formation immediately below the die, air with ambient temperature is drawn into the hot air
stream containing the microfibers. Ambient air solidifies the fiber and cools ghsi®hot air

or gas. The distance between the diethedbelt is around 15 to 50 cm. The hot air stream,
directed horizontal or downward, delivers the fibers onto the collection device where the web
forms. Then vacuum is used inside the drum or undebdit to collect the air, and microfiber

made in the previous steps is laid down randomly and entangled together. In this region, fibers
are still soft at laydown and will tend to form fibierfiber bonds that this bond will cause
microfibers to stick tgether. Fiber entanglement and fibesfiber bonding make fiber cohesion

and strong fabrict¥ 13

In recent years, a significant body of work has been published about the various aspects of the
meltblown process and the influences of various procegsiragneters on fiber formation in the
meltblown process. However, melt strand instability and onset process failure is still an unknown

topic in the meltblowing process.

Gear Pump and Filier

C

Jar

o

Collector Sereen (]

Figure 5-1 Schematic picture of the Meltblown process
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Polymer melt

Figure 5-2 Schematic picture of fiber attenuation a few centimeters after die in the meltblown
process. (a) Die diameter, (b) Fiber diameter at die swell(@ridber diameter after swell

One of the ultimate goals of the meltblowing process would be the production of the smallest
possible fibers. Fiber diameter reduction can be achieved in various ways, including higher
melt/air temperaturé, low molecular weight polymét, high airflow rate'®, and low polymer
throughput’, but eventually, the process reaches the failure points where melt strands start to
break. We assume these process failures result from melt strand instability develdpssetat

the die exit. When a polymer melts through the die capillary, it can develop melt stream
instability or fiber diameter oscillation, leading to the phpdint formation at which melt

strands breakages occur under extreme extensional defornmgiosdad by air drag force after
die exit Possible polymers melt stream instability sources are flow instability inside die
capillary, pultup instability, Ryleigh instability, aerodynamic jet perturbations, and rubber
elasticity. However, it is worth notinthat, theoretically, polymer rheology or capillary flow
conditions determined by polymer rheology play a significant role in almost all of these
instability sources, and how it applies to the meltblowing fiber formation process is complex.
Shambaugh hashown three critical regions in the meltblowing process between die and
collector. In the first region, the melt strand is extruded out from the capillary, but the gas
velocity is very low, and the fiber motion is essentially parallel with the motioreajdk. In the
next region, a few centimeters after die exit, the melt strand enters thepleigth gas stream,
where the fiber breaks into an undesirable polymer called shot and fly. Fiber breakup mostly
happens when the melt strand transfers from regiern@the next. Finally, turbulent whipping
action happened farther from die face, which reduced fiber and shot di4Zietieicki believes

that fiber breakup in that region is caused by two important reasons: cohesive fracture and/or

131



capillary action.The cohesive fracture happens when the tensile stress in the melt strand exceeds
a critical stress value which this critical stress value is a function of melt rheology such as melt
viscosity and melt elasticity, temperature, and elongationtatéhough Ellison has explained

that the origin of the spheres in the meltblown webs results from fiber breakup instabilities a few
centimeters after die exit, which is driven by surface tension. Moreover, they have shown that the
polymer melt rheology, such aselt viscosity and elasticity, and processing parameters such as
air/polymer temperature and air/polymer mass flow rate could influence the melt strand break up
after die exit

In the following, Han and coworkers investigated the meltblowing nanddibekup based on

the Rayleigh instability theory and explained the reasons for the fiber breakup. In this study, they
have shown by the theory that the polymer surface tension could increase dramatically with
decreasing fiber diameter and influence therfibreakup significantly. In the experiment part of

this study, they have shown that the higher air temperature reduced the polymer melt viscosity
and increased the fiber breakup (higher melt viscosity could reduce the fiber breakup).

Moreover, the air pssure and polymer throughput, which influenced the fiber diameter, were
used to control fiber breakup during the rigtiwing process? Hao and Zeng have simulated

the breakup process of melt strands after die in meltblowing by the-setvelethod. Ithis

work, they used the polymer jet breakup process driven by surface tension theory, and the
breakup process was illustrated visually by simulation results. They have found that melt strand
breakage becomes easier with a decrease in polymer viscogryepget diameteranincrease

in polymer surface tensipand amplitude of perturbation. They have suggested that lowering the
surface tension can help reduce the fiber breakup phenomena and increase the quality of melt
strands?® Moreover, Ziabicki klieves that the cohesive fracture is an important reason for
breaking melt strand after die exit when the tensile stress in the melt strand exceeds critical
stress. The previous study has shown that another important reason to break the melt strand in
thefiber formation process is the maximum draw ratio, representing the degree of elongation
deformation at the die exit. Therefore, Because of the similarity between melt spinning and
meltblown, the initial fiber dynamics model in meltblown developethfroelt spinning. In the

melt spinning process, a draw roll is used to attenuate the melt strand, although, in the meltblown
process, a gas or air stream attenuates the melt strand to make the final product. In melt spinning,

the takeup roll exerts a drafprce, and the ambient air cools the filament. In contrast, in
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meltblown, the air delivers a significant force and delays polymer solidification after die exit
because it is heated to the polymer temperatimbicki and coworkers developed the

fundanental momentum, continuity, and energy balance equation for melt strands in the melt
spinning proces&:2*In the following, Matsuo and Matovich developed these equations for melt
spinning?>28In the next steps of these studies, heat transferid@nand air drag force were
considered in formulating an improved theéhBeveral years later, Ziabiéki®°, Uyttendaele,

and Shambaudhintroduced these theories for the meltblowing process. during the past years,
the meltblown fiber formation theory was developed fromadingensional to two and three
dimensional models and from macroscopic properties to fiber microstrd¢Sinambaul

specifically focused on air drag force in the meltblown process after die exit, which is a
significant force after die to attenuate the melt strand and break the melt strand from the pinch
point when it extends above the critical poiht.

Moreover, poducing the very fine fiber in the meltblown process without any defect is an
ultimate goal, although when we achieve the very fine fibers, we can easily find the fly and shots
in the meltblown web, which results from fiber break up in the meltblown moRemmsuk

and*and Barilovit$®have shown that when the melt strand achieves a minimum in the

meltblown process, spinning behavior istaide specifically very close to die exi

significant diameter fluctuation after die ekdive shown in HadRuamsuk, and Barilovits

studies in meltblown proce$%**3° These studies explain that the fiber fluctuation and pinch

point formation after die exit increases with the increase of polymer and air temperature, airflow
rate, and decrease of polynmbroughput. Most studies focused on processing parameters or used
different polymer resins, mainly focusing on the processing parameters. Therefore, few studies
show the effect of polymer properties on instability and fiber bugai the meltblown praess.

For the first time, Hao and Zeng simulate the polymer jet breakup process during meltblowing,
which is important for understanding the controlling mechanisms. As showigune 5-3, the

melt strand changes to a droplet when it achieves very fine fiber, and finally, breakages occur
under extreme extensional deformation imposed by air drag force after die exit. This study
investigated theffect of viscosity, jet diameter, surface tension, and initial jet perturbation on

fiber breakup in the meltblown process.
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Figure 5-3 Polymer jet breaking into drops after die exit in meltblown pgece

This section investigates the effects of polymer melt rheology, such as melt viscosity, elasticity,
and melt strength, on instability development and onset process failure, specifically after die exit.
The selection of polymers and melt processingptnature was based on the full thermal and
rheological analysis. The selected polymer is extruded through a meltblowing die with varying
polymer throughput and maximum air pressure. This study uses a typical Exxon slot die system
with a fixed capillary sie. We observed instability development during the process, medsered
maximum air pressure achieved before process failure (shot and fly formation), and found median
and min fiber diameters for each throughpatymer combination. Finally, theritical draw ratio

at the die exit, which represents the degree of elongation deformation at the die exit, critical air
drag force, which represents the melt strengtbtability and stress at breakvestigated and

related to polymer melt rheolodgr each sample
5.3 Experimental

5.3.1Material

In this step, meltblown fibers are made from three types of commercial meltblowing grade
polypropylene. All polymer resins are isotactic Metocene polypropylene homopolymers from

Basell USA Inc with a high melt flomate and very narrow molecular weight distribution. These

PP resins are PPW, PPX, and PPY with high MFR equal to 500, 1200, and-3869 (

measured at 230 /2.16 kg, respectively. The density is about @:9%) at 233 , and the

melting pointof each polymer resin is more than B5OASTM D 792 and ASTM D1238 are

used for calculating density and MFR, respectively.

134



5.3.2Meltblowing

The meltblown samples were produced by the Hills sstle meltblowmnmachine with a
traditional Exxon slot die syste(25 holes per inch) in the Nonwoven Institute (NWI) at North
Carolina State University. Other technical specifications of the procettseanrice diameter
equal to 0.43 mm (430m) andtheL/D ratio equal to 10. Moreover, in this experiment, three
process variables were investigated: die temperature22®% , air temperatures: 212803 ,
polymer mass flow rate: 0.06, 0.12, and 0.18 (g/hole/min), and maximum level of air pressure
before process failure start to happen. Other important process persamere held nearly
constant such as collector belt speed and die to collector distance: 225 mm. All performed

experiments are summarizedliable5-1.

Table 5-1 Summarization of meltblown process condition

Process variables Conditions
Die temperature 2052753
Air temperature 260-8003
Air flow rate Maximum before process failu(&pa)
Air Velocity Maximum air velocity 1cm below die exit (m/s)
Polymer throughput per capillary 0.06, 0.12, 0.18 (g/min)
Die to collector distance (DCD) 225 mm

5.3.3Rheological Characterization

For highshear rheologysteady shear viscosity was measured at shear rates from about 100 to
about 7500  using an Instron CAEST SR20 Capillary Rheometer. Capillary dies-af@D

20-mm length and 1 mm diameter and an orifice die of the same diameter were used. Capillary
measurements were adjusted for end effects and wall slip using the Bagley and Rabinowitz
corrections, respectiveff:3"The molten polymer's dynamic oscillatory flow behavior was
measured with 25 mm parallel plates TA Instruments Discovery Hybrid Rheomet&r iR all

samples, oscillatory shear rheology was performed with linear visticalegime strain
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amplitude (5%) from 0.01 to 250 rad/s angular frequency range at 210, 22and23a03 .

The CoxMerz rule was used to convert from angular frequency to the shear rate.

5.3.4Fiber Diameter and Morphological Characterization

More than five amples with dimensions of 0.5.5 cm were cut out from each meltblown mat

for the SEM picture. Before taking SEM, each sample was coated with Denton Desk V

sputtering coating system under the following conditions, argon as a protective atmosphere and
goldas a coating material. A Phenom scanning electron microscope (SEM) was used to visualize
the nonwoven structure for each sample at the same magnifications. For each meltblown sample,
10-15 SEM micrograph images were taken, and 280 fiber diameter measments were

made usingheimage analysis software Imagéd the following, ten percentile of fiber

diameters hsbeen used to obtain the minimum fiber diameter because the actual minimum fiber

diameter is not trdablein the meltblown process.
5.4 Result ard Discussion

5.4.1Rheology

We followed chapters two and three to obtain the zero shear viscosity and longest relaxation
time. Also, In this chaptewe addedanew polymer resin: PPY (1800 MFR). Zero shear
viscosity— (Newtonian plateawuiscosities) at 20-2403 by capillary rheometer and parallel
plateand activation energi&d for both utilized meltblown polypropylene samples are

summarized imMable5-2 andFigure5-4.

Table 5-2 Zero shear viscosity and activation energutilfzed PP sampled eemperaturg
between 202403

Sample PPW (500 MFR) PPX (1200MFR) PPY (1800MFR)
T@E) — PA) O(jmol) - A O kjmol — P&  O(kjmol
210 28.15 9.10 6.79
220 23.03 47.49 7.50 48.05 5.25 45.42
230 18.43 5.92 4.48
240 14.47 4.47 3.50
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Figure 5-4 Shear viscosity versus shear

Shear rate (1/s)
rate and zero shear viscosity data collected by capillary

rheometer at the high shear rate and parallel phatemeter at the low shear rate for utilized PP
samples at different temperaturéSorrectiors were made for samples by Bagley and
Rabinowitsch corrections)
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Measured values of at five different temperatures (2@3@0 °C) by capillary and parallel péa
rheometer allows us to determine the flow activation enédgylly the Arrhenius plot depicted
for both polymer samples as showrFigure5-5 and activation energies shown Table5-2.
These values dD are in best agreemewith values reported by other researchers for low
molecular weight meltblown isotactic polypropylenes such as PP33D5@4.8 kj/mol,
MFR=400 g/10 min at 238 /2.16 kg), PPHL504FBQ =56.59 kj/mol, 450 g/10 min at 230
/2.16 kg MFR), and PPHL512FE)(=56.69 kj/mol, 1200 g/10 min at 230 /2.16 kg MFR)?3%

4.0
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Figure 5-5 Arrhenius plot for PPW and PPX utilizing obtained via rheometer

Based on information in chapsdwo and three, to obtain the longest relaxation timg the
time-temperature superposition (TTS) principle was applied for the frequdapsndent storage
("O) and loss ' Oa&moduli measured at 210, 220, 230, and 24id the linear viscoelastic remn
to generate a master curve at these temperatdnesh were fitted withthe generalized Maxwell
model Equation5-1 andEquation5-2).

07 0= Equation5-1

01 o = Equation5-2
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Wherg

is the frequency, is the m relaxation time O is the my modulus that corresponds to

_ , and n is an integer that signifies the different relaxation times. Also, the experimentally

measured relaxation times of all the materials with a generalized Maxwell model at different

temperatures are listed Trable5-3, and the master curve was fit with a generalized Maxwell

model represented fFigure5-6.
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Figure 5-6 Experimentally measured frequendgpendent storag&) and loss© ) modulus at
2103 for PPW, PPX, and PPY samples fitted by a-nwade Maxwell model (lines)
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Table 5-3 longest relaxation time fitted by a twnode Maxwell model

Sample  PPW (500 MFR)  PPX (1200MFR)  PPY (1800MFR)

TG) — (ms) — (ms) — (ms)
210 1.88 11 1.00
220 1.64 1.1 1.00
230 1.49 0.83 0.90
240 1.07 0.68 0.70

The Longest relaxation time)and zero shear viscosity () shifted to the processing
temperatures used in this experiment from 250 toz2&btained vighe Arrhenius equation

(Equation5-3) and seen iffable5-4.
Y o YO Equation5-3

Table 5-4 Basic rheological characteristics shifted to the meltblown processing temperature via
the Arrhenius shift factor

Sample PPW (500 MFR) PPX (1200MFR) PPY (1800 MFR)

T@E) - P8 _ms) - ®H —(ms) - P8 —(ms)
250 11.94 0.97 3.82 0.54 2.96 0.59
260 9.73 0.79 3.10 0.44 2.43 0.49
270 7.99 0.65 2.54 0.36 2.01 0.4
280 6.61 0.53 2.10 0.29 1.68 0.34

5.4.2Melt Strand Instability and On -set of Process Failure

One of the meltblowing process's ultimate goals is to produce the srpalisgile fibers! Fiber

diameter reduction can be happened by adjusting the processing parameters or polymer
properties. Nevertheless, eventually, the process reaches the failure point where melt strands start
to break. Previous studies have shown thatprocess failures result from melt strand instability
development close to the die exit. When polymer melts exit through the die capillary, it can
develop melt stream instability or fiber diameter oscillation, leading to the-pimialh formation

at which melt strand breakages occur under extreme extensional deformation imposed by air

drag?’ Although there are not many studies to show the effect of polymer melt rheology on
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instability development ithe meltblown process, it is worth noting thheoretically, polymer
rheology or capillary flow conditions determined by polymer rheology play a role in almost all
these instability sources. A few hypotheses based on theory and other polymer processing are
established to investigate the role of me#alogy in this complex instability development and
process failure. The first one is that higher viscosity inhibits instability growth regardless of its
driving forces. Increasing viscosity increases the characteristics time scale of calpilary

instability development and provides favorable conditions in jet stability by increasing
Ohnesorge number and reducing Reynold number. However, increasing viscosity also increases
fiber diameter, so it may not be the best way to control instability developonachieve fine

fibers. The next one is that polymer elasticity can dampen instability development. A polymer
melt is not Newtonian fluid but viscoelastic, and some fluid dynamic study suggested an elastic
component of viscoelastic fluid inhibit the gréwaf capillarydriven instability and

aerodynamic jet perturbation. However, too high elasticity may cause instability driven by rubber
elasticity. Finally, Polymer melt strength may determine the failure point. When pinch points are
formed by instabilitydevelopment, breaking stress and strain rate may be determined by melt

strength.

Three PP resins with different MFR were used to make meltblown samples. As mentioned in
section5.3.2 all samples are delivered at the maximum air pressure/ velocity lefare

happens (before shots ang fibrmation).

To understand the slot die's general capabilities for producing fine fibers in the meltblown
process, webs were analyzed for each trial condsanvn inTable5-1. A full factorial

experiment was conducted for air temperature, air pressure, and polymer throughput, and all
samples were collected from each condition. Minimum and median Fiber dianmfdvex
diameter distributions are presented as box plots as a function of processing condrigueein
5-7.
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In this chapter, we have investigated the effect of polymer rheologygjhbgting the air and die
temperature. Therefore, in the first stegure5-8, Figure5-9, andFigure5-10 showed the

maximum air pressure before process failure when instability started, and fiber breakage started
to happen at three different throughputs versus air temperature for each polymer resin.
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Figure 5-8 Maximum air pressure before process failure versus temperature at different polymer
melt flow rates for PPW (500 MFR)
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Figure 5-9 Maximum air pressure before procéasure versus temperature, melt viscosity, and

longest relaxation time at different polymer melt flow sdite PPX (1200 MFR)
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Figure 5-10 Maximum air pressure before process failure versus temperature, melt viscosity, and
longest relaxation time at different polymer melt flow sdte PPY (1800 MFR)

The results have shown that the maximum air pressure at the critical point and before the failure
happens decreases with the increase of process temperature for all polymer resins, although
comparing three polymer samples explained that reducing thelkatigressure is more rapid

for PPY and PPX than PPW. Moreover, the results have shown that the critical air pressure is
almost similar for each polymer resin at high processing temperatures, although these numbers
are varied at low processing temperaturAdditionally, critical air pressure increases with the
increase of polymer throughput for each sample, specifically at lower processing temperatures. It
is almost similar at different polymer throughputs for each sample at higher processing

temperaturs.

Then,based orthe experiment resultsom this studyand the equations obtained from

meltblown and melt spinning studies, the effect of polymer melt rheology on instability
development, the lower limit of fiber diameter, critical air drag force, amximum draw ratio at
the die exitare investigated.

Much theoretical and experimental research has been conducted on the mechanisms of fiber
dynamics during meltblown. Shambaugh improved thedimensional model to resolve the

fiber attenuation problem der a slot die in the meltblown process. They also improved their
model to twe and threedimensional model? in another series of studies, Ziabicki and
coworkers represent a model to investigate the effect of polymer viscoelasticity on fiber
formation inthemeltblown proces& *°based on these studies, the mass conservation equation

of the polymer melt stral have found, and it has showrEquation5-4.
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— " ama 0 Equation5-4

Where D(z) is the local polymer jet diameter, V(zbhislocal polymer velocity” & is polymer

density anc® is polymer mass throughput per single filament.

The other equation usedtims study is the force balance equation accounts for the lexsilé
force balancingsuch as the inertia, air drag force, gravity, and surface tension. Theptdtece
vanishes in this equation because there is neupKerce inthemeltblown process. The axial

gradient of tensile force or F(z) #ishown inEquation5-5.
—=& & & & Equation5-5

Previous studies and our calculations have shibamnall of these forces quation5-5 are
negligible except air drag forcAir drag forceattenuates the melt strand and breaks the melt

strand from pinch poistformedafter die exit. Air drag force obtains frofguation5-6.
| EAOOAEC OAAAEIM U 00U U 6 Equation5-6

Where D (z) is local fiber diamete’ & is air density ani ando» are fiber/melt and air

velocity, respectively. The j factor accounts for the fact that, near the spinneret, the gas exerts a
positive (downward) force on the filament, but ket down the threadline, the force exerted by

the gas is negative. The j is negative w () > o (z)and positive wheo (z) <o (2).0 is

air drag coefficient and obtained frdaguation5-7.

8
0 078—— Equation5-7

Whereu is air kinematic viscosity. Flow Kinetics FKT 2DP4@ device with a 7.94 mm

diameter pitot tube have used to measure the air velocity at 1cm below the die.

Stretching step intensity is evaluated by thealed draw ratio (a dimensionless number).

Equation5-8 have used to measure the maximum draw ratio after die exit.
YT =AY O Equation5-8
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Therefore, from the equation above, we can conclude— —

Where'Y is fiber diameter at die exit ar'Y is fiber diameter at the thinned area after die exit

when the pinch point is formed, and fiber breakage hapjethis study because the minimum

fiber diameter is unreliable, ten percentile of fiber diameter are used talsdomnimum fiber
diameteratthe pinch point area ithemelt strand. At a low draw ratio, the stretching flow is

stable which means that the melt strand diameter is constant, and any perturbation drops and
goes to zero. When the draw ratio increases the order of magnitudetofsaveral tens above

the critical point, the melt strand becomestabke and a periodic diameter fluctuation develops.
Based on previous studies, it appears just a few centimeters after die exit and then propagates to
the extremity of the stretching peftt

Results have shown that, by using the dimensionless number of draw ratio and zero shear
viscosity, we can use a draw ratigscosity diagram to plot a unique master curve, which
corresponds to the limiting drawing performancéhimeltblown process. Thiplot explains

that despite the simplifying hypotheses, we capture the main physical parameters that need to
understand the behavior of a material in the meltblown process. As shéiguia5-11, the

lower the viscosity, the higher the maximal attainable draw ratio. Increasing melt viscosity
almost always favors the reduction of instability development regardless of its driving forces.
Increasing viscosity increases the characteristics time scale of cagiiilaen instability
development and provides favorable conditions in jet stability according to aerodynamic jet
perturbation by increasing Ohnesorge number and reducing Reynoldmitobever,

increasing viscosity also decreases the maximum draw ratio at the die exit, so it may not be the
best way to control instability development to achieve fine fili@nsthe other handiigure5-11
shows that the maximal attainable draw ratio decreases with polymer throughput, which can be

related to the ticker fibers obtained at high polymer throughput.

146



Polymer throughput
0.06 (gr/hole/min)
= PPW 500 MFR

E
[}
2 10° Al e PPX 1200
5 ot 4 A PPY 1800
@ ote
i ° A
T [ ]
© ]
© ™ "
£ ]
=}
E " s "y
x
©
=
10° . .
10° 10 10

Zero shear viscosity (Pa.s)

Polymer throughput
0.12 (gr/hole/min)
= PPW 500 MFR

()
gms_ N e PPX 1200
= A A 4 PPY 1800
5 o 4
.% o 4
- A
2 °
£ :
E e -
10° T |
10° 10! 10?

Zero shear viscosity (Pa.s)

Polymer throughput
0.18 (gr/hole/min)
= PPW 500 MFR

%
()
% 10° e PPX 1200
5 A PPY 1800
= A
T
% A,
pas A
(¥4
© o0
[ ]
= .
[ L] -
= 105 " ="
T 1
10° 10t 102

Zero shear viscosity (Pa.s)

Figure 5-11 Maximumdraw ratio(degree of elongation deformation at the die exit) vemseis
viscosity foreach polymeat different polymer throughput

147



The following critical draw ratiovasinvestigated based dhelongest relaxation time or melt
elasticity. The longer relaxation time explgitmat the longer is the time the material needs to
relax and the longer time the polymer chains retoiamequilibrium configurationFigure5-12

showsthe effect othelongest relaxation time aihhe maximum draw ratio for eacdample.
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The results have shown that the critical draw ratio decreases with the increase of the longest
relaxation time, specifically at higher MFR PP resins. On the other hand, results have shown that
the critical draw ratio is not almost similar at the same ela#ticity for different PP resins. It

can be related to polymer melt elasticity because at almost the same melt elasticity, polymer melt
viscosity is higher for PP with lower MFR, and as explained, the critical draw ratio decreases

with the increase of pgmer melt viscosity. Generally, it has been found that increasing the
polymer melt elasticity can inhibit the growth of aerodynamic jet perturbation on melt strands in
themeltblown process.

Another critical parameter that previous fiber formation studies have shown that can affect fiber
break up after die exit is the maximum air drag force. In meltblown, when a melt strand exits

from the die capillary, it can develop instability, leadingh® pinch point formation at which

melt strands breakages occurs under extreme extensional deformation imposed by air drag force.
In this part, critical air drag force is measured by u&nggation5-6. By knowing the critical air

drag force, the effect of polymer melt rheology on maximum air drag force 1 cm below die was
investigated ithe meltblown procesgigure5-13 shows the effect of polymer melt viscosity on

the critical (Maximum) air drag force for each PP used inritekblown process. Therefore,

unique and linear relationship exists for all grades tdstédeen the maximum air drag force, 1

cm after die exjtand the zershear viscosity.
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Figure5-13 shows that for all PP resins, a critical air drag force after die exit increases with the
increase of melt viscosity. A unique relationship exists between almost all critical air drag forces

and melt viscosity. This graph has shown that increasing tlesajiforce above the critical
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point can break the melt strand after the die exit, and the final web produces fiber defects such as
shot and fly. Similar results have been shown in other polymer processing studies investigating

the effect of polymer proptes on melt strength for PP resii{g?

as promised to investigate the effect of polymer melt rheology on melt instability and fiber break
up inthemeltblown processigure5-14 shows the effect of melt elasticity on critical draw

ratio after die exitFew studies explain the effect of melt elasticity on fiber size, instability
development, and defect formation e tmeltblown process. Previous studies in general fiber
formation studies have shown thiatan dampen instability development. A polymer melt is not
Newtonian fluid but viscoelastiSome fluid dynamic studies suggested that an elastic
component of visaalastic fluid inhibitsthe growth of capillandriven instability and

aerodynamic jet perturbation and less fiber bsegkat higher melt elasticit{#:*°
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Figure 5-14 Maximum air drag force applied on melt strand 1 cm after dievexstus dngest
relaxation timefor each polymer at different polymer throughput

Results fronFigure5-14 show a relationship between the critical draw ratio and melt elasticity.
There isa master carvihatcan be plotted for each graph. Increasing the melt elasticity will
increase the critical draw ratio and reduce the fiber breakage with the increase of melt elasticity

because, based on our previous study that has shown in clsgteld polymer melts wh
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higher elasticity yield thicker final fiber diameters. The elastic stress develops inside the fiber

and resists the pulling force induced by the surface shear stress. So, it is a reason that the critical
air drag force is more at a higher longest reiaxetime.

The critical draw ratio is plotted versus the critical air drag force after die exit for each sample
beforethefailure point to achieve the smallest possible fiber diameter without defect formation

in themeltblown procesdrigure5-15 shows that the melt extensibility or the draw ratio at break
decreased with the increased critical air drag force (melt streagthjhere is a unique

relaionship betweethecritical draw ratio and air drag force.
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Figure 5-15 Critical draw ratioversuscritical air drag force to investigate the critical situation in
meltblown blown to make very fine fiber before fiber ik&gein the meltblownprocess

As shown inFigure5-15, there is atablearea below and an uablearea above the line. Results
have shown that we could not make fine fiber without any defects in ttebleeea for all
samples. PPY (1800 MBRas a much broader spectrum of draw ratio, whictaldecompared
to other PP resins with lower MFR. This may explahy higher MFR resin has a broader
process operating window than lower MFR polymer rdsigure5-15is beneficial to find the
critical situation in meltblown to make very fine fiber before starting the instability and fiber
break up in melt blown after die exit.

In the final stepstability andstress at breakreinvestigated at different polymer melt viscosity
and melt elasticitylnstability defined by maximum fiber diametar90% percentile fiber
diameter Q2 , versus minimum fiber diamet&0% percentileiber diameterQ  as shown

in Figure5-16.
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Figure 5-16 Schematic view of maximum fiber diameter versus minimum fiber diameter of melt
strand after die exit when pingioint happened dhe critical point

Figure5-17 shows the maximum fiber diameter versus minimum fiber diameter, and results
show a linear relationship between maximum and minimum fiber diaraettall samples
break at the same stability point. Anything above the line showsabie @ind below theithe

shows ungblefiber formation.
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Figure 5-17 Maximumfiber diameter versus minimum fiber diameter to show the stability line

In the following thestability poins for all samples are plotted versus melt viscosity and
elasticity.Figure5-18 shows the results for all polymer resins at different MFR and polymer

throughpus.
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Figure 5-18 Stability points versus melt viscosity and elasticity

The results have shown that the stability poamd failure mechanism@re almost similar for all
polymer samples alifferent melt viscosityand melt elasticity.

As explained before, when the melt strand achieves very fine and finally to a droplet, fiber
breakages occur under extreme extensional deformation imposed by air drag force after the die
exit from the thinnedraa at the critical point in the melt strand. Therefore, one of the most
important parameters that should be investigated is melt stress gtameaikelt strand failure

occurs because of the critical stress. Stress at break is defined by criticad &rcegper unit

area, as shown iBquation5-9.

A= Equation5-9

Where& is thecritical air drag force 1cm aftéhedie exit, and R isheminimum fiber diameter

at the thinned area aftdre die exit when the pinch point iermed,and fiber breakage happens.
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Figure5-19 showsthestress at break versus polymer melt viscosity and melt elasticity.
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Figure 5-19 Stress at break versus polymer melt rheology and longest relaxation time for each

polymer resin at different polymer throughput

The results fronfrigure5-19 show no severe change for stress at break versus melt viscosity and
melt elasticity, and polymer rheology does not affect failure at the critical point. Also, the reason
for getting the master curve obtained for air drag force and melt rheolndyea@lated to the

stress at break, which is almost the same for all samples.

5.5 Conclusion

One of the meltblowing process's ultimate goals is to produce the smallest possible fibers. Fiber
diameter reduction is controlled mainly by procesgiatpmeters and polymer properties.

However, the process reaches the failure points where melt strands break after die exit. Previous
studies have shown that process failure results from melt strand instability development close to
the die exit When a polyner melts through the die capillary, it can develop melt stream

instability or fiber diameter oscillation, leading to the pupdint formation at which melt strand
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breakages occur under extreme extensional deformation imposed by air drag. However, It is
worth noting that theoretically, polymer rheology plays an essential role in almost all of these
instability sources. In this part of the study, the effect of polymer rheology on instability
development and onset of fiber break up in the meltblown pros@sgastigated using

commercial PP used in the meltblown industry. The following resultssteoxen thatfiber

diameter distribution follows the legormal distribution for all samples, and median fiber

di meters | ess than 1¢ nfor RRY\(1800 MER) at low polyrmed i n t hi
throughput and maximum airflow rate before process failure. Before process failure, maximum
air pressure decreases strongly with increased air temperature and decreases melt viscosity and
elasticity for each polymer resat different polymer throughputs. At different polymer MFR,

the results have shown no similar maximum air pressure before process failure at the same melt
viscosity. However, maximum air pressure is similar for different PP resins at the same melt
elastigty. The maximum draw ratio at the die exit represents the degree of elongation
deformation at the die exit calculated and related to polymer melt rheology. Increasing the draw
ratio above a critical value is of the order of magnitude of one to sevesahtehthe flow

becomes unable This means that a sustained periodic diameter fluctuation develops. The
maximum draw ratio after die exit decreases with melt viscosity, and melt elasticity increases for
all PP resinsThe critical draw ratio after die #xdecrease with the increase of polymer

throughput for each resin. Maximum air drag force 1cm below die measured when we believe
pinch-points form, and it can demonstrate the maximum melt strength of melt strand before the
fiber break in meltblown procesall the results have shown that maximum air drag force

increases with the increase of melt viscosity and melt elasticity. Moreover, critical air drag force
is almost similar at the same melt viscosity and melt elasticity for different PP resins with
different MFR at the same polymer throughpunially, the results show that the failure

mechanism is almost the same for all polymer resins at different throughputs at critical points.
Rheology does not affect stress at the break and stability point, whinghrisedian per

minimum fiber diameter.
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Chapter 6: Investigate the Effects of Polymer Melt Rheology on MelStrand Instability
and On-Set of Process failure in Meltblown Nonwovens Producealy Polypropylene Blend

to Modify Molecular Weight and Comparison with Metallocene Polypropylene Resins

6.1 Abstract

Making the minimum fiber diameter is one of thiégmate goals of the meltblowing process.

Fiber diameter reduction can be achieved in various ways by modification of processing
parameters and polymer properties, but eventually, the process reaches the failure points where
melt strands start to breakhdse process failures result from melt strand instability development
close to the die exit. When a melt strand exits through the die capillary, it can develop melt
stream instability or fiber diameter oscillation which leads to the goodht formation awhich

melt strand breakages occur under extreme extensional deformation imposed by air drag. In this
experiment, we observed instability development during the meltblown process. The maximum
pressure achieved before a process failure and the mediariramiim fiber diameter for each
throughputpolymer combination in this situation are measured. In the following, the effect of
polymer melt rheology on instability development, lower limit of fiber diameter, critical draw

ratio, which represent the degrdestongation deformation at the die exit, critical air drag force
after die exit, which can demonstrate the melt strength of polymer melt strand after,diaaxit
stress at break for each samiglinvestigated. In this chapter, the polypropylene bleasddeen

used to modify molecular weight to investigate the effect of polymer melt rheology on melt
strand instability and fiber break up in the meltblown process and the results compared with

linear PP.

6.2 Introduction

The meltblown process is a unique, fastdmost economical microfiber manufacturing method
compared to other nonwoven processEther diameters generally range between 2 tpi10
although they may be as small as B@®and as large as 30 .22 In recent years, a significant
body of wak has been published about the various aspects of the meltblown process and the
influences of different processing parameters on fiber formation in the meltblown process.
However, melt strand instability and onset process failure is still an unknownrtabes

meltblowing process. In the following the previous chapter, the effects of polymer melt rheology,
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such as melt viscosity, elasticity, and melt strength, on instability development and onset process
failure after die exit are investigatdd.the pevious chapter, polymer melt rheology was varied

by changing the processing temperature for different PP resins with the verity of MFR. However,
polymer processing studies have explained that changing the polymer melt rheology by
temperature can affect makrand solidification and polymer chain crystallinity, and finally

would affect the fiber size, instability development, and fiber break up in this process. In this
chapter, the selection of polymers and melt processing temperature was based on a complet
thermal and rheological analysis. Therefore, a polymer blend was produced and compared to two
PP resins to understand the exact role of polymer rheology on fiber formation in the meltblown
process. The selected polymer is extruded through a meltbloveingttl two different polymer
throughputs and maximum air pressure. This study uses a typical Exxon slot die system with a
fixed capillary size. We observed instability development during the process at the maximum air
pressure before process failure (stwad fly formation) and found median and minimum fiber
diameter for each throughppblymer combination. Finally, the critical draw ratio at the die exit,
which represents the degree of elongation deformation at the die exit, critical air drag force,
whichrepresents the melt strength after the die @stability, and stress at brealere

investigatedand related to polymer melt rheology. Ultimately, this study's final goal is to present

a comprehensive understanding of the role of polymer rheology in the meltblown process and
achieve the minimum fiber diameter without any defect formation in the lowgfttprocess that

may be used to engineer polymer properties.
6.3 Experimental

6.3.1Material

In this study, meltblown webs are made from:

1) isotactic polypropylene (Metocene MF650W, from Basell USA Inc). The density is about 0.91
(—) at 23 , and MFR is egal to 500 {——) measured at 230 /2.16 kg.

2) isotactic polypropylene (Metocene MF650X, from Basell USA Inc). The density is about 0.91
(—) at 23 , and MFR is equal to 1206—) measured at 230 /2.16 kg.

3) PP Blend made fromvb miscible polypropylene resins containing 22 wt. % of high
molecular weight PP (ExxonMobil Advanced PP3854 (24 MFR)) in low molecular weight linear
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PP (Basell USA PP650X (1200 MFR)). The density is abou8-9, and 0.91at 233 , and

MFR equals 24
The melting point of all polymers is more than 360ASTM D 792 and ASTM D1238 are used

for calculating density and MFR, respectively.

6.3.2Meltblowing

The meltblown webs needed for this research were produced by the Hillsssalalmeltblown
machine wih a traditional Exxon slot die system (25 holes per inch) in the Nonwoven Institute
(NWI) at North Carolina State University. Other technical specifications of the process are the
orifice diameter equal to 0.43 mm (43t) and the L/D ratio equal to 10hree process

variables were investigated: Air and die temperatures2258 and 2662803 , polymer mass
flow rate: 0.06 & 0.12 (g/hole/min), and maximum air pressure before process failure and fiber
breakup start to happen. Other important processrparars were held nearly constant such as
collector belt speed and die to collector distance: 225 mm. All performed experiments are

summarized imMable6-1.

Table 6-1 Summarization of meltblown process condition

Process variables Conditions
Die temperature 2552753
Air temperature 260280 3
Air flow rate Maximum before process failure (PSI)
Air Velocity Maximum air velocity 1cm below die exit (m/s)
Polymer throughput per capillar 0.060.12 (g/min)
Die to collector distance (DCD) 225 mm

6.3.3Rheological Characterization

For highshear rheologysteady shear viscosity was measured at shear rates from about 100 to
about 7500  using an Instron CAEST SR20 Capillary Rheomeietapillary die of 30 and
20-mm length and 1 mm diameter and an orifice die of the same dianerused. Capillary

measurements were adjusted for end effects and wall slip using the Bagley and Rabinowitz
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corrections, respectivef{2 The molten polymer's dynamic oscillatory flow behavior was
measured with 25 mm parallel plates TA Instruments Discovery Hybrid Rheometgr AR
samples performed oscillatory shear rheology with linear viscoelastic regime strain amplitude
(5%) from 0.01to 250 rad/s angular frequency range at 200, 210, 220aR8Q403 . The

Cox-Merz rule was used to convert from angular frequency to the shear rate.

6.3.4Fiber Diameter and Morphological Characterization

More than five samples with dimensions of 0.5x0.5 asnencut out from each meltblown mat

for the SEM picture. Before taking SEM, each sample was coated with Denton Desk V

sputtering coating system under the following conditions, argon as a protective atmosphere and
gold as a coating material. A Phenom scagrlectron microscope (SEM) was used to visualize

the nonwoven structure for each sample at the same magnifications. For each meltblown sample,
10-15 SEM micrograph images were taken, and 280 fiber diameter measurements were

made usingheimage analgis software ImageJ. Ten percentile of fiber diameters has been used

to obtain the minimum fiber diameter because the actual minimum fiber diameter is tadti¢rus

in the meltblown process.
6.4 Result and Discussion

6.4.1Rheology

The previous chapters explain timethods to investigate each polymer resin's melt viscosity and
elasticity. The results have shownTiable6-2.

Table 6-2 Rheological characteristics shifted to the melt blown processing temperature via the
Arrhenius shift factor

Sample PPW (500 MFR) Blend of PP (22 wt.% Exxon/ PPX PPX (1200MFR)

TE) - (B8 _(ms) - P8 — (ms) - P& _(m9)
260 9.73  0.79 8.71 0.38 3.10 0.44
270 7.99 065 7.03 0.30 2.54 0.36
280 6.61  0.53 5.71 0.25 2.10 0.29
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6.4.2Melt Strand Instability and On -set of Process Failure

Three PP resins were used to make meltblown samples. As mentioned in section 6.3.2, all
samples are delivered at the maximum air pressure/ velocity before failure (before shot and fly
formation). Samples are investigated at high temperatures and low pohymeghout to

achieve minimum fiber diameter.

To understand the slot die's general capabilities for producing minimum fiber diameter, webs
were produced for each trial condition showTable6-1. A full factorial experiment was
conducted for air temperature, air pressure, and polymer throughput for each resin to make
meltblown webs with minimum fiber diameter without any defects. Minimum and méther

diameter and fiber diameter distributions are presentEdjure6-1.
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Figure 6-1Fiber diameter distributions for each air temperature, polymer throughput level and

maximum air pressure before process failure
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