MELT SPINNING OF CONTINUOUSFILAMENTSBY COLD AIR

ATTENUATION

A Thesis
Presented to
The Academic Faculty

by

Jun Ja

In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy in the
School of Materials Science and Engineering

Georgia I nstitute of Technology
December 2010



MELT SPINNING OF CONTINUOUSFILAMENTSBY COLD AIR

ATTENUATION

Approved by:

Dr. Donggang Y ao, Advisor
School of Materials Science and Engineering
Georgia Ingtitute of Technology

Dr. Youjiang Wang, Advisor
School of Materials Science and Engineering
Georgia Ingtitute of Technology

Dr. Kyriaki Kalaitzidou
School of Mechanical Engineering
Georgia Ingtitute of Technology

Dr. Karl Jacob
School of Materials Science and Engineering
Georgia Ingtitute of Technology

Dr. Wallace W. Carr
School of Materials Science and Engineering
Georgia Institute of Technology

Date Approved: August 16, 2010



ACKNOWLEDGEMENTS

I express my sincere thanks to my thesis advisors, Dr. Donggang Yao and Dr.
Youjiang Wang, for their invaluable guidance, support and encouragement during my
PhD research. I would like to thank Dr. Karl Jacob, Dr. Wallace W. Carr and Dr. Kyriaki
Kalaitzidou for serving in the thesis committee and providing valuable suggestions.

I'm grateful to Dr. Wallace W. Carr’s research group for allowing me to use their
air drying system.

I would like to thank Yaodong Liu, Xuxia Yao, Dr. Kaur Jasmeet and Dr. Mihir
Oka for helping with the fiber characterization experiments and their helpful advice.

I wish to thank my former and current group members, Dr. Nagarajan
Pratapkumar, Dr. Ruihua Li, Wei Zhang, Ram K.R.T., Sarang Deodhar, lan Winters and
Tom Wyatt, for their help and cooperation on experiments and valuable discussions.

I would like to thank GTRI machine shop and ME machine shop for helping with

the design and fabrication of the extrusion/fiber spinning dies.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS

LIST OF TABLES

LIST OF FIGURES

SUMMARY

CHAPTER 1 Introduction and Literature Review

1.1. Fiber Spinning Technology
1.2. Fundamental of Melt Spinning
1.2.1. Tension in Melt Spinning Line
1.2.2. Kinematics of Melt Spinning
1.2.3. Formation of Fiber Structure
1.2.4. Numerical Simulations
1.3. Fundamental of Melt Blowing
1.4. Crystallization Behavior of Isotactic Polypropylene
1.4.1. Mesophase Structure
1.4.2. Crystalline Structure

1.4.3. Two Melting Endotherm Peaks

Xi

Xvili

10

10

12

15

18

18

19

20

22

1.4.4. Effect of Processing Temperature and Take-up Spee@rgstallinity in

Melt Spinning

1.4.5. Effect of Cooling Rate on Crystallinity

CHAPTER 2 Research Motivations and Objectives

25

19

26

27



CHAPTER 3 Design of Apparatus for Melt Spinning by Cold Attenuation

3.1. Design of High Speed Air Jet Nozzle

3.1.1.

3.1.2.

Incompressible Air Flow

Compressible Air Flow

3.2. Design of Spinneret Pack

3.3. Experiment Setup

CHAPTER 4 Computational Fluid Dynamics Simulation of The FAtgenuation

4.1. Model Description

4.2. Material Properties and Viscosity Characterization

4.3. Model Formulation

4.4. Simulation Results and Discussion

4.4.1.

4.4.2.

4.4.3.

4.4.4.

4.4.5.

Velocity Profile and Distribution of Filament
Polymer Viscosity Effect

Processing Temperature Effect
Air/Polymer Flow Ratio Effect

Limitations

CHAPTER 5 Experimental Studies

5.1. Materials

5.2. Design of Parametric Studies

5.3. Fiber Production

Vi

30
30

31

32

36

41

43

43

45

50

51

51

52

54

56

58

59

59

60

61



5.4. Fiber Characterizations
5.4.1. Fiber Microstructures
5.4.2. Thermal Analysis
5.4.3. Mechanical Properties
5.4.4. Rheology
5.4.5. Fiber Molecular Orientation
5.4.6. Fiber Crystallization Behavior
CHAPTER 6 Experimental Results and Discussions
6.1. Fiber Geometry
6.1.1. Effect of Polypropylene Viscosity and Processing Tempezatur
6.1.2. Effect of Air/polymer Volume Flow Ratio
6.1.3. Fiber Morphology
6.2. Fiber Molecular Orientation
6.3. Crystallization Behavior of Resulting Fibers
6.3.1. Crystallinity
6.3.2. Crystal Form and Crystallite Size
6.4. Fiber Mechanical Properties
6.5. Melting and Crystallization Temperature
6.6. Comparisons with Traditional Melt Spinning

6.6.1. Fiber Properties

vii

62

63

63

64

65

65

68

69

69

69

74

75

77

80

80

86

87

91

97

97



6.6.2. Cost Analysis and Possibility of Scale up 97

6.7. Fibers Made from Nylon 6 98

CHAPTER 7 Theoretical Analysis and Modeling of Cold Air Atiation In Melt

Spinning Process 102
7.1. Introduction and Objectives 102
7.2. Literature Review 103
7.3. Model Formulation 114

7.3.1. Model Description 114
7.3.2. Governing Equations 115
7.3.3. Constitutive Equations 117
7.3.4. Boundary Conditions 117
7.4. Method of Solution 118
7.5. Validation of Computation Method 120
7.6. Isothermal Model 124
7.6.1. Effect of Model Geometry Length 126
7.6.2. Effect of Polymer Viscosity 128
7.6.3. Effect of Initial Fiber Velocity 129
7.6.4. Effect of Air Flow Velocity 131
7.7. Non-isothermal Model 131
7.7.1. Modification of Calculation Method 132
7.7.2. Effect of Processing Temperature 135

viii



7.7.3. Effect of Air Flow Speed 136
7.7.4. Effect of Initial Fiber Velocity 139

7.7.5. Comparisons Between Experimental Results and Model SimuRé&sults

140
CHAPTER 8 Conclusions and Suggestions for Future Studies 143
8.1. Conclusions 143
8.2. Suggestions for Future Studies 144
APPENDIX A Drawing of Spinneret Pack 147
A.1. Spinneret Die 147
A.2. Air Chamber 148
A.3. Air Nozzle 149
A.4. Insulation Piece 150
APPENDIX B Picture of Fiber Extruder 152
APPENDIX C Matlab Codes for Theoretical Modeling 154
C.1. Validation Model 154
C.2. Isothermal Model 154
C.3. Non-isothermal Model 155
References 159



LIST OF TABLES

Table 3-1 Air jet velocity comparisons. 31
Table 4-1 Materials properties of Polypropylene and air. 45
Table 5-1 First design of parametric studies on processingitions. 60
Table 5-2 Second design of parametric studies on progessnalitions. 62
Table 6-1 PP115 fiber diameters and their processing camglitio 71
Table 6-2 PP12 fiber diameters and their processing comslitio 72

Table 6-3 Crystallite size and 2alue of 110 plane of PP115 fiber made at 220°C. 87

Table 6-4 Melting and crystallization temperatures of resultirgygib 92
Table 6-5 Fiber properties of fibers made by traditionat sghning. 97
Table 6-6 Processing conditions and resulting fiber propetillylon-6 fibers. 101
Table 7-1Value op and n from literature [44]. 109
Table 7-2 Material properties and processing conditions fngbthermal model with
5cm model geometry length. 125
Table 7-3 Material properties and processing conditionsdofisothermal case. 132

Table 7-4 Comparisons between experimental results andasiomuresults on final fiber
diameter under various processing conditions. 141



LIST OF FIGURES

Figure 1.1 A typical melt spinning setup. 2
Figure 1.2 Schematic of apparatus used for laser he&iing [ 3

Figure 1.3 Schematic diagram of melt spinning with liquid isotlaérbath. (a) The
normal LIB process; (b) The modified LIB process [1G). 2 4

Figure 1.4 lllustration of the set-up used for the variopedyof spinline modification
attempted: on-line zone cooling, on-line zone heating, on-bne zooling and

then heating [23]. 5
Figure 1.5 Schematic of dry-spinning process [24]. 6
Figure 1.6 Schematic of wet-spinning process [24]. 7

Figure 1.7 Detailed schematic of the melt blowing die: (aliaed and (b) end-on view

of the two pieces [29]. 8
Figure 1.8 Production line of nanofibrous materials [32]. 9
Figure 1.9 Cohesive fracture of a steady-state liquid jét [24 11
Figure 1.10 Break-up of a liquid jet due to capillary wav§.[2 11

Figure 1.11 The individual contributions to spinning linesten vs. distance from
spinneret [24]. 12

Figure 1.12 The velocity profiles and gradient in (a) slileav in a capillary, and (b)
elongational flow in a spinline [51]. 13

Figure 1.13 Comparison of shear and elongational viscdsitgtions vs. shear and
tensile stress of polypropylene [52]. 14

Figure 1.14 Variation of elongational viscosity with time at a tariselongational strain
rate at 200°C for polypropylene. Elongational strain raty @0.6; A0.2; H
0.05;A 0.02;00.005{1 0.002 [53]. 15

Figure 1.15 Formation of fiber structure in melt spinning [54] 15

Figure 1.16 Morphological models of polyethylene crystallizaonng melt spinning

[55]. 17
Figure 3.1 Mechanism of Laval Nozzle. 33
Figure 3.2 Boundary conditions for simulation. 34

Xi



Figure 3.3 Simulation results of static pressure, static teyperand Mach number. 35

Figure 3.4 Detailed schematic of the first design of colatdmuation setup. 36
Figure 3.5 Detailed schematic of the second design ofaiplttenuation setup. 37
Figure 3.6 Four different insulation plate designs. 38

Figure 3.7 Air flow velocity profile of in the air nozzle andth two different insulation
plates shape. 40

Figure 3.8 Schematic of customized hydraulic piston-drilear extruder. 42

Figure 4.1 Model descriptions of geometry, sub-domainstenohdary sets, where the
SD1 and SD2 present polymer, while SD3 and SD4 present a 44

Figure 4.2 Polypropylene viscosity dependence of sheaatalifferent temperature. 46

Figure 4.3 Polypropylene viscosity fitted by Cross law mot&Ba°C. 47
Figure 4.4 Polypropylene viscosity fitted by Arrhenius law eiod 48
Figure 4.5 DSC test of virgin polypropylene. 49
Figure 4.6 Temperature ramp with angular frequency atl/s for polypropylene. 49
Figure 4.7 The velocity profiles and gradient in a spinline. 2 5

Figure 4.8 Effect of polypropylene viscosity on fiber getmas, (a) low viscosity; (b)
medium viscosity and (c) high viscosity. 53

Figure 4.9 Fiber geometries and temperature profiles atelif@processing temperature:
(a) 200°C; (b) 230°C and (c) 260°C. 55

Figure 4.10 Fiber geometries and temperature profiles ateliff air/polymer flow ratio:
(a) low; (b) medium and (c) high. 57

Figure 5.1 Up: typical on-line ZZ polarized Raman spectrgpdbypropylene fibers with
different draw ratios (A 1.5, B 2.5, C 3.0 and D 3.5@ttBm: Plot of draw
ratio vs. the Raman intensity ratio and birefringence forpblgpropylene

fibers [94]. 67
Figure 6.1 Viscosity of PP115 at different temperaturesaagdlar frequencies. 69
Figure 6.2 Viscosity of PP35 at different temperatures agdlar frequencies. 70
Figure 6.3 Viscosity of PP12 at different temperatures agdlar frequencies. 70
Figure 6.4 Fiber diameter of PP115 and PP12 made af220° 73

Xii



Figure 6.5 Data fitting of the relation between fiber diametetr @n'polymer volume
flow ratio. 74

Figure 6.6 SEM photographs of fibers. 76

Figure 6.7 Typical ZZ polarized Raman spectra of PP1¥sdjlicompared with WXRD
pattern. Fibers were made with different draw ratio at diffietemperatures (a)
1600 at 220°C; (b) 330 at 220°C; (c) 360 at 240°C; (djrab(raw PP115
pellet). 78

Figure 6.8 PP115 fiber molecular orientation estimated by Rapectra. 79
Figure 6.9 Crystallinity of resulting fibers made from PP afi8ifferent temperatures. 81
Figure 6.10 Crystallinity of resulting fibers made from PRafl@ifferent temperatures. 82

Figure 6.11 Wide-angle X-ray diffraction patterns of PPiuh8er various processing
conditions. Inside the shaded box, the first number indidatsir/polymer

flow ratio; the second one is the resulting fiber diameter. 85
Figure 6.12 WXRD spectra of typical PP115 fibers madeetQ. 86
Figure 6.13 Typical stress-strain curves of single filament. 7 8
Figure 6.14 Tensile strength of PP115 fibers. 89
Figure 6.15 Tensile modulus of PP115 fibers. 90
Figure 6.16 Tensile strength of PP12 fibers. 90

Figure 6.17 DSC heating thermograms of PP115 fibers avitarent endotherm peak
shapes. 93

Figure 6.18 WXRD spectra patterns of fibers with one ornvetting peek(s) in DSC. 94
Figure 6.19 DSC heating thermograms of PP115 fibers mvdlderarious heating rate. 95

Figure 6.20 DSC heating thermograms of cold drawn aigthat undrawn PP115 fibers.
96

Figure 6.21 Viscosity of Nylon-6 at different temperatures amgular frequencies. 98
Figure 6.22 Nylon-6 fiber diameter versus air/polymer ftatio. 100
Figure 6.23 Polarized microscopy image of Nylon-6 fiber. 001

Figure 7.1 Nu vs. Re in cooling by forced convectiorcyfndrical body; @) data of
Simmons; O) data of Mueller; {\) data of Sano and Nishikawd;1j Kase
and Matsuo’s work [57]. 105

Xiii



Figure 7.2 Comparison of the predictions of the 3D model thitise of the 2D and 1D
models [45]. 113

Figure 7.3 Schematic of the melt spinning process by coldt@nuation and the force
balance on fibers. 115

Figure 7.4 Model description of geometry and boundanyditioms of freely fall down
fiber in Polyflow. 121

Figure 7.5 Polyflow simulation results for freely fall downefibmodel with different
model geometry in length, (a) 3 cm, (b) 4 cm, (c) 5 ach @) 10 cm. 123

Figure 7.6 Comparison between the results obtained by |&®elydnd MATLAB for
different initial geometry length, 3 cm, 4 cm, 5 cm and 10 cm 124

Figure 7.7 Isothermal model: fiber diameter profiles with défférstop point positions
(Inset: magnified view). 127

Figure 7.8 Isothermal model: fiber diameter profiles with déifeémpolymer viscosity with
air flow velocity at 100 m/s (Inset: magnified view). 128

Figure 7.9 Isothermal model: fiber diameter profiles with déifeépolymer viscosity with
air flow velocity at 20 m/s. 129

Figure 7.10 Isothermal model: fiber diameter profiles witled&nt initial fiber velocity
(Inset: magnified view). 130

Figure 7.11 Isothermal model: fiber velocity profiles with diéietr initial fiber velocity.
130

Figure 7.12 Isothermal model: fiber diameter profiles with dzifié air flow velocity. 131
Figure 7.13 Non-isothermal model: fiber diameter and tempetatu 133

Figure 7.14 Non-isothermal model: fiber diameter and temperatith processing
temperature at 240°C and stop point position set at 5 cm. 135

Figure 7.15 Non-isothermal model: fiber diameter and temperatith processing
temperature at 220°C and stop point position set at 4.5 cm. 6 13

Figure 7.16 Non-isothermal model: fiber diameter and temperatith air velocity of 10
m/s and stop point position set at 7 cm. 137

Figure 7.17 Non-isothermal model: fiber diameter and temperatith air velocity of 35
m/s and stop point position set at 5 cm. 137

Figure 7.18 Non-isothermal model: fiber diameter and temperatith initial fiber
velocity at 0.01 m/s and stop point position set at 9 cm. 139

Xiv



he

Nu

cfm

LIST OF SYMBOLS AND ABBREVIATIONS

XV

Heat transfer coefficient
Nusselt number

Thermal conductivity of air
Radius of fiber
Circumference ratio

Fiber velocity
Polymer volume flow rate
Reynolds number

Air velocity

Air density

Air viscosity

Polymer density
Heat capacity of polymer
Fiber temperature

Polymer viscosity

Polymer zero shear rate viscosity

Fiber temperature
Gravitational acceleration
Air drag coefficient
Cubit feet per minute

Stress tensor



Fext

I:rheo
I:surf
Faero

Fg ray

I:)XX

> > 0,

<2

MFI
An
Mn
PP
PP115
PP35
PP12
iPP
PAG
PAGG
PLA
PET

LDPE

Take up tension
Rheological force
Surface tension
Aerodynamic force
Gravity
Tensile stress
Fiber tensile strength
Cross-section area at nozzle exit
Cross-section area at nozzle throat
Specific heat ratio
Air pressure
Mach number
Melt flow index
Birefringence
Number average molecular weight
Polypropylene
Polypropylene with melt flow index of 115
Polypropylene with melt flow index of 35
Polypropylene with melt flow index of 12
Isotactic polypropylene
Polyamide-6
Polyamide-66
Polylactic acid
Polyethylene terephthalate

Low density polyethylene

XVi



SEM
DSC
DMA
WXRD
CFD

FEM

Xvii

Scanning electron microscope
Differential scanning calorimetry

Dynamic mechanical analysis
Wide angle X-ray diffraction
Computational fluid dynamics

Finite element method



SUMMARY

Melt spinning is the most convenient and economic methodpédymer fiber
manufacturing at industrial scales. In its standard setup,Jeswine thermomechanical
history is often hard to control along the long spinline, reguitinpoor controllability of
the processing and fiber structure, and limited capabilityadycing very fine fibers. To
address these process drawbacks, we developed aestigated an alternative melt
spinning process where attenuation of continuous filamentsnducted solely by an
annular high-speed cold air jet. This differs from the stahdaelt spinning process
where filament stretching is driven by mechanical pullingdapplied along the spinline.
With the new process, the fiber is quenched by a symmetld air jet and
simultaneously attenuated where an inverse parabolic velaaifiepin molten fiber is
expected. Since the formation of fiber structure is highlgeddent on the process
conditions, the new process will provide a unique and coahielloperation window to
study fiber attenuation and structural formation under higledold air drawing.

Assisted by computational analysis on air/polymer fluid dynamies designed a
high speed jet attenuation spinneret pack consisted of arsiextrdie, an isolation plate,
an air chamber, and an air nozzle. We built a piston-drivelh extruder, mounted to a
hydraulic press and retrofitted with a single orifice extrusienand the above described
spinneret pack. The diameter of the die orifice was 0.5 Panametric experimental
studies were carried out to investigate effects of provasables on resulting fiber
properties, including fiber diameter, molecular orientation, talysity and mechanical
properties. Theoretical modeling was conducted to analygenbn-isothermal fiber

attenuation mechanism under cold air drawing conditions.
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Polypropylene was chosen as the polymer for the majoop#re process study. The
fibers produced by the new process showed a unifoameater and a smooth surface
appearance. The fiber diameter was found highly depeémaethe polymer viscosity and
processing conditions, including the processing temperatutethan air/polymer flow
ratio. The fiber diameter decreases with increasing of thgobimer flow ratio and the
processing temperature, and with decreasing of the polyismsity and the initial fiber
velocity. Fibers with diameter of 7 um were produced fritra 0.5 mm diameter
spinneret, yielding an equivalent drawing ratio exceeding05,00

The molecular orientation of cold air attenuated fibers wasddo increase with the
increase of the air/polymer flow ratio. The maximum molecoigéntation was observed
at mild processing temperature (200-220°C). The mea$inedmechanical properties,
in general, correlated well with the molecular orientation. Thesileerstrength and
modulus increased with increasing of the air/polymer flow. rétéhough no post
drawing and heat setting steps were perforntieel,single filament with diameter of
10um (without post drawing) showed moderately good mechlaproperties, with a
tensile strength of 100 MPa and a modulus of 2.5 GPa.

Orientation induced crystallization was found to be dominant iméwsprocess. The
fiber crystallinity increases with increase of the air/polymer ftatio accompanied with
formation of high molecular orientation. Low crystallinity fiberssassociated with high
processing temperature at relatively low air/polymer flow ratiolyQu-monoclinic
crystalline was formed in the produced polypropylene fibers.

For further demonstration, this process was also sucdigsspplied to other polymer

materials, including Nylon-6.

XiX



An isothermal Newtonian model was developed to analyze tigeedmctor effect of
processing conditions on fiber diameter. A non-isothermalahwas implemented to
predict the fiber diameter under different processing conditidime predicted values
compared favorably with the experimental data.

The new knowledge obtained in this study would likely yieldeav rprocess for

producing innovative fiber products.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1. Fiber Spinning Technology

The first man-made fiber, known as viscose rayon, wasnted by French scientist
and industrialist Hilaire de Chardonnet in 1891. Since thgmthstic fibers have been
largely used in the textile industry for apparel applications andeinforcement for
composite plastics [1]. Compared with natural fibers, syntHdters can be produced
inexpensively, easily and in large volume. Among all the syiatfibers, polymer fibers
are a major subset, which are usually made from polgegielyamides and polyolefins.
Traditionally, polymer fibers are made by a spinning prqocestuding melt spinning,
dry spinning and wet spinning. During fiber spinning, a paymelt or solution is
usually extruded through a spinneret and taken up dowanstby a winder to form a
filament. In 1950s, a melt blowing process was developguidduce nonwoven fabrics
that contain fibers finer than normal textile fibers [2]. Thteatfine fibers in nonwoven
fibers/fabrics made by melt blowing supersede traditional diber many highly
demanding applications, such as filtration systems, supertevgs and medical fabrics.
Recent developments in bi-component spinning and electrasgiprocesses paved new
ways to produce finer fibers for wider applications, inclgdbiomedical applications
such as tissue engineering scaffolds [3, 4]. Among alkethesthods, melt spinning and
melt blowing are still the most convenient and economic methbélbes manufacture
because of their high productivity, not requiring the use wfiliary materials and

simplicity of the process.



In conventional melt spinning, a melted polymer stream is ejéttec gas, usually
air at ambient temperature (Figure 1.1). The gas perftmmsnain function of cooling
the filament, and it exerts a drag force upon the rapidlyimgofilament. Inside the
capillary die, the polymer melt experiences mainly shear,flohile outside of the die
flow changes to uniaxial elongational flow. When the polymelt meextruded from the
spinneret, it exhibits a die swell phenomenon. Then undedrdge force applied by the
winder, fiber starts to attenuate and chain orientationcaysdallinity take place within a
short time before melt solidification by the air cooling effedte Tomparatively simple
and easy processing is the most important advantage of pmeling). However, it also
suffers from problems like fiber breakdown, variation inrfient thickness, and limit to
the fineness of fiber and spinneret clogging.

Filtration &
extrusion

***********

. Single-screw extruder
B: Spinhead, specially designed for
phase migration extrusion
C: Cooling chamber
D: A pair of heated godets with
multiple passes for drawing and
heat setting

o Drawing &
Jet spinning | | heat setting
under cooling e N !

Figure 1.1 A typical melt spinning setup.
The mechanical properties of a filament can be improvechdst treatment of
running filament in the spinline. For example, Suzuki et ®1§] developed a laser-
thinning method to produce microfiber by irradiating a carbdmxide (CQ) laser to

fiber. One end of the zone-annealed fiber was connedoteal jaw equipped with an



electric slider, whereas the other was attached to a slgghtv The zone-annealed fiber,
moving downward at a speed of 500 mm/min, was heateidrdiating the CW C@
laser, and drawn instantaneously (Figure 1.2). The nienofcan be wound as a
monofilament at winding speeds ranging from 100 to 2500im/fey have applied this
method to PET, PA6, PP, PA66 and PLA fibers with diametage of 1.5~5 pum.
Various fiber properties were improved by this processh s1$ tensile modulus, tensile

strength and birefringence.

—— LIMOg

l 500 mm/min

Zone-annealed |
fiber

| Shutter

| /
/ )
4—,7 CW CO: Laser
/ /
Laser beam

IFi “} Thermal head

Microfiber = R
!
AAA
/ 5
» / -
Slight weight [
Power meter

Figure 1.2 Schematic of apparatus used for laser he&fing [

A modified isothermal liquid bath was also used in melt spintingroduce high
performance poly(ethylene terephthalate) fiber, reporte@umulo et al. [19, 20]. In their
experimental set-up (Figure 1.3), an isothermal liquid bath temperature at 160°C is
placed under the spinning orifice with different distance tcelbgvan extremely high
level of tension in the threadline. With this modification, as-sithers with extremely

high amorphous orientation and low crystallinity can be pradlu¢ee resulting fibers



show good mechanical properties which is similar to thoseenbgdcommercial spin-

draw processes.

(@)

<+—Spinneret

|

L

LB

Position L 6

LIBO 30 cm
LIBO 50 cm
LIBO 100 cm
LIBO 180 cm

_| «<—Heated sleeve

y <+—Liquid

<+—Spinline

@ <+—Take-up godet

(b)

<+—Spinneret

T
<+—Cooling

y L

<+—Heated sleeve

I

D «—Hot liquid jet

% «—LIB

7 «—Liquid

<+—Spinline

@ <+—Take-up godet

Figure 1.3 Schematic diagram of melt spinning with liquid isotlaébath. (a) The

normal LIB process; (b) The modified LIB process [1G). 2

Some other efforts have been made to cool or quenchefiimin the spinline to

produce highly oriented amorphous yarn which is requioedag-spun yarn to process

into high tenacity yarn [21, 22]. In one of these methadgjuid quenching medium is

introduced. A highly oriented amorphous structure is forimgdooling the filaments in

the spinline during high speed spinning. The effect of coolwagh position and

temperature has been studied. Other than using a liquictiyuoeth, effect of modified

air quenches on melt spinning process was also investig8pdds shown in Figure 1.4,

a combination of enhanced and/or retarding air quenchegdto modify the threadline

dynamics, resulting in significant improvement in spinning perémce and as spun fiber



structure. With particular combination, produced fibers redehligh orientation and
crystallinity, large crystal dimensions and greater mechanicgepties. It was also
claimed by the authors that this modified process can deedpp melt spinning over a

wide range of take-up speeds.

<+— Spinneret

Cooling chambe

position: - .
(12.7-33.0 cm) Range of heatir
<«— chamber positior

for OLZH

(17.5-50.2 cm
Range of heatin

chamber
positions for
OLZCH

A -
@ <+— Take-up

Figure 1.4 lllustration of the set-up used for the variopesyof spinline modification
attempted: on-line zone cooling, on-line zone heating, on-tine zooling and then
heating [23].

Solution spinning is another method to make fiber if a suitsdillent can be found.
Solution spinning can be classified primarily into two methatitg, spinning and wet
spinning. The typical solution spinning processes are showigure 1.5 and Figure 1.6.
In dry spinning, the filament is formed by the evaporatibpalymer solvent into air or

an inert gas phase. The wet spinning is where a solutianpofymer is spun through a



spinneret into a liquid which can coagulate the polymer. Itbmafurther divided into
three methods: the liquid-crystal method, the gel method andpliase-separation
method. In the liquid-crystal method, a liquid-crystalline solutbm lyotropic polymer
is solidified through the formation of a solid crystalline regiothe solution. In the gel
method, polymer solution is solidified through the formationntérmolecular bonds in
the solution. In the case of phase separation, two diffpleages appear in the solution,
one polymer-rich, and the other polymer-lean. However stilution spinning process is
too complicated and it is difficult to find the proper solviemtevery polymer. Therefore,
this method can only be applied for limit types of polymengramuce fibers, particularly

when melt spinning is not a feasible process for these potyme

1

SE

1, metering pump; 2, spinneret; 3,
spinning line; 4, drying tower; 5, 6, 7,

take-up elements; 8 and 9, inlet and outlet
of the drying gas.

a\m\ \\

%

Figure 1.5 Schematic of dry-spinning process [24].



1, inlet of the spinning dope; 2, spinneret; 3, spinning linespfning
bath; 5, take-up godet; 6, 7, inlet and outlet of the spinnimuity; 8,
plasticizing bath; 9, 10, drawing elements.

Figure 1.6 Schematic of wet-spinning process [24].

For many years, melt blowing has been used for produciicgofibers of finite
length [25, 26]. In conventional melt spinning, a polymerasirds ejected into air at
ambient temperature and pressure. However, the gagmerto very different task in
melt blowing. A common feature for different melt blowing msses is that, in addition
to spinning orifices, hot air nozzles are placed in the vicinitgreov the threads. Once
mixed with the colder ambient air, there is simultaneous coolglgsalidification and
often the thread breaks. The original work on melt blowiatesl back to the efforts of
Naval Research Laboratory in the 1950s. Wente [2] festdbed the construction of a
melt blowing die composed of a number of orifices and sMtstivation for his work
was to make the subdenier fibers for filters on drongafir Based on the “slot” concept
and an extension of sheet die technology, Exxon wast@leprove Wente’'s work to a
commercial production scale [27, 28]. Since then, a nurmbeompanies have used the
technology to produce commercial nonwoven products. hergé these commercial

products are composed of fibers with average diamabengt 1-2 um.



(a)

Polymer

Al —— — Alr
d %

(b)

Rsigiiisssipnn s

Topplber Botiem pisez
Figure 1.7 Detailed schematic of the melt blowing die: (efiaeal and (b) end-on view
of the two pieces [29].

The limitations of melt blowing include the stochastic process rdigsga the high
energy consumption and the very short length of the fibmayzed. If the melt blowing
technology can be extended to submicron fiber size, itldvptovide a much easier,
faster, and cheaper alternative to ultra fine fiber industendd, the major focus of melt
blowing research is to extend the technology to nanofilpf28s31]. Poly(butylene
terephthalate), polypropylene, and polystyrene nanofibéts average diameters less
than 500 nm have been produced by Ellison et al. [28pua single orifice melt blowing
apparatus (Figure 1.7) and commercially viable processamglittons. Furthermore,
analysis of fiber diameter distributions reveals they are eedtribed by a log-normal
distribution function regardless of average fiber diameteicatithg that the underlying
fiber attenuation mechanisms are retained even when prgduanofibers. Fiber

breakup was observed under certain processing condiubing) was believed driven by



surface tension and these instabilities may represent thet afisan underlying
fundamental limit to the process.

Podgorski et al. [32] developed a modified melt-blown tetdgyg which facilitated
the production of filters composed of micrometer as wellaa®ometer sized fibers. The
schematic of the set up for obtaining fibers by blowing a mgltdymer and details of
the die construction are shown in Figure 1.8 (a polymearstie denoted there by 1 and
the air stream by 2). The processing conditions and the@rdiee diameter were not

reported.

00

(a) ] (b)

Figure 1.8 Production line of nanofibrous materials [32].

The research group in University of Oklahoma conductserigs of studies on melt
blowing process, including the effect of die shape on aw foofile, flament motion
and CFD simulation [26, 33-50]. A sharp and a blunt déedasigned and studied in their
paper. The results show that the blunt die is a better optioredoce turbulence
fluctuation along the path of the polymer fiber.

In summary, melt blowing is typically used to produce nonwdabrics and usually
the fiber strength is low. To make continuous filaments, nmlingng and solution

spinning are the two major processes. Since solvent is imeddo dissolve the polymer,



solution spinning requires a relative complicated manufacturgug and limits its
application in industry. Therefore, the melt spinning proceasvsl lots of interests in
research to improve the fiber properties by modifying thenlise thermal and
mechanical conditions as indicated in the literature. The messha of how the

processing conditions affect fiber properties will be disaligséhe next sections.
1.2. Fundamental of Melt Spinning

1.2.1. Tension in Melt Spinning Line

Fiber breakage is the major issue in melt spinning. Theigdlymechanisms of the
fiber breakage can be explained by two types of preses®hesive failure and capillary
wave breakage. In the first process, rapture occurs \iree tensile stress in a polymer
fiber exceeds some critical limit, the tensile strength. As shawiigure 1.9, from the
spinneret, initially the tensile stress,(Pis lower than the fiber tensile strength)(P
Downstream along the spinline, both the tensile stress andsfile@gth increase, but the
tensile stress increases much faster than the tensile stréhgibime critical point, the
tensile stress will exceed the fiber tensile strength, thustiresin fiber breakage. The
second process, capillary wave breakage, is associdtedwface tension. As shown in
Figure 1.10, a polymer melt splits into individual drops whengtowing amplitude of

the capillary waves reaches the radius of the undistorted jet.
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Distance from spinneret

Figure 1.9 Cohesive fracture of a steady-state liquid jgt [24

Distance from spinneret

Figure 1.10 Break-up of a liquid jet due to capillary wavi.[2
Integration of the momentum conservation equation yields tleviog equation of
force balance at a distance x from the spinneret:
Fat + Fyas(X) = F (00 + Fy(X) + Fyy () + Fgo (X). (1)
Fext Fgraw Fiheo Fsur, Fin @and Rero represent take-up tension, gravity, rheological force,

surface tension, inertia and aerodynamic force. Figurk illuktrates the distribution of
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individual force contributions along the spinline of a Nylonn®nofilament [24].

Compared with other forces, the surface tension careglected as being less than 1%

of the take up tension. Gravity and inertia provide an afgblkeceffect on the filament

tension near the spinneret and then keep decreasing stteam the spinline.

Aerodynamic and rheological forces are the major fobatancing with take up tension

along the spinline. The take up tension is assumed to béanbrdong the spinline in

normal spinning speed. At higher spinning speed, the aeaotg force plays a

dominant role thus the assumption of constant force alorgpthkne is not valid.

Tensile force contributions,dynes
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Figure 1.11 The individual contributions to spinning line tensmrdistance from

spinneret [24].

1.2.2. Kinematics of Melt Spinning

The velocity distribution and profile of the polymer melt appeadifferent forms

along the spinline, which play an important role in the fibemgtdion. Inside the

spinneret channel, the polymer flow is a typical Poiseuille fith a parabolic velocity
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profile. By assuming an incompressible Newtonian liquidvisicosity n through a

capillary of radius R and length L, the radial velocitytrilisition can be described as:

V(r):%(Rz—rz), (2)

where P is the pressure difference between the inlet dled oficapillary.

. Velocity
Velocity \fllocllrfl I gradient
gl
Velocity Flow

gradient /fﬂ/

FU)/

JLC
i)

(a) (b)
Figure 1.12 The velocity profiles and gradient in (a) sfiearin a capillary, and (b)
elongational flow in a spinline [51].

When polymer is extruded out the orifice, a phenomenalieatwell is observed due
to the relaxation of stored elastic energy. The degreewellisg depends on the
conditions of extrusion, temperature and geometry of the Fbe example, in melt
spinning, the die swell ratio decreases with the increasetiafsen temperature. Under
take up tension, the flow of polymer melt transits from sHearto elongational flow, or
uniaxial extensional flow. In elongational flow, the velocityegs increasing along the
spinline and finally reaches the take-up speed. Figure ghbo®%s the differences on

velocity profile between shear flow and elongational flow.
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Figurel.13 Comparisorof shealandelongational viscosity functions vs. shear .

tensile stress of polypropyle[52].

The fibe formation occurring underneath the spinneret ieaéfd by elongationi
viscosity n* over a wide range of temperatures. In a steaadyeselongation, th
elongation viscosity)* is nearly constant and equal t-times Newtonian Vviscosityj
(the so-called Trouton’s viscosity model) in the range of moderongation rate

n =3,. (3)

When the elongational rate exceedsme critical value, the elongational viscos
deviates from thejp mode for a Newtonianliquid because of the dominating elas
deformation. The typical shape of the elongatiaisdosity as a function of tensile stre
for polypropylene melts is shoy in Figure 1.13. For small stress, the elongatiol
viscosity fits the threefold value of shear vistpsWhenthe stress increases, the st
viscosity decreases more abruptly than the elomgaltiviscosity

In highly viscoelastic materials such as molten ypapylene, steady sta
elongational flow is not possible at higher elonyadl rate because the rapid increas

tensile stress is flowed by cohesive fracturdrigure 1.14 shows the time depende
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elongational viscosity of polypropylene. At low etmational rate, the elongatior

viscosity increases smoothly and finally reaches dbtwestant value3no,. For highel

elongational rate, the elongational viscosity iases dramatically once beyond

critical time. The critical time also decreaseswititcreasing elongational re
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Figure 1.14 Variation of elongational viscosity with time atanstanelongational strai

rate at 20°C for polypropylene. Elongational strain rat™):e0.6; A0.2; m0.05A 0.02;

00.005( 0.002[53].

1.2.3 Formation of Fiber Structure

Frae Jets of
Molten Polymer

Thinning Process (‘\?/ig% ; Oriented Mesophase

Superdrawing

Neck-like Deformation \ I(V/ |
t

Complete
Fiber Deformation

Y

'M

‘F"}”ﬂ

Completion of
Crystallization and
Molecular Orientation

b

Figurel1.15 Formation of fiber structure in melt spinni[54].
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Formation of molecular orientation and crystalline plays an itaporole in melt
spinning and thus affects the ultimate structure and physiopkepres of fibers. Figure
1.15 describes a typical fiber structure formation proces®ihspinning.

Molecular orientation arises from parallelization of the molecakains along the
fiber axis in both the crystalline and non-crystalline regi@sing melt spinning, the
molecular orientation develops in two stages: in spinneretnethamd under elongation.
Molecular alignment is developed when the polymer melt isstbtbrough a capillary
channel. As it comes out of the spinneret, the molecumraként becomes disorientated
and thus contributes very little to the final fiber orientation. egor contribution of
orientation is made by the elongational flow along the spinline. gdrallel velocity
gradient, the relaxation time distribution and the elapsed tim¢éharenportant factors
which affect the molecular orientation. For example, a hidieat transfer coefficient
results in an increase in orientation since it causes mordiedféreezing of orientation
on filament quenching. The molecular orientation also ineseasth the increase in take-

up speed, extrudate viscosity and reciprocal of polymes fiias rate.
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Figure 1.16 Morphological models of polyethylene crystallizagioring melt spinning
[55].

Non-isothermal and oriented crystallization of the filamentise developed during
melt spinning, and the oriented crystallization plays a privilegkdin fiber formation. It
was observed by Keller [56] that during elongation, the muwarle formed along the
spinline in the form of platelets known as row nucleation. Withititcrease of take-up
speed, the morphological forms of crystallization alter frgmesulitic to row nucleated
twisted lamellae, and finally to row nucleated lamellae untwistednd@phological
model of melt spun PE proposed by Dees and Spruielligs&jown in Figure 1.16. The
crystallization is also very sensitive to the spinning conditiansohtrast to orientation,
crystallinity decreases with the increase of heat transféficent and increases with the

increase of fiber diameter since slow cooling gives more fiommolecules to crystallize.
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1.2.4. Numerical Simulations

Since the early 1960s a number of researchers havedstaranalyze the dynamics
of melt spinning by establishing a set of simultaneous parti@réiftial equations over a
wide range of spinning conditions. Kase et al [57, 58] studiee axial and radial
variations in temperature and velocity of steady spinline, stadility of unsteady
spinline using multi-part study. A 3-D axisymmetric temperapnafile in a constant
radius fiber has been solved by Morrison in 1969 [88¢utsoglou [60] studied the
temperature field subjected to an exponential stretching rageniimerical analyses of
melt spinning were also extended from isothermal Newtonian tiowscoelastic fluid,
nonisothermal Newtonian flow, nonisothermal viscoelastic flomt eecently flow with

crystallization [61-64].

1.3. Fundamental of Melt Blowing

Melt blowing is a one step process for producing nonwdeaérics from polymer
melt with high speed hot air attenuation. The microfibers mgdadit blowing usually
have diameters in the range of 2 tqush with very short length. The basic product
properties include random fiber orientation, web strengtler ftbameter and filtration
characteristics. Most of the efforts in this area focusadoptimization of process
conditions for improving those product properties [38, 6p-8@like the melt spinning
process, fundamental studies of melt blowing are seldonntegbexcept some numerical
modeling studies. The interest in the development of a nurhenicdel for the melt
blowing process dates back to 1990s. Uyttendaele andifaiugim [70] developed a 1-D
model by assuming fiber motion only in the axial directioreifimodel can successfully

predict the fiber attenuation under the action of the hot aimsteighin relatively low
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spinning speeds. Rao and Shambaugh [71] expandedDhmddel to a 2-D model in
which the fiber motion is considered in a plane. Recentl$;la model involving the
simultaneous solution of the momentum, energy and continuiatiens has been
developed by Marla and Shambaugh [45]. Other relemanterical models of melt
blowing have also been investigated by a number of rdsarcsuch as simulation of
the fiber movement, air-jet flow field and air drawing [39, 4R2]. Details on these

numerical models will be discussed later.

1.4. Crystallization Behavior of Isotactic Polypropylene
Isotactic polypropylene (iPP) is a widely used polymer materige fiber industry
because of its ease of processing, low cost and rapstatization. The crystallization
process of iPP is complicated, sensitive to the processinditons. A less ordered
mesophase can be formed at high cooling rate and lowtatican The crystalline

structure usually results from low cooling rate and modesgtodrientation.

1.4.1. Mesophase Structure

Boye et al. [73] reported a smectic structure observed amelt-extruded isotactic
polypropylene quenched in ice water. The sample densgyOv&82 g/ml which is higher
than the amorphous polypropylene. In addition, two broattp&cated at&=14.8° and
21.3° were exhibited in the X-ray diffraction spectra.

Choi and White [74] studied the effect of cooling rate apuhline stress on the
formation of different crystalline forms. The sample filamewere prepared by melt
spinning at various melt temperatures and take-up speeddildinents were quenched
by either ice water or ambient air before taken up by rderectic structures were only

detected on the filaments quenched by ice water. It wasoakserved that the smectic
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structure transits ta-monoclinic crystalline structure with increasing of draw-dowa#ior
and spinline stress at melt temperature 200°C and 230°Gxudowhis transition was not
observed when melt temperature increased to 260°C. Tikeydaveloped continuous
cooling transformation (CCT) curves and a map of crystalioren as a function of
cooling rate and spinline stress. The CCT curves and tpewaee then used to predict
the formation of cross-sectional variation structure in thickdats and rods.

Gorga et al. [75] studied the mesost@hase transition in iPP made from quenching
and melt spinning for two different polypropylene Rd iPR) with similar molecular
weight profile. The iPBPmelt spun fibers showed mesophase structure when theupke
speed is in the regime of 100-1000 m/min. This range ggwamo 30-1000 m/min for
iPP:for the formation of mesophase. When the take-up spestds 1500 m/min, the
monoclinic structure was redeveloped for bothegiRd iPR melt spun fibers. The
mesophase structure was also observed in the non-oriEesample quenched by ice-
water. However, the mesophase was not formed foy é98n when it was quenched by
liquid nitrogen, the hardest quenching conditions used in $haily. It was indicated that
the molecular orientation increases with increasing take-egdsior all crystalline,
mesophase and amorphous structures. Mechanical prepsrteed strong relation with

molecular orientation, but it is unrelated with the presence sbpiase.

1.4.2. Crystalline Structure

The crystalline phase of isotactic polypropylene has threeslohdrystalline forms:
a-monoclinic, B-hexagonal ang-triclinic. iPP predominately crystallize srmonoclinic
under usual conditions. For example, iPP fibers made ddy spinning usually exhibits

a-monoclinic crystalline structure. Th@hexagonal and-triclinic crystalline can be
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formed under extreme conditions or by introducing nucleagents. The three different
crystal forms can be characterized by X-ray diffractioethad. Fora-monoclinic, it
shows three strong reflections located @t12.2°, 17.1° and 18.6° which correspond to
110, 040 and 130 plane respectivglyhexagonal has a strong peak in X-ray diffraction
spectra located a®216.1° which represents 300 plane. fariclinic, the 100, 040 and
130 planes show strong reflection 8£23.9°, 16.8° and 20.1°.

Broda [76] observed the formation pfhexagonal crystal in iPP fibers made by melt
spinning with the addition of quinacridone pigment. In this patiee crystallization
behavior was compared for colored and noncolored filbbeett spun under various
conditions. In noncolored fibers, the mesophase was \@ibeior modest take-up
velocity anda-monoclinic was formed at low or high take-up velocity. Toatent of
mesophase was found increased at higher melt temperaicaede of low orientation
and high cooling rate. In colored fibers, tdexagonal was observed at low take-up
velocity for both low and high melt temperature. When the-tgkeelocity increases, the
content off-hexagonal crystalline became smaller and finally transited dystalline
structure with only a-monoclinic. This transition was explained by the marginal
nucleating effect of the pigment at high take-up velocity whiée crystallization is
governed by the orientation.

Al-Raheil et al. [77, 78] studied the spherulitic structure ofastic polypropylene
from melt by polarized light and SEM. Their results showed d andf spherulitic can
be obtained for crystallization from melt below 132°C. Aboa2°C, only a type
spherulitic was observed for isothermal crystallization. Theiglysalso indicated that

spherulitic has a more complicated crosshatched lamellar seubanB spherulitic.
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y-triclinic crystalline structure is very difficult to form underrn@l conditions.
Wittmann and Lotz [79] reported the formationyephase crystal obtained from low
molecular weight extracts of pyrolyzed iPP crystallized froraltmSeveral major
differences froma-phase crystal were claimed in their study. Thphase crystal
elongates along the b*-axis direction with chain axis inclinedC&tté the lamellar
surface. And the screw dislocations were foundyfphase crystal. Shen and Li [80]
studied thep- and y-form distributions of iPP injection molding controlled by melt
vibration. The B-form crystals were obtained in injection-molded iPP by either
conventional injection molding or vibration—assisted injection moldiing. content of-
form crystals can be controlled by applying different vibratmondes. They-form
crystals can only be obtained under relatively low vibratiequency and large vibration

pressure amplitude.

1.4.3. Two Melting Endotherm Peaks

It was reported that sometimes isotactic polypropylene has witinghendotherms
in its DSC thermograms. Different theories have been peapas explain this melting
behavior, such as formation of two different crystal stréctand crystalline size,
recrystallization and reorganization during the heating in D&@.sc

Somani et al. [81] studied the orientation-induced crystallizatioRRnmelt by shear
deformation. The DSC thermograms of sheared iPP sarsipteged two melting peaks:
one at 164°C and the other at 179°C. Further investigadisggested that the first peak
corresponds to the nominal melting of the unoriented spherwttesisting of folded
chain crystal lamellae. And the second one is from the meltingyiented crystalline

structures.
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Yan and Jiang [82] investigated the effect of drawing comdiba the observed
properties of drawn, compression-molded isotactic polypemgy The iPP pellets were
firstly melted and compression-molded to sheets at 195°€ shibets were then cooled
naturally under pressure. An Instron tensile testing machaseused to draw the sheet
under various temperatures and draw ratios. For thelsamith high draw ratio and high
heating rate used in DSC, it was observed two melting endathgeaks in DSC
thermograms. The position of the two melting peaks wasdfaniiuenced by drawing
conditions. The peak at lower temperature is related toréveiry ratio and temperature,
while the peak at higher temperature only depends on tive @dt#o. All the tested
samples exhibited typical-form crystalline in X-ray diffraction pattern. They assumed
that the peak at lower temperature comes from extremely ghasi-amorphous or
crystalline layers among neighboring microfibrils, whereas peak at higher
temperature comes from the lamellar crystals within microfibrils.

Kim et al. [83] conducted a study on melting of isotactic papglene isothermally
crystallized at different temperatures. Double melting peakse wavserved for
crystallization temperature in the range of 110°C to 140°€.dblible melting peaks are
contributed from two preexisting crystal fractions with différ@,,. Pae and Sauer [84]
studied the effects of thermal history on isotactic polyprogyléndouble endothermic
peak was observed after a series of stepwise anneaéagments when the final
annealing temperature is close to 160°C.

Jain and Yadav [85] studied the melting behavior of isotapbtypropylene
isothermally crystallized from melt. The development of the pleltiusion endotherms

was investigated based on different crystallization temperafine crystal imperfections
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play an important role with crystallization temperature at or fotwan 127°C. Under
heating, the crystallized fraction recrystallized to a fractiath vinigher degree of
perfection which has higher melting temperature. When th&tadliyation temperature
increases, the crystallization rate decreases. The highengneeak starts to disappear
and finally merges with the lower melting peak to a single pmaR.=127°C. At
crystallization temperature higher than 127°C, the multiple peaks attributed to the
existence of different crystalline species with different crydisbrder and stereo-block
character.

Qudah et al. [78] also observed double melting peaks oG B#8ves when the
isotactic polypropylene crystallized isothermally above 132°Cwhich only o-
monoclinic crystalline was formed. It was concluded that thek @ low temperature
comes from the melting of crosshatched lamellae-ofonoclinic crystalline, while the
other peak is related to melting of the radial and the reagd tangential lamellae.
Guerra [86] discovered two different modifications @fmonoclinic crystalline by
annealing which has difference in order. The recrystallizaftmm less ordered
modifications to more ordered ones results in a large inerefisnelting temperature
which leads to the double peak of melting endotherm.

Aboulfaraj et al. [86] observed double peaks in meltingometm for a thick plate of
isotactic polypropylene. The appearance of double meltingspeas attributed to the
formation of different crystal forms-monoclinic and3-hexagonal phases. A distribution
of o andp crystal forms was developed by a slow solidification prac&kg o form

crystal was found dominant on the surface and coexistgdpworm crystal inside the
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plate. The portion gb form crystal changes from 0 to 60% from the surfadbéacore of

the sample plate.

1.4.4. Effect of Processing Temperature and Take-up SpeednoCrystallinity in
Melt Spinning

As summarized in the previous part, the crystallization of rpely during melt
spinning is a complex process which is governed by mamnypeting factors. It was
reported by Cao et al. [87] that the polypropylene crystéltimebehavior is influenced
by two main competing factors, cooling rate and crystalliza@be. in their studies, two
kinds of polypropylene with different melt index values wesedito produce fibers by
melt spinning process. The experiments were conductedfatedt temperatures with
various take-up velocities. The fiber crystallinity was charasdrin terms of density
and the relation between fiber crystallinity and take-up veloedyg studied. At high
processing temperature (270°C and 290°C), the crystalfintyy decreases and then
increases with the increase of take-up speed. Howevéwwaprocessing temperature
(210°C and 250°C), the crystallinity keeps constant whiels dot change with the take-
up velocity. This phenomenon was explained by the condepbropetitive effect of
cooling rate and crystallization rate. Both the cooling rate ayslatlization rate increase
with the increase in take-up velocity. At low take-up velqditg cooling rate dominates
the crystallization process since the spinline stress is lowefdne, the crystallinity
decreases with increasing take-up velocity. However, wHesp velocity increases to
some point, the crystallization rate becomes dominant in th&llization process due to
the increasing spinline stress and high orientation. Constygutite fiber crystallinity

starts to increase with increasing take-up speed.
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1.4.5. Effect of Cooling Rate on Crystallinity

Crystallization of polymer under varied processing conditisrs very complicated
process and cannot to be described by any single-vaftext, because it is not possible
to separate the thermodynamics from kinetics effects ddnegprocess. Piccarolo et al.
[88] developed a specially designed experimental setuphwd@o independently study
the effect of cooling rate on polymer crystallization. The cagpliate covers an overall
variation from 0.01-1000°C/s. It can be controlled by ciranghe coolant, flow rate,
temperature, or the sample thickness. The crystallizatiorvizelaf iPP, PET and PA6
were studied. The crystallinity was characterized in ternsgpos$ity. A dramatic decrease
in iPP density was found when the cooling rate reachest afififC/s. This critical
cooling rate decreases to 10°C/s and 2°C/s for PA6 afdr&pectively. After the
critical point, the polymer density remains almost at a constoewlepending on the
final phase structure. A mesophasetmonoclinic phase transition was observed in iPP

samples when the cooling rate is above 100°C/s.
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CHAPTER 2

RESEARCH MOTIVATIONS AND OBJECTIVES

Melt spinning is the most convenient and economic method dbyner fiber
manufacturing at industrial scales. In its standard setup, speitning involves
mechanical stretching of polymer filaments both in a liquidiaralsolid state. However,
this process is subjected to some inherent process flawscuRaly, the process is
operated in a relatively narrow process window, mairggighed for stretching the
filament with a constant tensile force and cooling the filamemgusross air flow.
Because a constant tension is applied during fiber extenu#tienensile stress rapidly
increases along the spinning line. This can cause instabdit@slifficulty in producing
fine fibers. More importantly, the thermomechanical histsrpften hard to control in
this narrow process window, resulting in poor controllabilityhaf process and the fiber
structure.

As discussed in the literature review, some efforts haes Imade in modifying the
spinline thermal and mechanical dynamics to improve fibepgst@s or produce finer
fibers. One approach is to heat the spinline by hot air er,lasach as melt blowing and
melt spinning with online laser heating. With the increase of spintbmperature, the
filaments tend to be attenuated more and usually finer fi@erde achieved. However,
the fibers created from melt blowing are typically discontinueite short fiber length.
The online laser heating process also needs speciallgneésiequipment and post
drawing process to achieve high fiber strength. Anotppraach is to apply a liquid bath

on the spinline to increase the spinline stress and contraldheeht temperature. With
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this modification, highly orientated highly crystalline fibers oighty orientated
amorphous fibers can be obtained dependent on the ligthiccbaditions. However, the
complex setup and processing procedure make it imposiiblanassive industry
production. Therefore, it is highly desirable to develop & meocess to produce
continuous filaments with modified spinline thermal and mechhmingironment. In
addition, this process should satisfy the requirements ofinduproduction, such as
easy setup, stable process, environmental friendlirsebgent free process, and mass
productivity.

To achieve these purposes, we investigated and devedopedlified melt spinning
process with an annular high-speed jet nozzle to prodooc&nuous polypropylene
filaments by cold air drawing only. With this setup, the fiberegged out of the die
orifice is quenched and simultaneously attenuated by a syroroeld air jet. Since the
formation of fiber structure is highly dependent on the msiog conditions, the new
process will provide a unigue operation window to study faiegnuation and structural
formation under high-speed cold air drawing. The new kedge obtained in this study
would likely yield a new process for producing innovativefiproducts.

With these motivations, the specific objectives of the projediare
O Design and build a high speed air jet nozzle.

O Retrofit a melt-spinning unit with a specially designed spinremdthigh speed air
nozzle.

O Study the non-isothermal fiber attenuation mechanisms by datgmal fluid
dynamics method. Based on the simulation results, perfqranaametric study under

different process conditions which include processing tertyreraair velocity and

28



polymer volume flow rate.

Investigate the relationships between the process conditiathsremulting fiber
properties, such as fiber geometry, orientation, crystallizatibwermal and
mechanical properties.

Build a mathematical model to theoretically study the fiber ateon mechanisms,
mainly on how the resulting fiber geometry is affected bg pgolymer melt
temperature, the polymer/air throughput ratio, and the polwisepsity. Also use

this model to predict the final fiber diameter.
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CHAPTER 3
DESIGN OF APPARATUS FOR MELT SPINNING BY COLD AIR

ATTENUATION

An annular single orifice melt spinning equipment at laboyagcale was assembled
to produce the microfiber by high speed air jet attenuatioms Kimd of design has
several notable advantages in fundamental process studyaced with commercial
multi-port extrusion die. Firstly, non uniform polymer distributiproblems can be
avoided and more uniform fibers can be produced irsithgle orifice design. Secondly,
without the interference from other orifices, it is easier trob the operation conditions
and to collect or take up the produced single continues filtem@ high speed air jet
nozzle was attached underneath the spinneret to gemepatallel high speed air jet to
elongate the melt polymer once it was extruded out of the arffimce cold air was used,
an insulation piece made from Teflon was inserted betweehaidie and the cold air
chamber to prevent the spinneret die from cooling. A wirvdas used to collect the
produced fiber without applying any tension on the fiberatiliee. The detail of this

design is discussed in later part of this chapter.

3.1. Design of High Speed Air Jet Nozzle
A convergent and divergent nozzle was designed andtaggeherate high speed air
flow. When the stagnation pressure is close to atmosperssure, the air is considered
incompressible and the air flow field is directly convertednfritow rate measured by

flow rate meter. When the air pressure is much higherdblanspheric pressure, the air
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is then considered as compressible and a supersorfiowimay be generated under

certain conditions based on the nozzle geometry.

3.1.1. Incompressible Air Flow

The velocity of the air jet at the exit plane of the nozae be calculated in terms of
volume flow rate and nozzle cross-sectional area whergas pressure is close to the
atmospheric pressure. The air density is assumed tonséaot in this case. The volume
flow rate is the same anywhere in air flow line, which metes volume flow rate
measured at the testing position is the same as that at thdaeetof nozzle. Hence, the
air velocity can be calculated by the following equation:

V,=Q,/A (4)
where A is the nozzle cross-sectional aregis\the air jet velocity, and £s the volume
flow rate of air jet.

To validate the calculated air velocity, a manometer was usedessure the air
velocity at the nozzle exit plane. The calculated and measure@locities obtained at
different volume flow rates are listed and compared in Taddle

Table 3-1 Air jet velocity comparisons.

Air Volume Flow Rate (CFM) 1 2 3 4 5
Calculated Velocity (n/s) 22 44 66 88 110
Measured Velocity {n/s) 24 56 80 100 130

The difference between the calculated and measured vedauitight result from the
assumption of a constant air density, since the air densitydeslate from assumed

constant value once the air pressure increases to a rélgivealue at high flow rate.
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3.1.2. Compressible Air Flow

The convergent and divergent nozzle is also called Lavaleyazamed after Gustaf
de Laval, a Swedish inventor. Laval nozzles were widely usenumerous industrial
applications, e.g., steam turbines, rocket engines, mixincete thermal spraying
facilities, etc [41, 45, 46, 89-91]. The gas flow throagbhaval nozzle can be accelerated
to a supersonic flow. The working mechanism can be exgaddnmom the basic continuity
and momentum equations of compressible gas flow [92]:

_dv  dp  0A

v o A (5)
0=,y [V—zj (©)
Yo 2

where A is the cross-sectional ared,is the gas velocityp is the density, ang is
pressure.

By introducinga® = dp/dp and M =V/a (Mach number), a relation between the
infinitesimal area elementlA, and the infinitesimal velocity chang#dy, can be obtained
from Equations (5) and (6):

d—:z—o\'/—v(l—lvlz) 7)

Therefore, if a nozzle is composed of a convergingleofirst and then the diverging
nozzle, the velocity of the gas flowing through it can betinaously increased in the

direction of flow from subsonic to supersonic, as showrigmire 3.1.
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Figure 3.1 Mechanism of Laval Nozzle.
The following equations are the property ratios for the steméwntropic and one-

dimensional flow of a perfect gas, which are derived fthenbasic governing equations.

T = 1+y__1 M2 (8)
T 2
_ v/(r1)
Po_ (1+y_1 M 2) (9)
p 2
_ Y3
&:(uy_lmzj (10)
Yo 2
_ (r+1)/[2y-1]
A*:i i£1+y_1M 2) (11)
A M|y+l 2

where A'and A are the cross-sectional areas at the throat and theesggatively, and

y =C,/C, is the specific heat ratio.

To reach a supersonic speed, the nozzle needs to opsrddée an appropriate
condition at which the above-defined ratios strictly obey Equat{8j-(11). The initial
conditions were calculated by assuming that the air flow inkigl@ozzle is an isentropic
flow of a perfect gas. With a cross-sectional area tib08 between the outlet and the
throat, the Mach number was calculated to be 1.33. Témspre and temperature ratios
were then determined, using this Mach number, to be M8 &4, respectively. With
these nozzle design parameters, the outlet air pressisrexpected to be identical to the

back pressure, i.e., atmospheric pressure in our Thas.the inlet pressure should be set
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to 42 psi (289.6 KPa) wittp/ p, =0.35 andp =14.7 psi (101.3 KPa). The air temperature

at the exit was calculated to be 222 K with an initial temperafiutg=300 K at the inlet.

inlet: wall

Po=42 psi —

outlet:

P=14.7 psi
To=300 K centerline

Figure 3.2 Boundary conditions for simulation.

CFD simulations were conducted using Fluent® to analyzeitH®wa in the Laval
nozzle and optimize our nozzle geometry. The axisymmetzzla geometry was
imported to Fluent with the boundary conditions as shown inr€ig§2. To reduce the
difficulty and cost of making the nozzle, we modified thefifgaf the divergent part to a
straight line. A testing case with the following setting of patansewas simulated to
investigate the effect of the nozzle geometry on the air. flawideal gas and an inviscid
flow model were used. The air pressure and temperattine inlet were 42 psi and 300
K, respectively, and the exit air pressure was set to atmasppressure. Figure 3.3
shows the simulation results based on one geometrical dasitpjing static pressure,
static temperature and Mach number. Along the air flow dinectioe air pressure kept
decreasing to atmospheric pressure, the air temperatureé@pasing, and the air flow
speed continuously increased to a Mach number of 1t8&&e€Tsimulation results verified
our calculation results from the equations, and a Laval leozm,de of metal was

fabricated according to this geometry.
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Figure 3.3 Simulation results of static pressure, static tetyperand Mach number.
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3.2. Design of Spinneret Pack

Based on the simulation results, a cold air attenuation spinpecktwas designed
which is consisted of an extrusion die, an insulation plateaiachamber, and an air
nozzle. In the first design, as shown in Figure thé,compressed cold air went into the
nozzle through multiple small holes on the wall of the air dleamThe polymer melt
came down from the orifice and was then dragged by idpe $peed air through the
nozzle. The extrusion die is single orifice with diameter 6frfAm. The insulation plate
is made of Teflon and is used to isolate the hot die set tinenair chamber, preventing

the extrusion die from being cooled.

Polymer ie

/

I Isolation
Tt _~ Plate

D
/
-

Chamber

* :’ = |
PaLE

Laval Nozzle
Figure 3.4 Detailed schematic of the first design of colat@nuation setup.
However, after conducting a series of experiments on gimeret pack design, it
was found that the fibers tend to break before it can beuated to fine diameter. The
fiber breakage may result from the instability caused by itje $peed air flow. In this
first spinneret pack design, the high speed air directly itedawith the fiber before it

went through the high speed nozzle. Therefore, the Ipglkdsair flow acted like an
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impinge flow to cut the fiber. Moreover, the melting fiber tladea long distance from
the extrusion orifice before it reached the high speedaaila. During this period, the
fiber was cooled and thus ended up with large diametee diber attenuation only

occurs in the melt stage. To overcome these drawbackgwaspinneret pack was
designed as shown in Figure 3.5, where a 60° cones shdpusion die was introduced.
With this modification, the gap between the extrusion die tipandozzle is reduced.
Polymer melt is directly extruded into the high speed air ndzzlattenuation which

reduces the cooling effect caused by cold air flow.

Air nozzle Air chamber

Figure 3.5 Detailed schematic of the second design ofasplttenuation setup.

In the spinneret pack, a heat insulation plate was also usgdde the air flow for
reducing the impinge flow. Four insulation plates with diffeigmape designs are shown
in Figure 3.6. Design (a) and (b) are similar, and the diffgrence is in the tip shape;
one is sharp and the other is blunt. The experimentaltseshowed that the blunt tip
actually reduces the fluctuation under the die tip, whichasdke process more stable.
Furthermore, the blunt tip design also provided a better itmslaffect since the blunt

tip has a thicker Teflon cover on the hot extrusion die tipulltion plates (c) and (d)
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were designed to further prevent the fiber from beingemband cut by high speed cold
air flow. Based on design (b), the new designs includedall tube underneath the blunt
tip. Since the air flow is blocked by the tube, the air inglte tube is actually in a
stagnation state, which also prevents the melt from being cdglehe air. Compared
with design (b), it is obvious that the Teflon plate is even thicKeerefore, a better heat
insulation can be expected with design (c). Insulation plate/dd modified from design
(c) to reduce the thermal conductivity between extrusiorandéeTeflon plate by creating

a sealed air gap in which the heat conduction is negligible.

(@) (b)

(c) (d)
Figure 3.6 Four different insulation plate designs.

With the different shapes of insulation plates, the air flow suasilated using Fluent
and results are showed in Figure 3.7. In these figpestion O represents the inlet of air
nozzle. For all these four different insulation plates, tineflaw showed the similar
velocity at the inlet and reaches the same velocity at outlethwhiabout 400 m/s for
the compressible supersonic flow. Along the centerline ofathewozzle, the velocity

profile is almost the same which means that the differaapesbf insulate plate does not
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affect the air flow inside the nozzle. The simulation respiit;sulation design (c) also

proved that there is a stagnation state inside the tube ainergocity is equal to zero.
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3.3. Experiment Setup

A piston-driven melt extruder was built and mounted to a hdrgress and
retrofitted with cold air attenuation melt spinning spinneret pddle fiber extruder
consists of a cylinder with outside diameter of 2 inches8(B0m) and inside diameter of
0.5 inch (12.7 mm), a piston of 1 foot long and a spgci@dé¢signed melt spinning
spinneret pack. The fiber extruder is held and fixed atcémger beam of the frame of
hydraulic press, as shown in Figure 3.8. The piston i®drby the hydraulic plunger at
the top of press frame and its movement is controlled bgdh®ination of valves and
electronic unit. Sets of heat bands were used to heat thelextrole and extrusion die
with individual zone by zone temperature control unit. Tharsyet pack was mounted
to the bottom of extruder bole by 4 screws. Compresseds ajenerated by an air
compressor. The compressed air was purified by setltefs and then dried by
refrigerated air dryer before supplied to the high spéedaazle. The air temperature,
flow rate and pressure were measured and monitored ebgithflow rate meter and

pressure regulator.
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Figure 3.8 Schematic of customized hydraulic piston-driitear xtruder.
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CHAPTER 4
COMPUTATIONAL FLUID DYNAMICS SIMULATION OF THE

FIBER ATTENUATION

Before carrying out the experimental studies, a preliminarfp Giulation was
conducted to provide basic guideline about what kind ofgssing conditions can lead
to the production of continuous fine filaments. Then a patr@erexperimental study was

designed based on the simulation results.

4.1. Model Description
The fiber attenuation process of polypropylene was sindiladeng a non-isothermal
generalized Newtonian fluid model using the commercial so&walyflow®.

Figure 4.1 illustrates the geometry, sub-domains and boyrsdds defined in the
simulation. The geometry used in the model was from #a experimental setup,
extrusion die with diameter of 5Q0n and air nozzle with diameter of 5 mm. The model
consists of two co-flow fluids, one is the melt polymer aral dther is the high speed
cold air. The driving force for fiber attenuation was dmbed by the friction force
between air and polymer located on their intersection. Heagférawas also considered

on the intersection by applying a heat flux.

43



Boundary 5

|____—+—" Interface
[7)
o »
= g
Boundary 6
\ \
Boundary 4
1w 2]
Boundary 2 o S 9
Boundary 1 Boundary 3
Boundary Conditions
Boundary
Flow Thermal
1 Inflow | Temperature imposed-533
2 Wall Insulated boundary
3 Inflow | Temperature imposed-300
4 Wall Insulated boundary
5 Outflow Outflow
6 Axis AXxis

K

K

Figure 4.1 Model descriptions of geometry, sub-domainsdanddary sets, where the

SD1 and SD2 present polymer, while SD3 and SD4 present a
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The intersection of polymer and air was set to interfacalition, which is the
standard boundary condition between two adjacent fluid®dlgflow, this condition
establishes the continuity of the velocity field and the contace$ in the momentum
equation. During the simulation, the position of this intersedti@nwas unknown at the
beginning and was calculated as part of the solution. In otloeds, this interface
boundary was considered as a moving boundary whiakiresgre-meshing of geometry
during calculation. In this steady flow of two immiscible fluittse interface must be a
streamline. An additional kinematic condition v-n=0 was addatidcsystem to satisfy

this condition and thus ensured that the material points will nes ¢he interface.

4.2. Material Properties and Viscosity Characterization

The material properties of polypropylene and air used inlatioa are listed in

Table 4-1:
Table 4-1 Materials properties of Polypropylene and air.
p (kg/m°) 1 (Pas) Cp (I/kg:K) Kk (W/m-K)
Air 1.2 0.00002 1000 0.027
Polypropylene 900 * 2000 0.12

The viscosity of polypropylene is not listed in the table sileetemperature and
shear rate dependences of viscosity were considerece igifiulation. The viscosity
measurement was conducted by parallel plate rheometequdfrey sweep test was
carried out to measure the complex viscosity at a constametatmre with angular
frequency ranging from 0.1 to 628.3 rad/s. Then theestests were repeated for

different temperature from 180 to 260°C. The complex gisgm* obtained from
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parallel plate rheometer were directly mapped to shear egiendent viscosity using the

Cox-Merz rule.
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Figure 4.2 Polypropylene viscosity dependence of sheaatalifferent temperature.
The viscosity of polypropylene at temperature of 180°C platied against shear
rate as shown in Figure 4.3. To describe the shear egendence of viscosity, several
models were fitted to the measured data, such as powetriass, law and modified cross
law model. After comparison, it was found that the crossravdel provided the best

fitting. The Cross law model used in Polyflow was defined as:

o

T apy

(12)

where 73,= zero shear rate viscosity
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A= nature time (i.e., inverse of the shear rate at whicHltind changes from
Newtonian to power law behavior)
m= Cross law index (=1-n for large shear rates)

y= shear rate

In this fitted model, the parameters were determine@-s450,A=0.03 and m=0.6.

1000 ~
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Cross Law | 1

N
Ha
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g
N,

100 ~

Viscosity(Pa*s)

10

0.1 1 10 100 1000

Shear rate (1/s)

Figure 4.3 Polypropylene viscosity fitted by Cross law mot&Ba°C.
Arrhenius equation was used for different temperature ahdt180°C was chosen as

the reference temperature. In Polyflow, the Arrheniuson was given as:

H (T) = expla -

T (13)

where a is the energy of activation anf], is a reference temperature for which

H (T) =1. The reference temperatufgis set to O by default, sb andT, are absolute

temperatures.
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The polypropylene viscosity in logarithmic scale was plotted ag#ue reciprocal of
temperature in Kelvin as shown in Figure 4.4. By fitting a lineadel, the energy of

activationa was calculated and equal to 4.5976 KJ/mol.

Arrhenius model

7
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S5 3 v = 5530x — 6. 1718
5L R? = 0.975
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O 1
0.00185 0.0019 0.00195 0.002 0.00205 0.0021 0.00215 0.0DRR225

T

Figure 4.4 Polypropylene viscosity fitted by Arrhenius law glod
The fiber solidification transition was simulated by assumingfilber viscosity
increases to an extremely high value once the fiber tetuperaas been cooled below
some specific temperature. Usually, the melting point wasezthas the temperature at
which the polymer starts to solidify. As shown in Figure th®, melting temperature of
polypropylene is 165°C measured by DSC. However, itabserved in the rheological
test that the polymer still behaved like a fluid even when thedeatyre was well below
165°C. Figure 4.6 shows the results of temperature rastfpy parallel plate rheometer.
The test was conducted with angular frequency of 1 r@udstemperatures decreasing

from 180°C to 130°C. At temperature about 135°C, dranmatieases of storage and loss
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modulus were observed which means that the polymer medc@ing solid. Based on

this observation, 135°C was chosen as the solidification temoperfor the simulation.
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Figure 4.5 DSC test of virgin polypropylene.
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Figure 4.6 Temperature ramp with angular frequency atl/s for polypropylene.
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4.3. Model Formulation

Polyflow uses a finite element method (FEM) to solve partidéintial equations
which are defined for the flow domains with boundary d¢tols. Since the problem
involves an axisymmetric steel die and air jet nozzle, a 2lipdrical reference frame (r,
z) with r=0 as the axis of symmetry was chosen which irgtwo velocity components
(u,v). As a 2-D axisymmetric model, only half of the getrsnevas created and meshed
in Gambit® and then imported to Polyflow.

In Polyflow, the following basic continuity equation, moment@guation and

energy equations were used for calculation.

o
0= 3 +0pv) (14)
020 s tow vy =012+ pg (15)
oT :
pC, (E +\_/D]]Tj =00KOT) +W (16)

The flow and thermal boundary conditions were describgatenious parts. Cross
law model and Arrhenius model were used to construct thstitative equations. The
intersection between polymer and air is a free surface aceertthe shape of which is
unknown. In order to maintain a proper shape for thehete®lements, the interface
boundary deforms while the meshed elements deformsrchogly. As a typical re-
meshing method for 2-D extrusion problem, the methogpofes was chosen to re-mesh
the geometry during the calculation.

The most difficult issue in this simulation was the convergemoblgm resulted

from the nonlinearity and high gradient. The nonlinearity igssed by the shear rate
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dependence of viscosity and heat convection. The higient exits on the interface
between polymer and air because these two domains hgeedifference in viscosity,
density, temperature and flow velocity. Evolution method wesh applied on these

parameters and boundaries to ensure the convergetiwe aimputation.

4.4. Simulation Results and Discussion

4.4.1. Velocity Profile and Distribution of Filament

In traditional melt spinning process, the velocity profile charfgem a parabolic to
a uniform profile under the tension force applied by thevdrdler. However, in our new
process, different velocity profiles were observed alomgsghinline. Near the spinneret
orifice, the velocity profile is nearly parabolic, as expect@dwnstream, the velocity
starts to redistribute because of the high speed air drdipevnsurface, resulting in an
inverse parabolic profile. But this inverse parabolic prafiidy stays for a short period
since the filament is cooled down very fast by the higledpeld air. During the cooling
process, the velocity starts to redistribute to a uniform prefild finally reaches a

uniform velocity at the solidification point.
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Figure 4.7 The velocity profiles and gradient in a spinline.

4.4.2. Polymer Viscosity Effect

Viscosity is considered as the major factor in polymer pgicgdecause it indicates
the polymer flow properties. In this study, three models witferent zero shear rate
polymer viscosities np, 2no and 4yp) were simulated by maintaining all the other
conditions the same. The simulation results are shown iard-i4.8. As expected, it
showed that the final fiber diameter becomes bigger with theease of polymer
viscosity. It can also be observed that the viscosity significancreases along the
spinline. This is because the viscosity was intentionally set &ryahigh value once the
fiber is cooled below the solidification temperature. Thisditéeon can ensure that the

fiber will not be attenuated after the solidification.
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VISCOSITY VISCOSITY VISCOSITY
(SD_1 Hex) (SD_1 Hex) (SD_1 Hex)
2449 8034 22150
i
1844 6040 16640
1238 4045 11130
633 2051 5261
28 56 112
[Pa s] [Pa s] [Pa s]
(a) (b) ()

Figure 4.8 Effect of polypropylene viscosity onditgeometries, (a) low viscosity; (b) medium vistgoand (c) high viscosity.
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4.4.3. Processing Temperature Effect

Processing temperature plays an important role in this fildienisg process since it
affects not only the polymer viscosity but also the heat feahetween the polymer and
air. For comparison, the simulations were conducted withetldiferent processing
temperatures, 200°C, 230°C and 260°C. The resulting dd@metries with temperature
profile are shown in Figure 4.9. With the increase otessing temperature, the final
fiber diameter becomes smaller. This is because the highpetature results in a lower
melt viscosity which makes polymer melt more easily to be attedumder the air drag
force. Meanwhile, the higher processing temperature atewides longer time for
attenuation before the polymer melt is solidified.

It is interesting to point out that the fiber attenuation mechamsthis process is
totally different from that in conventional melt spinning, in whitle fiber diameter
either gradually decreases along the spinline or a neaknsetl somewhere along the
spinline. However, in our process, the attenuation toolephathin a very short distance
underneath the spinneret. Beyond that distance, the polygiersnalready cooled down

and becomes solid.
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TEMPERATURE TEMPERATURE TEMPERATURE
(SD_1 Hex) (SD_1 Hex) (SD_1 Hex)
4.730e+002 5.030e+002 5.330e+002
4.298e+002 4.523e+002 4.748e+002
3.865e+002 4.015e+002 4.165e+002
3.433e+002 3.508e+002 3.583e+002
3.000e+002 3.000e+002 3.000e+002
K] K] K]
(a) (b) (©)

Figure 4.9 Fiber geometries and temperature psoditelifferent processing temperature: (a) 2008L280°C and (c) 260°C.
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4.4.4. Air/Polymer Flow Ratio Effect

In this section, the simulations were conducted under thrésratfit levels of air to
polymer flow ratios, 4000, 8000 and 16000 respectivel/.eRpected, the higher ratios
produced finer fibers because the higher air flow rateiges more drag force on the
fiber surface. However, in experiments the air flow ratenoa go too high. When it
reached some critical point, the polymer melt began to bredleaded up with staple
fibers. As the air flow speed continuously increases tersopic, a honwoven type of
web can be produced even with cold air of at room teatypes. Under the supersonic air
flow, the polymer melt was attenuated and shot out of the caizle extremely fast.
Within such a short time, the polymer still remained at melt saftge it left from the air

nozzle. Therefore, the melt fibers adhered to each atiteformed a nonwoven web.
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(@) (b) ()

Figure 4.10 Fiber geometries and temperature psoéit different air/polymer flow ratio: (a) low;)(ftmedium and (c) high.
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4.4.5. Limitations

The above CFD simulation provided a comprehensive utaheling of the
attenuation mechanism for this modified fiber spinning pmcdevertheless, the gap
between simulation and experiments still exists in this specific fwasevo reasons.
Firstly, the above simulation can not exactly model the air tee applied by high
speed air flow. Secondly, a fixed geometry is requirecézh simulation model, but the
simulation results are also dependent on the origin geometiy.difficult to run the
iteration on the geometry to find out when and where exdb#yfiber is solidified.
Therefore, an improved model is desired for a moreseduheoretical study on the fiber

attenuation mechanism.
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CHAPTER 5

EXPERIMENTAL STUDIES

5.1. Materials

Polypropylene and Nylon-6 were selected to produce contifioe filaments.

Polypropylene was chosen as raw material because oidigsvariety of applications
and relative ease to process from the melt. Its largeerahgvailable molecular weights
and tacticities can offer the opportunity for the study ofetffect of material properties
on the resulting fiber diameter and other properties. Tadation plate in the spinneret
pack was made of Teflon, and its highest operating temperat260°C. The relative
low melting temperature of PP (165°C) has a great advariteigearametric studies
because it gives about 100°C temperature window to condeigiatametric study on
processing temperature. In this study, three differentegrafl PP were used to produce
fibers. PP115 was obtained from Phillips Sumika Polyprogyf@ampany with an MFI
(melt flow index) of 115 (grams per 10 minutes). PP35 eldained from Sigma Aldrich
with MFI 35 and average molecular weight,#80000. PP12 was also obtained from
Sigma Aldrich with an average molecular weighi=@7000.

As a widely used material in the textile industry, Nylon 6 wae alsosen in this
study to demonstrate the applicability of this new process ta ¢gpes of polymer.
Nylon 6 was obtained from BASF with MFI 130 and melting p@hout 235°C. The
Nylon 6 was dried in a vacuum oven at temperature al9@ r 48 hours before being

used in the melt spinning experiments.
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5.2. Design of Parametric Studies

Firstly, a series of experiments were conducted to deterrie proper process
conditions which can lead to the production of continuousdibeer than 1 denier. Then
a full parametric study was carried out to further investigaedhationships between the
resulting fiber properties and processing conditions. In thislys the processing
conditions include the air flow rate, the polymer mass flote @nd the processing
temperature. The fiber properties include the fiber diamédesile strength, tensile
modulus, molecular orientation and crystallinity.

The parametric study was designed based on the previouRton results. It was
indicated by the simulation that the final fiber diameter dependseopolymer viscosity,
the processing temperature and the air flow rate. Therefmee polypropylenes with
different viscosity values were chosen in the experimemstaidies. For each
polypropylene, four different temperatures were choserprasessing temperatures:
180°C, 200°C, 220°C and 240°C respectively. Unddr paacessing temperature, the air
flow rate was adjusted from 1 to 5 cfm (cubic feet peruteinl cfm=0.0283 fmin) or
even higher with 1 cfm increment. The full parametric desgiven in Table 5-1.

Table 5-1 First design of parametric studies on processinditions.

Air flow ratio 1CFM 2 CFM 3 CFM 4 CFM 5 CFM

180°C v \ V v v

200°C N N N

v v
220°C \/ \/ \/ \/ \/
240°C v v v v v

* 3 different polypropylenes are used to repeat this paranstudy.
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5.3.  Fiber Production

In every experiment, polypropylene pellets were fed inteettteuder and pre-heated
to desired temperature for about 10 minutes before extrusommvelocity air flow was
conducted at the startup to cool down the cold air attenuatitup,sevhich was
conductively heated by the die. When all temperatures sttiline hydraulic press was
turned on and began to extrude the polypropylene undégta air drag. Then the air
flow rate was slowly and continuously raised to increaseaiheflow velocity. As
indicated in the literature on melt blowing, the higher the rataralow rate to polymer
mass flow rate, the finer the fibers can be producediefdre, in our experiments, the
polymer mass flow rate was fixed at a relative small value.aihvolume flow rate was
purposely changed from low to high at different levels esighed in the parametric
study. The same sets of experiments were then repeateddifféhent processing
temperatures. With this design, a large number of fibezsewroduced at different
processing conditions for further study on the relationshgpeden fiber properties and
processing conditions.

Firstly, a small number of experiments were conducted ¢ensitivity study
purposes) to gain some guidelines for producing contsditlaments. It was observed
that the previously designed parametric studies cannot be #gplied to some
experiments. Specifically, the melt filaments tended to breddgatair flow rate when
the melt viscosity was relatively low. The low melt viscosity carcdngesed either by the
polymer properties itself or by high processing temperaitrerefore, only low air flow
rate can be applied for low viscosity polypropylene and piglcessing temperature. For

example, at 220°C and 240°C, the maximum air flow ratdoferviscosity PP115 is
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about 1-2 cfm. In this case, the air flow rate was fixetl @m and the polymer flow rate
was adjusted to several different levels to fulfill the parametudies. Consequently,
instead of the air volume flow rate, the air/polymer volumevflatio was used as a
variable of processing condition to conduct the parametrigestudhe new parametric
studies were designed based on this modification as shohabla 5-2.

Table 5-2 Second design of parametric studies on progessitditions.

Air/polymer

. 50000 100000 200000 300000 400000 500000 600000
volume flow ratio

woe N N N N N A

200°C v \ V v v

Voo
220°C Voo NN NN
240°C VoA NN AN

* 3 different polypropylenes are used to repeat this paranstudy.

In conventional melt spinning, a roll winder is used to colleetfibers and at the
same time provides a tension force to attenuate the melt fitamesur study, the major
objective was to investigate the effects of cold air attenuatiaresulting fiber properties.
The tension force generated by the roll winder can catsdearence on the study of the
air drag force effect. Therefore, in our experiments,piteeluced fibers freely fell down
into a box collector as a coil or were collected simultanedogha roll winder with a

speed that was much lower than the fiber speed to avoidrikien force.

5.4. Fiber Characterizations
Different characterization methods were performed to stimty resulting fiber
properties, including microstructures, thermal properties, hax@cal properties,

rheological properties, molecular orientation and crystallizatita\ier.
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5.4.1. Fiber Microstructures

Fiber linear mass density was measured by a vibroscopeziflg Instrument)
according to ASTM D1577. Fiber diameter was then convédraseéd on the relationship:
1 denier = 1 gram per 9000 meters. Assuming the fiber ¢ylinder with uniform

diameter, the fiber diameter can be derived by the equation

7 .
d, = x denier (17)
9000x p, x 1% 100C

Scanning electron microscopy (SEM) was employed to exafineegeometry. Two
different SEM setups were used in this study: Hitachi S80d f&enission gun and

Hitachi-3400SN respectively.

5.4.2. Thermal Analysis

Polymer melting, glass transition and crystallization behavior vetuelied by
differential scanning calorimetry (DSC) (TA Instrument Q@0nodel). The fibers were
cut and wound to fit into the DSC aluminum pan. The sampke eated from -60°C to
220°C under different heating rate, 5°C/min, 10°C/min, 20fCamd 40°C/min. Then the
sample was cooled down at the same cooling rate. A sexyaa was repeated with the
same heating and cooling rate.

Polymer crystallinity can be determined with DSC by quantifyirghtéat associated
with melting (fusion) of the polymer. This heat was reportegercent crystallinity by
normalizing the observed heat of fusion to that of a 100&taltine sample of the same
polymer. As authentic samples of 100% crystalline polymeraaes literature values are

often used for this value.

a, =aH_/aH® x100% (18)
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where the melting enthalpy of the ideal perfect crystallinegrolyylene per granszOm

is 207 J/g. It is believed that the first heating cycle woultude information of previous
thermal and mechanical history formed in the polypropyldyex.fTherefore, the melting
enthalpy of this cycle was used to evaluate the fiber crystgllin

The polymer viscoelastic nature and glass transition tertyperare analyzed by
dynamic mechanical analysis (DMA) (TA Instrument Q800 eipdSince there is no
fiber clamp available with the machine, fibers were firstdixa a paper tab and then
were fastened by clamps used for film testing. When bee fiiameter is smaller than 50
microns, a single fiber is too weak to meet the requiremeDIMA test. In this case, a
bundle of fibers was prepared in which all the fibers vedigned parallel. The sample
was heated from -40°C to 60°C in a nitrogen environméhtheating rate 1 °C/min. The
test was performed under tension mode. The oscillationdrery was fixed at 5 Hz and
the strain amplitude was 0.1%, which was well within the limesgoelastic region. The
storage modulus, loss modulus and loss tangent weredest@nd plotted against

temperature.

5.4.3. Mechanical Properties

The tensile properties of monofilament were measured usirigsron tensile test
machine with a 2.5 Newton load cell. The single fiber watste a proper length and
fixed on the specific fiber test tab with test length of oné.iffthe crosshead speed was
set to 2.0 cm/min for all tests. Three samples were testemeatime to obtain the
average results of tensile strengths, elongation ratios asdetenodulus. The stress-

strain curve was recorded and used to calculate the terwilaluns.
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5.4.4. Rheology

Rheology tests were performed on a parallel plate rheonfé#® Instrument
AR2000ex) to study the polymer viscosity dependence gb¢eature and shear rate. The
test results were also used as the material data in simul@hientest sample sheet was
molded by a hot press at 200°C. Then the sheet was cwt pltde with diameter of 25
mm and thickness about 2-3 mm. Oscillation model with frecpueweep was used for
all the tests. During the test, the angular frequency swept 628.3 rad/s to 0.001 rad/s
with gap distance 100Qm. The storage modulus G', loss modulus G" and complex

viscosity f*| were collected and plot against angular frequency.

5.4.5. Fiber Molecular Orientation

In this study, two different methods were used to determieefitler molecular
orientation.

The X-ray diffraction study was conducted on a Rigaku ofitax-002
WAXS/SAXS system operated at 45 kV and 0.66 mA andppga with a Rigaku R-axis
IVtt 2-D detection system. The diffraction patterns were yareml using Area Max V.
1.00 and MDI Jade 6.1 software. A bundle of samplersibvere aligned and fixed on a
paper tab which was then placed on the sample holder inthdriented vertically. The
plane of the fibers was then adjusted perpendicular to th@emt beam. The intensity
was collected with 2from 8 to 35 degrees. The background was subtragtsddnning
the air under the same condition. Most efficiently, the fibelewular orientation can be
gualitatively determined by the 2-D pole figures. Quantitativiéig, orientation can be
determined by the Wilchinsky equation [93] and the Herm@entation function if a

symmetry plane perpendicular to ¢ axes (fiber axes) exists.
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<cosg,>= (19)

¢ 23< cos @, )>-1
: 2

(20)

Here,¢ is the azimuthal angle andp)(is the scattered intensity @i f is the orientation
factor. <co> is equal to 1 when all the crystals are oriented with ¢ paggilel to the
reference direction, and equal to 0 when perpendiculaféoence direction.

However, there is no such a planedimonoclinic isotactic polypropylene. Therefore,
the intensity of 110 and 040 crystal planes was used talatddhe orientation based on

the following equations:

<cos'g,>= 1~ 1.109% cdsg,,,>- 0.981 caom,, > (21)

‘ _3<cosg,>-1
° 2

(22)

In addition to X-ray diffraction, polypropylene fiber molecutaientation can also
be qualitatively determined by polarized Raman spectroscopy 99] as reported
recently. As shown in Figure 5.1, it was confirmed thatréttio of the 841 to 809 ¢
band intensity has an approximately linear relation with birgémee and can be used to

gualitatively estimate the molecular orientation in polypropy|éver f
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The Raman spectra were collected on Holoprobe Rese8&cR&@man Microscope
using 785 nm incident laser wavelength with polarizer aadlyaer parallel to each other.
The test sample was prepared in the same way as thé&réyrdiffraction test. The plane
of the fibers was perpendicular to the incident laser.t€beresults were plotted as the
intensity against Raman shift. The curve was then smoothiedudntracted a linear base
line for further peak fitting to determine the actual peala afepeak 809 and 841 €m
Compared with X-ray diffraction, this method requires sigaiiity shorter time on test
scanning and data analysis. Therefore, Raman speateama&nly used in this study to
determine the fiber molecular orientation. The result measby Raman spectra was

also compared with wide angle X-ray diffraction data.

5.4.6. Fiber Crystallization Behavior

In addition to DSC, Wide angle X-ray diffractiomas also used to determine the
resulting fiber’s crystal form, crystallinity and crystal size dzsh®n integrated X-ray
diffraction spectra. The data can be collected during tieatation test or by performing
the same test procedure. The crystal size was calculateptiis Scherrer equation:

KA
[ cosé

(23)

Here, K is the shape factor and equal to 0.9 for polypeoge, 2 is the wavelength of
CuKa which is equal to 1.54 A is the Bragg anglef} is the peak breadth at half-

maximum intensity.
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CHAPTER 6

EXPERIMENTAL RESULTS AND DISCUSSIONS

Continuous fibers were produced from three polypropylevits different viscosity
value according to the design of the parametric studies. rébalting fibers were
collected and characterized to determine their geometry, colate orientation,
crystallization behavior and mechanical property. In this tenathese characterization
results will be presented. The relationship between processinditions and fiber

properties will also be discussed.

6.1. Fiber Geometry

6.1.1. Effect of Polypropylene Viscosity and Processing Tempetare

Viscosity of PP115

1000

180°C
200°C
220°C
240°C

4 >on

100 4

[n*] (Pa.s)

10 +——rrrr— T — e —
0.1 1 10 100 1000

ang. frequency (rad/s)

Figure 6.1 Viscosity of PP115 at different temperaturesaagdlar frequencies.
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Viscosity of PP35
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Figure 6.2 Viscosity of PP35 at different temperatures agdlar frequencies.
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Figure 6.3 Viscosity of PP12 at different temperatures agdlar frequencies.
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Table 6-1 PP115 fiber diameters and their processing camslitio

Air/polymer Average fiber Standard Processing Diameter
volume flow diameter deviation temperature range
ratio (pm) (pm) CC) (pm)
42578 131.5 11.34
96865 46.6 1.79
180 32~130
136065 40.5 1.06
151685 31.7 0.73
17463 70.9 1.24
67060 41.4 0.05
200 30~70
82355 33.5 0.26
134121 29.7 0.57
101607 24.9 0.70
153681 19.5 0.20
220 15~25
290596 15.9 0.59
510939 14.9 0.34
63867 25.4 0.17
69855 19.2 0.46
240 8~25
279420 8.0 0.14
447072 7.4 0.16

Three different polypropylenes were used to study thectetie viscosity on final

fiber diameters. The viscosities of these 3 PP’s weredtdsteparallel plate rheometer

and their viscosities were plotted against angular frequésrcdifferent temperatures,

180°C, 200°C, 220°C and 240°C. As shown in FigureFeglre 6.2 and Figure 6.3, the

PP115 and PP35 have relatively similar viscosity. While PRA rhlatively higher

viscosity compared with PP115 and PP35. As expected, stperimental results

indicated that the PP115 and PP35 fibers exhibited similar @ila@neter distributions

under same processing conditions. Therefore, we will mdodys on comparing the

PP115 and PP12 fibers in this section.

71



Table 6-2 PP12 fiber diameters and their processing comslitio

Air/polymer Average fiber Standard Processing Diameter
volume flow diameter deviation temperature range
ratio (pm) (pm) CC) (pm)
63867 669.3 1.52
107297 557.3 6.42
638674 203.3 11.54 180 93670
993493 92.6 8.02
134121 256.6 7.63
178828 117.7 0.77
201182 115.1 3.48 200 70~256
239502 73.2 0.38
268243 69.0 2.88
242164 133.6 2.61
251478 69.0 1.72
402364 45.0 1.76 290 30~134
536486 31.1 151
647078 29.7 0.92
298048 54.8 1.46
357657 29.3 0.53 240 20~55
447072 19.7 0.10

Table 6-1 and Table 6-2 summarized the fiber diameters tlh@id processing
conditions of PP115 fibers and PP12 fibers. These rasuisl an obvious trend that the
fiber diameter decreases with the increase of processimgetature. It is believed that
the material viscosity is the real factor behind processingdeatye since the viscosity
is very sensitive to the temperature. When the temperatureases, the decreased
viscosity causes more attenuation of melt flament and thustsesua smaller fiber

diameter.
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Figure 6.4 Fiber diameter of PP115 and PP12 made a£220°

It is also interesting to point out that a more scattered fianeter distribution
appeared for the same processing temperature range wmeosity increased. For
example, most of the fiber diameters fall into the rangé-50 um for fibers made from
low viscosity PP115. However, this range dramatically inegas 20-15G:m for fiber
made from higher viscosity PP12. As shown in Figure &t4processing temperature
220°C, the PP12 fibers diameters vary from 30 to 140oms; but the PP115 fiber
diameters just scatter between 15i46. This can be explained by the viscosity data
shown in Figure 6.1, Figure 6.2 and Figure 6.3. The s&ear rate viscosity of PP115
decreases gradually from about 400sRa 100 P& when the temperature increases from
180°C to 240°C which shows a relatively small magnitude diffgg in viscosity at
different temperatures. However, within the same temperaange, the zero shear rate
viscosities of PP12 are approximately 4000sP2000 P&, 1000 P& and 700 Pa

which shows a broader difference in viscosity. It candrecluded that the distribution of
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fiber diameter is determined by the viscosity differencaliierent temperatures. A
higher difference in viscosity will result in a wider distribution the fiber diameter

within the same processing temperature range.

6.1.2. Effect of Air/polymer Volume Flow Ratio

180 Equation y=a + b*xc
1¢ Adj. R-Sq  0.72599
1607 o value  Standard
1 ©
140 4 Parameter a 20 0
’E\ J Parameter b 78244.13 65881.44
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Air/Polymer volume flow rate ratio

Figure 6.5 Data fitting of the relation between fiber diametdraaripolymer volume
flow ratio.

In the previous section, it has been reported that the finereder is also highly
dependent on the air/polymer flow ratio. Basically, the fibeméigr decreases with the
increase of the ratio. However, it is hard to draw a furtioaclusion since very limited
data were presented. To generate more data points, Ri2lselected to produce fibers at
220°C with different air/polymer volume flow ratios. The visitp of PP12 at 220°C is
thought to be a proper viscosity which is high enough to agghgrent levels of

air/polymer flow ratios.
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About 40 experiments were carried out and the resultslaftegin Figure 6.5. The
fiber diameter showed a strong correlation with the air/polyrokme flow ratio. When
the ratio is below 200000, the fiber diameter drops sevaiidiythe increase of the ratio.
Beyond that point, the fiber diameter still tends to decreabeimcrease of flow ratio,
but the slope becomes flatter and finally tends to approdudrizontal line. This trend
suggests that a power law equation in the form of y=a*ay be a good fitting on the
data. In this equation, power index ‘c’ is assumed to hegative value because the fiber
diameter decreases with the increase of flow ratio. In #se,cwhen the ratio goes to
infinity the fiber diameter is approaching a constant valde Ifa the data fitting,
parameter ‘a’ was fixed at 20 pum which is little bit smaller ttlenfinest diameter (30
um) achieved in the experiments. After regression, equgti@0+18400.91*X %% was
selected to fit the data. A similar equation was fitted for glsimmole melt blowing
process reported by Haynes [96], but the physical meadfitige power index was not

revealed.

6.1.3. Fiber Morphology

Figure 6.6 shows the SEM images of produced fibers wameters of 25 um, 13
pm and 7 um. From these images, it can be seen thaathetdrs of the resulting fibers
are quite uniform and the fiber surfaces are also smab#h.smallest of the three, the 7
pm fiber, was made from PP115 with processing temperattu240°C. Note that all
these fibers were produced only with jet stretching by colda@&nuation. From the
mechanical testing results presented later, it will be seen trsst tiers can be further

extenuated for about four times or more if a drawing fipws.
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Figure 6.6 SEM photographs of fibers.
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6.2. Fiber Molecular Orientation

The molecular orientation is an important property of fiberesihcorrelates to fiber
crystallinity and mechanical properties. In our processfiltiee is attenuated by air drag
force accompanied with cold air cooling. The molecular ortemtavas built up during
the attenuation. To characterize the molecular orientationdifierent methods were
applied, wide-angle X-ray diffraction and Raman spectimgcBaman spectroscopy was
chosen as the major technique because of its easy testiprecand data analysis. To
validate this application of Raman on fiber molecular orientatlmee PP115 fibers with
different draw ratio were characterized by both Ramash \WXRD. The results are
shown in Figure 6.7. In this figure, two fibers were mat@20°C with draw ratio 330
and 1600; the other fiber was made at 240°C with dediw B60. A Raman spectra of
raw PP115 pellet was also included. It was reported the o 841/809 crit band
intensity can be used to estimate molecular orientation of isofzaiipropylene fiber
[94, 95]. It can be observed that this ratio follows the saerel as the orientation results
measured by WXRD. These results indicate that Ramartrepeapy is an effective

technique for characterizing the molecular orientation ofibiees produced in this study.
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Figure 6.7 Typical ZZ polarized Raman spectra of PP1Esdjlcompared with WXRD
pattern. Fibers were made with different draw ratio at diffetemperatures (a) 1600 at

220°C; (b) 330 at 220°C; (c) 360 at 240°C; (d) contreV &115 pellet).
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Figure 6.8 PP115 fiber molecular orientation estimated by Rapectra.

The ratio of 841/809 cthband intensity is referenced to Raman ratio in this study.
The Raman ratio of PP115 fibers was calculated from Rapectra and plotted against
draw ratio as shown in Figure 6.8. Based on the resdtgral trends can be observed:
Firstly, at the same processing temperature, the fiber matearientation increases with
increasing draw ratio resulted from the higher air dragefoAs discussed in previous
section, the fiber diameter decreases with increasing air/pofyoneratio. Therefore, it
is believed that the fiber molecular orientation also increagdis the flow ratio.
Secondly, with the same draw ratio, lower processing tenysergenerally leads to
higher orientation because of reduction of relaxation time&diyh the gradient of Raman
ratio over draw ratio decreases with increase in processmpgerature which may also
be explained by the reduction of relaxation time. When thgpeéeature or draw ratio

increases, this linear relation either disappears or the depeases.
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6.3. Crystallization Behavior of Resulting Fibers
As discussed in the literature review section, the polymetatiigation behavior is
crucial during structure formation. In this modified melt spignprocess, the spinline
dynamics is different from that in melt blowing or traditional nggdinning. The new
thermal and mechanical environment along the spinline is t&egpédc affect the fiber
crystallization behavior which can finally affect the fiber megtal properties. In this
section, the results on the fiber crystallization behavior agsepted with discussion

provided on crystallinity, crystal form and crystal size.

6.3.1. Crystallinity

The fiber crystallinity was calculated based on the fusionagpyhfrom the DSC
tests. Figure 6.9 shows the crystallinity of fibers made fi®@R115 under various
processing conditions. Figure 6.10 shows the results o2.ARd obvious trends were
found between the fiber crystallinity and processing conditibas PP115 fiber, the fiber
crystallinity scattered within the region of 50%+3%. It decrdase42%+2% for PP12
fiber because high viscosity PP12 has longer molecular hkdirch make them more
difficult to crystallize.

Since the fibers were produced under various conditionls teinperature from
180°C to 240°C and air flow rate from 1 cfm to 6 cfnis ixpected that these conditions
should somehow affect the fiber crystallinity. The crystallinitgasured by DSC may
not be accurate because the recrystallization may occimgdire heating. Therefore,

WXRD test was performed to study the fiber crystallizatioralyeir.
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Figure 6.9 Crystallinity of resulting fibers maderh PP 115 at different temperatures.
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Figure 6.10 Crystallinity of resulting fibers made from PRafl@ifferent temperatures.
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The wide-angle X-ray diffraction patterns of PP115 fibexedpced under different
conditions are presented in Figure 6.11. In contrast tD 8@ results, the WXRD results
reveal that fiber crystallinity is related to the processing &atpre and the air/polymer
flow ratio. The fibers made at three temperatures 180°@C2and 240°C were tested
and compared. Although only 2 samples were presentB808C, it can be seen that the
crystallinity increases when the air/polymer flow ratio incredsms 13000 to 23000.
The same trend was observed for the crystallinity of fibade at 240°C. However, at
220°C, the crystallinity remained nearly constant and showedependence on the
air/polymer flow ratio. In addition, the fibers made at lowengeratures had higher
crystallinity than those made at higher temperatures.

It is well known that the crystallization behavior is affected by wompetitive
factors, the cooling rate and the crystallization rate. In hgged melt spinning, the
crystallinity was found to increase with increasing take-upedpbecause high
crystallization rate occurred with high spinning stress and bigintation [87]. In our
modified melt spinning process, the high speed cold air teaaiyperis close to the room
temperature (25-30°C) which is well above the glass transit@mperature of
polypropylene. Although the high speed air flow helps @ tdoe melt filament fast, it is
not sufficient to immediately quench the melt filament. Therefasea fast crystallization
polymer, the polypropylene filaments still undergo crystallizatiurthermore, the high
orientation formed during the attenuation with the assist of @ioldooling also plays an

important role in fiber crystallization. An empirical equatiom ¢e used to explain the
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effect of crystallization temperature and degree of orientatiothe fiber crystallization
behavior [24]:

K(T, f)=K(T,0)exp@f? )=K° expf 4In2{-T>_ J DZ+AT §° (24)
where K is crystallization rate, A(T) is a positive paramétisrprientation factor, Kaxis
the maximum crystallization ratedx is the temperature where maximum crystallization
occurs, and D is the half width of K(T) curve. For istitapolypropylene,

Kmax=0.55, Thax=65°C and D=60, and the equation can be rewritten to:
K(T,f)=0.55expf 4In2{ - 65) /3600 A T( f)2 (25)
In the above equation, there is a negative term and a gosdikn. The cold air
cooling in our process makes the temperature close,4g@5°C. Hence it makes this
negative term even smaller. On the other hand, the hightati@n will make the positive
term even larger. Mathematically, the crystallization rate is ase@ by the low
processing temperature and high molecular orientation. Inpmgess, the orientation
increases with increasing air/polymer flow ratio as shownigare 6.11. Consequently,
the increase of air/polymer flow ratio will cause increasingstallization rate which
finally leads to the increase of crystallinity. At temperature®°@8@nd 240°C, the
significant increases in orientation result in an increase aftalhyity with increasing
air/polymer flow ratio. At 220°C, the resulting fibers exhibiatiwe higher crystallinity
due to the extremely high orientation and modest processingetatare. Only slight
increases on crystallinity are observed with the increaa@/pblymer flow ratio. This is
because that the fiber crystallinity may reach some limited waider those processing

conditions.
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Figure 6.11 Wide-angle X-ray diffraction patterns of PPdi&er various processing
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the second one is the resulting fiber diameter.
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6.3.2. Crystal Form and Crystallite Size

The WXRD spectra shown in Figure 6.12 exhibits a typocgstal form for fibers
made from isotactic PP. Three strong peaks locate@=i422°, 17.1° and 18.6° indicate
the a-monoclinic reflections of 110, 040 and 130 planes. CHimgon of isotactic
polypropylene is a complicated process which can foreethlifferent crystal forms;-
monoclinic, B-hexagonal ang-triclinic. The B-hexagonal ang-triclinic may be formed
under fast quench or high pressure or by introducingiagpeucleating agents. In melt
spinning, a-monoclinic is usually obtained under the conditions of mild ghewith
modest to high spinline stresses. Therefore, the formation-rabnoclinic crystal

indicates that the high speed cold air provides mild quenebtedh melt filament.
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Figure 6.12 WXRD spectra of typical PP115 fibers madeetQ.
The crystallite size of 110 plane for PP115 fiber wasutaled based on Scherer’s

equation and the results are listed in Table 6-3. The typigstallite size is about 120A
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for the PP115 fiber made at 220°C.

Table 6-3 Crystallite size and 2alue of 110 plane of PP115 fiber made at 220°C.

wi thP dFi);risetfg?e(Lm) 20 (°) Crystallite size Q)
27.5 14.050 116.5
21.0 14.022 127.2
18.2 14.028 125.4
12.5 14.014 127.8

6.4. Fiber Mechanical Properties
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Figure 6.13 Typical stress-strain curves of single filament.
Tensile tests were performed on an Instron machine.sllegs-strain curves were
recorded for the calculation of tensile strength and tensilguhas. Figure 6.13 shows
the typical stress-strain curves observed in a single filatersile test. With the increase

of strain, the fiber undergoes elastic deformation, yieldmegking and strain hardening.
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It was observed that the necking deformation becomes ifisggrt and finally disappear
with the decrease of origin fiber diameter. This can beribestas a transition from (a)
to (b) to (c) as shown in Figure 6.13. In this study, eyn) usually represents fiber with
diameter above 50 um; curve (b) corresponds to theWilierdiameter in the regime of
20-50 pum; and curve (c) is for the fiber with diametereurD pum.

The ultimate tensile strength is dependent on the elongationak beeause of the
strain hardening effect. Therefore, tensile stress at 2€l0%gation was chosen as the
representative strength for compassion in this study. Bo#mgth values were plot
against the initial fiber diameter.

Figure 6.14 and Figure 6.16 show the single undrawn témsile strength results
made from PP115 and PP12 respectively.

Figure 6.15 summarizes the tensile modulus of PP115 fiberdow viscosity PP115,
the single filament with diameter of 10 pum can reach tensdegtn of 100 MPa and 2.5
GPa. For high viscosity PP12, the tensile strength increimsdgl0 MPa for single
filament with diameter of 25 um. The tensile strength and fnedhowed a dependence
on fiber diameter for both PP115 and PP12. This is bec#usr mechanical properties
strongly depend on molecular orientation and crystallinity wischlso a function of
molecular orientation in our process as discussed previo@siyerally, the increase of
orientation will lead to increases in tensile strength and meduiuwas found in our
study that the molecular orientation increases as fiber diaohetezases. Consequently,
fiber tensile strength and modulus increase with decreasifigesfdiameter. Since the
fiber mechanical properties are very sensitive to proogsesonditions, the tensile

strength and modulus scattered around a linear relation wé&hdiameter. The outliers
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observed at diameter of 25 um for PP115 and 55 urRRAd2 represent the fibers made
at relatively high temperature with low air drag force. Thaneef the resulting low
molecular orientation and crystallinity lead to the low tensile streagthmodulus.

To obtain high strength fibers, these processing conditiamddhbe optimized in the
way to form high molecular orientation: firstly, a modest pssg®y temperature which
can provide proper viscosity for enough attenuation andelomglaxation time for
overcoming the disorder in molecular orientation; secondiyh kiig flow to generate

high air drag force to enhance molecular orientation.

PP115 fibers
120
B Tensile strength at break
] ® Tensile strength
100 at 200% elongation
s .
% 80 L }
>3 + .
ey
<§, ]
5 60 — .
» |
: o
D 40 }
&
e o
20
0 T T T T T T T T
10 20 30 40 50

Fiber diameter (um)

Figure 6.14 Tensile strength of PP115 fibers.
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Figure 6.15 Tensile modulus of PP115 fibers.
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Figure 6.16 Tensile strength of PP12 fibers.
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6.5. Melting and Crystallization Temperature

The melting and crystallization temperature of PP115 fibeewesasured by DSC
and listed in Table 6-4. The crystallization temperature vdreégeeen 113.93°C and
120.66°C with heating and cooling rate at 20°C/min in DSGrélhs no apparent
correlation between the processing temperature and fibenetha The melting
temperature shows some dependence with the processidigaaus. At lower processing
temperature 180°C and 200°C, the melting temperature sligltiyases by about 1°C
when the fibers diameter decreases from 70 pm or l&og80 pm. When processing
temperature further increases to 220°C, uneven broadthemth peaks with peak
maximum at lower temperature side were observed. Theearn@wad endotherm peaks
were observed to clearly split into two peaks for the fibemxyced at 240°C with
diameters less than 15 um. The first peak located at 165t€sponds to the normal
melting point of PP115 and the second one appears at BIHAG.

Figure 6.17 shows all types of endotherm peak shapssrided. The second
endotherm peak located at 169°C is gradually developepra®ssing temperature
increases and fiber diameter decrease. The appearhtwe melting points was also
reported in previous studies as discussed in the literatumehapter. Usually, it is
caused by the formation of different crystal forms andstatiite size under certain
processing conditions, or by the recrystallization during lieating and cooling

environment in DSC scanning.
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Table 6-4 Melting and crystallization temperatures of resultirgysib

Processing Fiber
temperature diameter Tm (°C) T: (°C)
(°C) (Hm)
180 143 164.50 120.66
180 47 166.19 115.70
180 38 166.00 118.48
200 69 164.81 118.47
200 40 165.62 116.13
200 32 165.85 118.80
200 31 165.67 113.93
220 27 164.62* 115.89
220 21 164.89* 120.05
220 18 164.75* 116.75
220 15 164.89* 118.05
220 13 165.10* 116.93
240 26 165.54* 118.38
240 20 164.88* 119.15
240 11 on 2 11827
240 7 oo 11684

*a broad endotherm peak observed
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Figure 6.17 DSC heating thermograms of PP115 fibers wifdreht endotherm peak

shapes.

WXRD was performed on the fibers with and without doubleltimy peaks to

determine if there are new crystalline forms developed.WWK&D spectra patterns are

shown in Figure 6.18. Both WXRD spectra patterns exhibittyipecal a-monoclinic

crystalline form with strong reflection ab214.2°, 17.1° and 18.6°. Usually, isotactic

polypropylene hag-hexagonal ang-triclinic crystalline forms with character reflections

at 2=16.08° for} 300 plane andf220.1° fory 130 plane respectively. However, neither

of these two reflection peaks was observed in our safmpéefore, it can be concluded

that there is no new crystalline form developed in the resulbegs.
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Figure 6.18 WXRD spectra patterns of fibers with one ornvetting peek(s) in DSC.

We further investigated whether this double melting peaksgrhenon was caused
by the DSC testing thermal environment. Firstly, the sample filzs heated and then
cooled for two cycles at the same rate of 20°C/min. Asvshn Figure 6.17, the double
peaks were only observed at the first heating cycle, itetiday the line 4. After another
cooling and heating cycle, the double peaks disappearedriyndne normal endotherm
peak appeared with peak maximum at 163.39°C as indicatdeebine 5. Secondly, the
sample fibers were tested under different heating rate tivthrange from 5°C /min to
40°C /min. The DSC curves are presented in Figure Btl€nall heating rate 5°C /min,
only an uneven endotherm peak was observed. With theaiserof heating rate, another
peak at higher temperature starts to split out and becomesaimapus at heating rate of
20°C/min. Then the second peak becomes blunt again dse#teg rate increases to

40°C/min. Overall, the double endotherm peaks can bewausender different heating
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rate in DSC. The recrystallization effect may weaken the aappee of the second
endotherm peak under low heating rate. Moreover, the biojp¢arance of the second
peak under fast heating rate may result from the low résolat extremely high heating
rate since the sample does not have enough time to Vélctthe two previous steps, it
can be confirmed that the formation of double melting peaksticaused by the DSC
testing thermal environment. In other word, the double mefigeks do not result from

the recrystallization during the heating process in DSC.
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Figure 6.19 DSC heating thermograms of PP115 fibers mdtevarious heating rate.
Based on previous conclusions, it is expected that the doobliing peaks may
result from the high orientation in those fibers with diametefeuri5 pum. A test was
designed to prove this hypothesis. Fibers with only one mefieak were manually

drawn about 3 times at room temperature to reach a finadeder of 15 um. Then the
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same DSC scanning procedure was performed on bottirdélwen and original undrawn
fibers. The results are presented in Figure 6.20 for fimins with 2 heating and cooling
cycles. Compared with the original undrawn fiber, the calawd fibers showed a
broader endotherm peak appears in the first cycle. Tiwadbpeak has maximum
covering from 165°C to 170°C which can be assumee tind double peak’s maximum
with further drawing. After another cooling and heating cyelBSC scanning, the broad

melting peak is replaced by a normal single melting peak wisidine same as the

undrawn fibers.
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Figure 6.20 DSC heating thermograms of cold drawn aigihat undrawn PP115 fibers.
With all these evidences, it is believed that the appearardmubfe endotherm peaks
in DSC is related to the fiber's high molecular orientatiorhigh orientation may cause

some modification on the-monoclinic crystal structure which is reflected as double

96



melting peaks. Moreover, this kind of modification on crystialcture does not lead to a

new crystal form.

6.6. Comparisons with Traditional Melt Spinning

6.6.1. Fiber Properties

Table 6-5 Fiber properties of fibers made by traditionat sghning.

Tensile Tensile
Processing Fiber Raman - strength
, . Crystallinity strength
temperature diameter ratio (%) at 200% at break
(°C) (um) (°C) elongation
(MPa) (MPa)
180 63.9 1.44 47.8 20.7 34.3
200 21.7 1.75 48.9 62.7 95.8
200 13.7 2.01 49.2 95.5 107.3

For comparison, traditional melt spun fibers were prodacedur fiber extruder with
mechanical drawing. The resulting fibers were charactetzegtermine their properties,
including fiber diameter, crystallinity, tensile strength and molecofeentation. Table
6-5 summarizes these properties of fibers made froml®Rith processing temperature
at 180 and 200°C. These fibers exhibit similar propertieth@se made by cold air
attenuation process. Compared with traditional melt spinning gsptiee new process

could produce continuous filaments with comparable properties.

6.6.2. Cost Analysis and Possibility of Scale up
The use of compressed cold air introduces an additionaircalsis new process as
compared with traditional melt spinning process. In previousicse the relationship

between fiber diameter and air/polymer volume flow ratio hweasstigated. For example,
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to produce PP115 fibers with diameters of 8 tqugbat processing temperature 240°C,
the air/polymer volume flow ratio varied from about 6300@H50000 for the air nozzle
with tunnel diameter of 5 mm. Respectively, 0.67air is needed to produce 1 g
continuous fibers with diameter of 28n and 0.5 mair is needed to produce the same
amount of fibers with diameter of 8n. The usage of air can be significantly reduced by
using a smaller diameter air nozzle or using an extrusiowithemultiple orifices. With
multiple orifices on a slot die, this new process may be degldor industry application

to produce continuous filaments or yarns.

6.7. Fibers Made from Nylon 6
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Figure 6.21 Viscosity of Nylon-6 at different temperatures amgular frequencies.
For demonstration, this process was also successfully apieather polymer
materials, including Nylon-6, a widely used polymer in the filbelustry. The melting

point of Nylon-6 is about 225°C according to the DSC tegjuré 6.21 shows the
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viscosity data of Nylon-6 tested at different temperatures.pgaosa with the viscosities
of PP35 at the temperature in the region of 180°C-2409©nM6 has similar viscosities
at the temperature in the region of 230°C-270°C. Bas@desious polypropylene results,
fiber diameter is majorly determined by the polymer viscoditys believed that the
Nylon-6 fibers with diameter of 10-20 um can be produaedhe temperature in the
range of 230°C-270°C.

Since the processing temperature is limited by the Teflon insulptere to below
260°C, the experiments were conducted at three differepetatures: 240°C, 250°C and
255°C. As expected, the fibers produced at low tempesatwill have relatively large
diameters. Therefore, the major experiments were condwatte2b5°C with various
air/polymer flow ratios for comparison. The resulting fibevgarties are listed in Table
6-6.

Fiber diameters were plotted against the air/polymer flow edighown in Figure
6.22. The fiber diameter decreases with the increase inrétw before it reaches some
minimum value at a high air/polymer flow ratio. Both fiber tensiieength and tensile
modulus also increase with the increase of flow ratio. Tinglesfilament with diameter
of 10 um has a tensile strength of 216 MPa and modulldsPa. Figure 6.23 shows a
polarized microscopy image of a single fiber with diameteuaBb pm. It also indicates

a uniform distribution of molecular orientation along the fineface.
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Figure 6.22 Nylon-6 fiber diameter versus air/polymer ftatio.
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Figure 6.23 Polarized microscopy image of Nylon-6 fiber.
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Table 6-6 Processing conditions and resulting fseperties of Nylon-6 fibers.

Tensile  Elongation Tensile Stress

Air/ Fiber - . 0 Modulus at
Temperature Polymer  Diameter Crystallinity ~ Strength Ratio at at 40@ 4% strain
(°C) Ratio (um) (%) at Break Break Elongation (MPa)
H (MPa) (%) (MPa)
240 12418 179 29.95 79.7 354 44.3 944 .4
250 4064 83 33.24 39.6 203 15.1 231.8
255 2395 50 36.94 74.6 391 19.0 300.9
255 3353 22 35.46 86.7 83 49.3 436.3
255 5364 13 36.36 199.2 71 134.9 861.4
255 8941 9 37.61 216.7 57 171.8 1171.2
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CHAPTER 7
THEORETICAL ANALYSIS AND MODELING OF COLD AIR

ATTENUATION IN MELT SPINNING PROCESS

7.1. Introduction and Objectives

As discussed in the previous chapter, the experimentdigefiowed that the final
fiber diameter depends on the polymer viscosity, proces$simgerature, polymer and air
volume flow rates. Although in Chapter 4, CFD simulatiorssenconducted to analyze
the fiber attenuation mechanism under cold air drawingmtbehanism is still not clear
because of the limitations of the CFD model. Firstly, it isiciff to incorporate implicit
flow and thermal boundary conditions in the CFD model, sasthe air drag force and
heat transfer on the moving interface between air andvslyvhich are both related to
fiber diameter and air velocity. Secondly, it was observepemxentally that fiber
solidification point varies with different processing conditionsl amaterial properties
which means an iteration of different geometries is neeflette each specific CFD
model has to be based on a fixed geometry. It is ficiesft to create these geometries
and solve for each model, especially for geometry with keglgth to width aspect ratio
which typically needs a tremendously large number of elements

To address these limitations, we developed a 1-D non-isaghédewtonian fluid
model by solving three basic governing equations numericsihgWMatlab. The specific
objectives of this theoretical modeling were to:
O Design and validate a computation method to solve the ordiddfgrential

equations derived from basic fluid dynamics governing &opus
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O Formulate a 1-D model for the fiber attenuation processmoald air drawing, and
obtain reasonable values for input parameters, such @ssitis air drag coefficient
and heat transfer coefficient.

O Use the formulated model to analyze the fiber attenuation anexrh, mainly the
effects of polymer viscosity, processing temperature, petyamd air volume flow
rate on resulting fiber diameter.

O Use the model to predict the final fiber diameter and comitereredicted values

with experimental results.

7.2. Literature Review

As discussed in Chapters 1, the melt blowing process eraslaped based on the
melt spinning process. In both processes, the polymer medktrsided out of the
extrusion orifice to form a filament, and it is immediatetfieauated by external forces.
In melt spinning, the external force is the drag force appied drawing roller. The air
surrounding the fiber applies a retarding force on the.fibemelt blowing, the external
force is provided by a high speed air stream with air fmetidorce on the fiber surface.
Numerical models for melt spinning with air flow as retardiogcé have been available
for some decades. The models for melt blowing were maiwed from the same
governing equations by applying inverse air drag forcedsfiferent boundary conditions.
In this section, the background on modeling melt spinning tr@doced first, and a
comparison between melt spinning and melt blowing modeling isgtesented.

The original studies on melt spinning modeling mainly focusedi@v the fiber is
cooled along the spinline during the attenuation processiedsd[97] set up groups of

heat flow equations and solved them approximately with thefagnpirical data. With
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this model, he predicted the temperature profile with the disténom the spinneret for
both surface and centerline of the filament. The results weite accurate, although the
predicted radial temperature distribution was only correct tamzt%.

A seminal work in this filed was contributed by Kase and Matfs7, 58]. They
developed fundamental equations on the dynamics of mehisg. Then steady-state
and transient solutions of these fundamental equations wevediand compared with
experimental results. The fundamental equations usediirstbhdy are:

Equation of heat balance:

ot , ot __2Jmh¢-t)

V— = 26
ox or PC,VA (26)
Equation of force balance:
ox LA
Equation of material balance:
JORLOA__ v @
ox 0dr 0X

In the above equations, ‘X’ is the distance from the spatrandr is the time. Both
of them are independent variables. Temperature ‘t’, sesBonal area ‘A’ and local
velocity ‘v’ are the dependent variables. In their calcatadj the tensile viscositg”is
assumed only to be a function of temperature t as welkaspihning tension F.

One important contribution of their work is the correction @dthtransfer coefficient
for melt spinning process. They experimentally measuretieaetransfer coefficient by
hanging a heated wire with diameter of 0.2 mm in an air fIBy.recording and

converting the cooling of the wire, the Nusselt number fitkesl with Reynolds number
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andwas compared with other research res as shown irFigure 7.1. The data fittinc

turned out a relatioof Nu=0.764R%¥,

10.0}
50¢p
S Mcadam's curve for cross flow
=
I 1.}
0.5 For parallel flow

ol I 10 100
— Fe

Figure7.1 Nu vs. Re in cooling by forced convection of cylicdl body; @) data of
Simmons (O) data of Mueller; /A) data of Sano and Nishikawi[ 1) Kase anc

Matsuo’s work [57].

However, it was realized by the auts that this calculation method can not exa
representhe real heat transfer phenome of melt spinning process becatthe wire
was stationary.With further efforts, te authos derived a new N-Re relatior
Nu=0.42R°***for parallel air flow of melt spinning with Reynalchumber within thi
range of 0.-50. Additionally, a corrective coefficient (1+K) wanultiplied tothe heat
transfer coefficient fc the contributionof a transverse air velocity correction. The h

transfer oefficient used in their model \s constructed &

_ n 2G 334
h—O.ZkF\/;mf 1+K) (29)
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where K- is the heat conductivity of polymer; G is the polymer flaaterp is the
polymer density andgis the kinematic viscosity of ambient air.

Both steady-state and transient solutions were obtained by gadhenlisted partial
differential equations with the corrected heat transferficteit. The results showed a
good agreement with the measured experimental data of &g and fiber thickness
along the spinline. Furthermore, the effects of material eotigs and processing
conditions on final fiber thickness and temperature distributaese also studied.
Finally, the steady-state solutions were related to the yapegres. Specifically, the
yarn density, birefringence, crystallinity and molecular origortawere predicted based
on the filament temperature and cross-section area.

Spruiell et al. [98, 99] developed an ‘inverse model’ &cglate the heat transfer
coefficient and elongational viscosity for high speed melt spgnoinNylon 6. In this
inverse model, the fiber diameter, temperature profile arglaierat the bottom of the
spinline were experimentally measured and used to calcukatehéological force as a

function of position along the spinline. The equation useddtmulation is:
Fow(2) =F, = [ 04, CV2rDAz-WIV(L) -V(2] +[ pgr(D*/4)dz  (30)

where W is mass throughput, V is fiber velocity, i& take-up force and (s air drag
coefficient. Then a regression analysis was used to fit@tnfunction for the fiber
diameter and temperature profile. The continuity equation sad to calculate fiber
velocity. Finally, the velocity and temperature gradientsevadatained by differentiating
the smoothed velocity and temperature profiles, and thervibey used to calculate the
elongational viscosity and heat transfer coefficient. Theessgon analysis confirmed

that the heat transfer coefficient involved in this melt spinpirgess is not a material
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property. By fitting the calculated heat transfer data vetsisatio of fiber velocity over
cross-section area, an empirical equation for heat traceédficient was given by:
h=1.43x 10" ¢ /A }? (31)
The air drag coefficient is an important coefficient for diéseg the air drag force
applied on the filament during melt spinning and melt blowingtsiid100] developed a
relationship between the air drag coefficienta@d the Reynolds number iRbased on

the turbulent boundary layer theory.

C; = fRey (32)
_pUD
Re, =f— (33)
S n

wherep and n are constant coefficiept, is the air densityy, is the air viscosity, U the
velocity of the filaments, and D the diameter of filame#ith =0.37 and n=0.61, a
satisfactory agreement between theoretical analysis andethggrical relation was

observed for spinning speed in the range of 300-6000irmim melt spinning.

Shambaugh and Majumdar [44] designed an instrumemnxipierienentally measure the air
drag force under a wide range of conditions. The filarderheter varied from 13 to 305
um and the air velocity changed from 36 to 300 m/s. Theraxgental results were found

to fit well with an empirical relation:

C, =0.78R&>* (34)
In this study, they also summarized representative valu@stitdt were determined by
various investigators listed in Table 7-1.

Based on Kase and Matsuo’s effort, more recent studiesnodeling of melt

spinning expanded the 1-D model to 2-D models. Thesen2bBels also included the
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combined effects of flow induced crystallization, moleculaerdation, non-isothermal
viscoelasticity, and air drag.

Differential constitutive models were widely used to analyze ritedt spinning
process, such as upper-convected Maxwell (UCM) modehnH hien/Tanner (PTT)
model and Kaye/Bernstein-Kearsley-Zapas (K-BKZ) modet. é&xample, Mitsoulis and
Beaulne [101] studied the rheological effects in fiber spopaising numerical simulation
with K-BKZ model. The non-isothermal unidirectional model wasstructed by the

following mass, momentum and energy equations respectively

p(rm*)u = pQ (35)
r,-r,, du
—(-= -—+=-C,u 36
OIZ( o = gt (= )1/ (36)
pCin—T+2rr —h.(T - T)+2rr,/Qa eT*-TH=0 (37)
z
with boundary conditions:
1. u=u, a z=0
2. T=T, a z=0 (38)
3. u=u_ a z=L
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Table 7-1Value op and n from literature [44].

Maximum V g

Fiber diameter

Case B n (m/min) (um) Rep Comments
1 0.37 0.61 6000 29-86 10-330 Single filament melt spinning istagnant air
2 041 061 6000 17-300 20-200 Single and multlple stationary fllament inside bey
tensioned and untensioned
3 090 o0.61 1060 26-45 10-60 Single stationary filament inl@aetuuntensioned
4 1.3 0.61 50-400 25-310 Single stationary filament in agiullament not tensioned
5 0.49 0.61 6000 19-93 40-250 Single filament melt spinningwib guide at take up roll
6 039 0.61 1000 38-60 25-50 Single filament melt spinning vgthde at take up roll
7 0.23 0.61 6000 10-23 5-60 Simultaneous melt spinning of Grfents
s 077 061 45-74 50-400 Single stationary fllamentlln wlnd tunnel or singhelt spun
filament in wind tunnel
9 0.91 0.61 6480 80-222 280-1530 Drag exerted by aspiratarijed filament
10 0.78 0.61 18000 13-305 15-3000 Drag exerted upon filamerd byge annular jet
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wherep is the density, u is the fiber velocity, Q is polymer volutow/frate,t represents
extra stresses, g is the acceleration of gravitys @e air drag force coefficient, @ the
specific heat capacityIs the heat transfer coefficient, T is the filament temperalure,
is the ambient air temperatugeis the emissivitypsg is the Stefan-Boltzmann constant,
and L is the spinline length.

Both isothermal and non-isothermal cases were simulated isttildg. In the non-
isothermal case of PET study, the results showed that PA@TKeBKZ have similar
predictive capabilities. It was also concluded that the inertayitygr and air drag are
important in the simulation. In the case of LDPE study, didlswas found to be very
important for predicting the take-up force.

Usually, the 1-D model is sufficient to simulate the melt spigmprocess because
the fiber diameter is relatively small compared with the spinlingtte In 1-D simulation,
the filament temperature is only a function of axial distanae fspinneret which means
there is no temperature variance in the radial direction.séfeat al. [102] indicated that
neglecting the radial temperature variation led to an overestiofatee forced heat
convention on the filament surface. This overestimationheat transfer can cause
inaccuracy of the fiber velocity and finally influence the datian results. Additionally,
the radial temperature variation also yielded radially non-umiftensile stress, which
results in non-uniform molecular orientation and crystallinity.

Sun et al. [103] confirmed Henson'’s finding by simulatir}@ non-isothermal melt
spinning case with ongoing crystallization using the commerofevare Polyflow. The
constitutive equation used in this simulation was the PTT medeth was converted

from its isothermal form with a time-temperature superpositigoréahm. The simulation
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results showed that the non-uniform thermal history gaveaisestrong radial variation
of viscoelastic stress which finally led to a strong effecthenresulting fiber properties,
such as crystallinity and molecular orientation.

Doufas et al. [61-63, 104] also successfully used a i2ddlel to simulate melt
spinning including flow-induced crystallization for many polymexsch as PET, PLLA,
and rPLA. Their results showed good agreement betweewnlated results and
experimental spinline data for the relation between processinglitions and fiber
microstructure.

Unlike melt spinning, melt blowing is quite difficult to simulate sinte lower
boundary is a moving boundary and needs to be detetndneng the simulation.
Extensive modeling studies were conducted by Shambaughiamgoup [45, 70, 71].
Their first attempt [70] was to develop a 1-D model basedhe following continuity,
momentum and energy equations:

Continuity

Av, =Q=constan (39)

where A is fiber cross-section areag \s fiber velocity and Q is polymer volume flow

rate.

Momentum
d d? . V2 dv,, 7md?
—| = (*-1")|=jmd,C rel L e 40
dz{ 4( )} J7m.Ci P, P:Q o 4 P9 (40)

where z is axial positior, are extra stresses; S air drag coefficientp, is air density,
Vel IS difference in velocity between the filament and@irs polymer density, ds fiber

diameter and g is gravitational acceleration.
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Energy

dl, _ 4h
P;Cy szE = _d_(sz _Taz) (41)

where R is convective heat transfer coefficient; © filament temperature, Jis air
temperature anddis heat capacity of the fiber.

These governing equations are almost the same as thedeirusnelt spinning
simulation. The only difference is the air drag force inrim@mentum equation, which
plays a dominant role on fiber attenuation in melt blowing gssc For the boundary
conditions, the upper boundary is identical to that of melt spgnnrhnere a constant
known value of fiber velocity and temperature are impo&€treeze point” method was
used in their study to define the lower boundary conditiom fgdsition of fiber freeze
was specified at z=5 cm where the attenuation of fiber hesonegligible. It was
claimed that the selection of z=5 cm gives good fit to the datha better converged
solution. Compared with the experiments data, this model prvale excellent
prediction of fiber diameter profile in the region of high fila¢tenuation and slight under
prediction on final fiber diameter. The Phan-Thien/Tannerogksstic model was also
applied in this model to compare with the Newtonian fluid modet, only little
difference was found between these two constitutive models.

It was pointed out by Shambaugh et al that the high predicfitinal fiber diameter
in the 1-D model results from the fiber vibration at the distaiar away from spinneret.
To consider this vibration effect, a 2-D model was develdpedRao and Shambaugh
[71]. The previous ‘freeze point’ method cannot be applie the lower boundary
condition since this 2-D model included fiber vibration. Therefa new method called

‘stop point’ was assumed. At this ‘stop point’, the fiber eéiois equal to the air
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velocity. The predictions based on these two different methaete virtually identical
and thus proved the accuracy of the ‘stop point’ method.c8mparing with their
previous 1-D model results, the new 2-D model actually mate differences in
diameter or temperature predictions. The reason of oeeigbion of fiber final diameter
was attributed to the under predicted fiber vibration amplitubiesvever, this model

provided a method to estimate the experimental conditions thataase the fiber

breakage.
1000
Vy gie = 1103 mis
800 T, se = 368 °C
_ Q = 0.658 cm® / min
o Ti me =310°C
e
(%]
E &00
% | =— 3D model
o L b
E 400 ¢ 20 model
2
= ! & 10 madel
200 F %* i
* Uyttendaele’s experimantal data
0
0 2 4 2] 8 10 12 14

distance from die {cm)
Figure 7.2 Comparison of the predictions of the 3D model thitke of the 2D and 1D
models [45].
This 2-D model was then expanded to a 3-D model to gréuec3-D motion of a
fiber in the melt blowing process. However, the 3-D model géille similar perditions
results as compared with the previous 1-D and 2-D madethown in Figure 7.2. The

turbulence effects was concluded as a possible reasothdounder predicted fiber
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vibration amplitude. Both Newtonian and Phan-Thien/Tannedaisowere used in this
study, and the predictions of fiber diameter and temperahowed similar results.

In conclusion, the model used in melt spinning can be appi¢de simulation of
melt blowing process with two modifications:

1. Change the retarding air drag force into forward direction;

2. Use a moving boundary condition for the lower boundaither ‘stop point’

method or ‘freeze point’ method.

Based on the literature, 1-D model is satisfactory to simulatemigke blowing
process. 2-D and 3-D models do not give better predictionthe fiber diameter and
temperature profile although they dramatically increase thepgtation time. For
polypropylene, the Newtonian constitutive model can provide girpikedictions as that

using the Phan-Thien and Tanner model.

7.3.  Model Formulation

7.3.1. Model Description

In this study, a 1-D non-isothermal Newtonian fluid model elassen to simulate the
melt spinning process under cold air attenuation. Figure &s8ritbes the process and
forces acting on the single filament. The air drag faqoplied on the fiber surface is in
the same direction as the gravity force. These two foacescounterbalanced by the
rheological force and inertia force. Since cold air was usethis process, forced

convection heat transfer occurs on the interface betwdgmeomelt and cold air.
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Figure 7.3 Schematic of the melt spinning process by coklttamuation and the force

balance on fibers.

7.3.2. Governing Equations

The continuous filament obeys mass conservation at angiopodeneath the
spinneret orifice. The density of polymer only changesiah6% between the melt and
the solid state. Only considering a constant polymer denb#ymass conservation can
be simplified to volume conservation which means the palwokime flow rate remain

constant anywhere.

PV, = p,Q (42)
whereps is the polymer density, r is the fiber radium,i¥the fiber velocity and Q is the
polymer volume flow rate.

The differential form of the momentum equation can be @bated based on the

force balance:
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2
d V, -V av
E[mz(fzz—Trr)]+m2r)Cfpa¥—prd—;+mzpfg=0 (43)

wherert,; andr,, are the extra stresses in z and r directions @e air drag coefficienpa
is the air density, Yis the air velocity, and g is the gravitational acceleration.

The air drag coefficient, (Cis defined by Matsui [100]:
C, =fBRe (44)
where Reg, the Reynolds number, is defined by:

_pNV,(2r)
H,

Re, (45)

wheref and n are constant coefficiept, is the air density, ang, is the air viscosity.
=0.78 and n=0.61 are appropriate value for melt blowirgetbaon Shambaugh and
Majumdar’s study [44]. These parameters are also apfdigabour process since air
dynamics environment is similar.

A simplified steady state energy equation was used in this:study

dT, _ 4h
P CyVi e _?(Tf -T,) (46)

where Gy is the polymer heat capacitys 75 the fiber temperature,,Tis the air
temperature and chis the convective heat transfer coefficient. Because theedo
convective heat transfer is dominant, the heat transfectsffesulted from conduction,
radiation, viscous heating are neglected.

The heat transfer coefficients, ltan be determined with the following correlation:
Nu = yRel (47)

where Nu, the Nusselt number is defined as:
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WLYC
k

a

(48)

where k is the thermal conductivity of air, and the Reynolds nuniizesr the same
definition as that in Equation (45).and m are constants which are equal to 0.764 and

0.38 respectively according to Matsuo and Kase’s ghidly

7.3.3. Constitutive Equations

For a Newtonian fluid, the stress tensgrandr,, are defined as:

dv

r,=21—" (49)
dz
dv

r, =-n— (50)
dz

wheren is the zero shear rate viscosity of the polymer. As aismthermal model, the
temperature dependence of viscosity is considered usingArthenius law by the
following equation:

For PP115

(51)

f

1 =0.002087 exE 5530}

For PP12

(52)

7 =0.002946 EXE 6347]

f

where T is the filament temperature in Kelvin.

7.3.4. Boundary Conditions
Two boundary conditions can be specified for this modek Tpper boundary

located just beneath the die orifice can be defined as:
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V,=V,, at

T, (53)

T, at z

The lower boundary is located at where the fiber soliddres the fiber attenuation stops.
Unlike the traditional melt spinning whose lower boundary condigdixed by take-up

speed, the low boundary presented in this model is a mdangdary and need to be
determined during the calculation. Two conditions based opdsature and velocity are

used to define the lower boundary:

dVf-O a  z=L
dz - (54)

T, =T, a z=L

where L is an unknown variable defining the position wheedfitser solidifies, Tis the

fiber solidification temperature which is equal to 135°C faypropylene in this study as
discussed in the previous part. This lower boundary condgi@ppropriate to describe
the fiber solidification phenomenon since it determines the sohtibn point based on

two variables, the temperature and velocity gradient.

7.4. Method of Solution
The governing equations with the substitutions described s@wed numerically

using MATLAB by finite element method. The detail calculationgadures are:

1. In momentum equation (43), substitute the air drag coefficratt
equation (44), the extra stresses with equations (49)5and

2. In energy equation (46), substitute the heat transferficest with
equation (48).

3. Simplify the substituted momentum and energy equations withs ma

conservation equation (42), replacing the variable r witltfan of \; by equation:
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r= |— (55)

Then the momentum and energy equations can be simpiifiee forms of:

d?V, dv; ’ v
— = f, (vf )(Ej +f, (Tf V, )(E} fz(Tf V, ) (56)
ddTZf =1,(v,)(T, -T.) (57)

where f(M) are functions of variable {Vand other constant variables, f(T;) \are
functions of variables T, Mand other constant variables.
4, Equation (56) is a second order ordinary differential #gnaSince it is a

one-dimensional model,;\and | are only the functions of spinline position z. Taking:

¥.(2)=y(2) =V,
av,
dz

y'(z)= (58)

T

Y, (Z)
¥s(2)

The second order ordinary differential equation can bendoade to first order. The new
momentum and energy equations will form a system of three drder differential

equations which are solvable in MATLAB with its built-in boundaalue problems

solver.
¥ (2)=v.(2)
Y (2)= (% (2) 2 (2) + 1.(vi(2) y2) vy {2 + Ay {2) v {2))  (59)
Y; (2)= fz(yl(z))(y3(z)—Ta)
5. Two separate iteration schemes were applied during the a@deul The

first one is based on the fiber velocity. The iteration willvage on a result that

satisfies the initial fiber velocity at upper boundary and vslogradient at lower
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boundary. In second iteration, the fiber length will be inadatep by step. At each step,
the fiber temperature at lower boundary will be compared Witbr solidification
temperature 135°C. The iteration will stop if the fiber tempegaimilower or equal to
135°C. Otherwise, the fiber length will be increased fott ri@ration until the fiber

temperature reaches that solidification temperature.

7.5. Validation of Computation Method

The MATLAB built-in solver ‘bvp4c’ was used to solve tkgstem of three first
order ordinary differential equations. This computation methad validated using
commercial CFD software Polyflow. A simple model was cratehich can be
simulated by both methods. In this model, the fiber freely ¢aisn after extruded out of
the die orifice. The only external force acting on the fisehe gravity force which is the
driven force for fiber attenuation. An isothermal incompidesNewtonian fluid was
considered to simplify this validation process.

The governing equations were formulated as follows foc#heulation in MATLAB:

Mass conservation

Q= p, ¥, (60)
Momentum conservation
d ) B dv, )
E[ﬂr (r.-7.)]=p:Q LY (61)

Where the extra stresses is defined as:

= 62

ra= 2 ©2)
av

I, =-n— (63)
dz
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A fixed fiber length was used for each validation case. Upper boundary at the die
orifice is Vt=0.003 m/s for the initial fiber velocity. The lower boundatybattom
geometry is d¥dz=0 which means the stop of fiber attenuation.

In Polyflow, a rectangular geometry was created and itag@s shown in Figure 7.4.
An isothermal Newtonian fluid model was chosen and polyreasity and viscosity are
assumed constant. The width of the geometry was caldutateording to the mass
conservation equation using the same volume flow rate agmtMATLAB calculation.
Four different geometry lengths were generated for thdateon, 3 cm, 4 cm, 5 cm and
10 cm.

I B.C.2:
I Inlet with Vn=-0.003m/s

g]owt_ E-C-li o B.C.3:
irection ymmetric Free surface
axis

i B.C.4:
: Outlet with fn=Vs=0
Figure 7.4 Model description of geometry and boundangitimns of freely fall
down fiber in Polyflow.
The simulation results obtained from Polyflow are shown gufg 7.5. The fiber

geometry was rescaled to get the full view. Under the sateenal force, gravity, the

fiber velocity increases with the increasing of origin geoyletngth. In other word, the
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longer initial geometry length will lead to higher fiber accelera#ind finally results in a
finer fiber. When the initial geometry length increases froom3to 4 cm, 5 cm and 10
cm, the final fiber velocity increases from 0.0065 m/s @087 m/s, 0.0114 m/s and

0.0310 m/s respectively.
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VELOCITIES VELOCITIES VELOCITIES VELOCITIES
(SD_1 Hex) (SD_1 Hex) (SD_1 Hex) (SD_1 Hex)
6.485e-003 8.747e-003 1.144e-002 3.104e-002
5.614e-003 7.310e-003 9.330e-003 2.403e-002
4.742e-003 5.874e-003 7.220e-003 1.702e-002
3.871e-003 4.437e-003 5.110e-003 1.001e-002
3.000e-003 3.000e-003 3.000e-003 3.000e-003
[m sn-1] [m s*-1] [m sn-1] [m sA-1]
(a) (b) () (d)

Figure 7.5 Polyflow simulation results for freebllfdown fiber model with different model geometmiength, (a) 3 cm, (b) 4 cm, (c)

5cm and (d) 10 cm.
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Figure 7.6 Comparison between the results obtained by Relgio MATLAB for
different initial geometry length, 3 cm, 4 cm, 5 cm and 10 cm

The simulation results obtained from MATLAB are presenteBigure 7.6 and are
compared with the results from Polyflow. In the figure, ¢hieles represent the Polyflow
results and the lines represent the MATLAB results. The w®gults are essentially
identical which means the computational methods used in MAThABas accurate as
that in Polyflow for the test cases. This validation procedcewafirms that the
calculations based on the model implemented in MATLAB are from computational

errors.

7.6. Isothermal Model
Although the objective of this theoretical modeling is to build aisothermal model,

it is desirable to develop an the isothermal model first fofal@wving two reasons:
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Firstly, the isothermal model provides a better understgndinthe effect of
processing conditions. With a non-isothermal model, the teffgfgprocessing conditions
are coupled. For example, the air flow velocity influenceth heat transfer coefficient
and air drag coefficient. When the air flow velocity increasiee heat transfer coefficient
increases and makes the fiber cooled faster which prefieatsattenuation, whereas the
air drag force increases with the increase of air flow Wglabhus promoting fiber
attenuation.

Secondly, it is easier to study the effect of the attenuatiom gtsition in the
isothermal model. Usually, dMz=0 is defined as one of the boundary conditions at the
attenuation stop point. The second condition on this boundaoy define the position
where the attenuation stops. It is expected that different sispioms will generate
different fiber velocity profiles and thus affect the whole wdation results. Excluding
the effects from energy equation will make it easier to ardlyiz mechanism.

The material properties and processing conditions used irsdtteermal model are
listed in Table 7-2 except for some specialized individual. cag®sition with a distance
of 5cm from the orifice was chosen initially as the modehggtoy length.

Table 7-2 Material properties and processing conditionthérsothermal model with

5cm model geometry length.

Density (Kg/m®) Viscosity Pas) Velocity (m/s)
Polymer 900 100 0.01
Air 1.2 0.00002 100
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7.6.1. Effect of Model Geometry Length

As discussed earlier, the simulation results showed that thevidbocity depends on
the model geometry length. Therefore, we first studied ffexteof model geometry
length on the fiber final diameter. Six different model geoynletingths with range from
1cm to 6cm were simulated and the results were compafédure 7.7. The fibers were
attenuated to smaller diameters with increase of model geoteatyth. Within a very
short distance from the die orifice, all six cases follow #maestrend of fiber diameter
versus distance. Then some curves start to split out meseq with the increase of
model geometry length which means that the fiber velocityilpralso changes with the
variation of model geometry length. This is because theelongpdel geometry length
causes more acceleration in fiber velocity before it reathe lower boundary. It was
observed that the differences between fiber diametersoasggmificant when the model
geometry length goes beyond 3cm which means a convergedation result. Further
investigation indicated that this critical model geometry length vasigs material

properties and processing conditions.
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Figure 7.7 Isothermal model: fiber diameter profiles with déifeérstop point positions
(Inset: magnified view).

There is another important observation based on the resutisFigure 7.7. Most of
the fiber attenuation occurs within about 1 to 2 cm distémmee the spinneret orifice in
the simulations of different model geometry lengths. For ei@np the case of model
geometry length of 6 cm, the fiber diameter decreaseddate?5 um after 1cm and
reached about 10 um after 2 cm. After 3cm, the attenub@oame insignificant and a
flattened region appeared. Within this plateau region, the fitzaneter only changed
from about 7 to 6 um. The plateau regions were alsoradden the other cases with
different model geometry lengths. The starting position efplateau region varied with

different value of model geometry length.
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7.6.2. Effect of Polymer Viscosity

As shown in Figure 7.9, the fiber diameter was found toease with the increase of
polymer viscosity because higher viscosity means higheolapeal force. As it
counterbalances the air drag force, its high value mabkesHard to be attenuated. It was
found that the fiber diameter is not sensitive to polymerogisg under simulated
isothermal conditions. When polymer viscosity increased f0nto 500 P&, the final
fiber diameter only increased from about 7 to 17 um. THiedswuse a very high air flow
velocity was used in this simulation. The high air velocity $et high air drag force
which is dominant over the rheological force. This agreék e results shown in

Figure 7.9. When the air velocity decreased to 20 m/spr@ significant difference of

fiber diameter was revealed.
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Figure 7.8 Isothermal model: fiber diameter profiles with déifémpolymer viscosity with

air flow velocity at 100 m/s (Inset: magnified view).
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Figure 7.9 Isothermal model: fiber diameter profiles with défifepolymer viscosity with

air flow velocity at 20 m/s.

7.6.3. Effect of Initial Fiber Velocity
As shown in Figure 7.10, the fiber diameter increasestivithncrease of initial fiber

velocity. The fiber diameter is determined by the equation:

D=D Vio 64
=Do [ (64)
f

where the [ is the original die orifice diameter which remains constardun study.
Therefore, the fiber diameter is dependent on the veloctiy k&o/Vi. Figure 7.11
indicates that the fiber velocity increases with the decreasutiaf fiber velocity. As a
result, the low initial fiber velocity makes the velocity ratio egemaller and results in a

smaller fiber diameter.
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Figure 7.10 Isothermal model: fiber diameter profiles with dzffie initial fiber velocity

(Inset: magnified view).
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Figure 7.11 Isothermal model: fiber velocity profiles with déiatrinitial fiber velocity.

130



7.6.4. Effect of Air Flow Velocity
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Figure 7.12 Isothermal model: fiber diameter profiles with dgffe air flow velocity.
The fiber diameter also decreases with the increase @ibairvelocity as presented
in Figure 7.12. This is because the higher air flow velgmitwides higher air drag force
which causes more attenuation on fiber. The final fiber éiamdid not show a linear
variation with change of air flow velocity. At low velocity rangem 10 to 40 m/s, large
variation in final fiber diameter was observed. When theewocity increases from 60 to

100 m/s, only slight change in final fiber diameter was oleskr

7.7. Non-isothermal Model
Although the isothermal model provides some understanditigediber attenuation
mechanism under cold air drag, it is not sufficient to prdtietentire process since the

heat transfer plays an important role on fiber attenuatioredas the isothermal model,

three modifications were made to develop the non-isothermdéin
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1. Introduce the polymer viscosity dependence of temperatutbe Arrhenius
law.

2. Introduce the energy equation by considering the convelstiantransfer.

3. Determine the fiber solidification point by comparing the fibmmperature

with polymer solidification temperature.

7.7.1. Modification of Calculation Method

The iteration method described previously was used to simufetease of the non-
isothermal model of fiber attenuation. The material propeaiesprocessing conditions
are listed in Table 7-3.

Table 7-3 Material properties and processing conditionsdofisothermal case.

Densit Viscosit Thermal Heat Initial Initial

K /m3))/ (Pa-s)y conductivity capacity temperature velocity

9 (W/K-m)  (J/K-kg) (K) (m/s)
Polymer 900  0.0020878%7 0.12 2000 513 0.005
Air 1.2 0.00002 0.027 1000 300 22

*T is the polymer temperature

Figure 7.13 shows the simulation results of fiber diametertamgberature profile
along the spinline. It was found that the fiber stops attenuatiardistance of 4 mm from
the spinneret orifice and the final fiber diameter is just®mm which is far bigger than
the experiment result, 8um. This discrepancy must be cduysediculation mistake or
improper calculation method. As discussed in section 7.6elmibdel geometry length
has a significant influence on the fiber velocity profile. Iis tbalculation, the model
geometry length was initiated at 1mm and then increased djsadith a step size of

1mm. Therefore, the large simulated final fiber diameter ised by the short model
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geometry length. In the simulation, the fiber velocity gradieitially increases to some
maximum value and then decreases to converge to the Ibawrdary condition
(dV:/dz=0). When a short model geometry length is used, theityelgradient can only
reach a very small maximum value and then has to staecteake to the value 0. On the
other hand, the short model geometry length also caudsesofagg on the fiber. The

equation below shows the reorganized energy equation:

dT ﬂK 2 V 0.38
—=-0.7643 = [E a2 j mo T, -T,) (65)
dz piCyQ U 4,

The variable in this equation is r; and z. The remaining parameters are constant. It is
obvious that the large r value will draw a large temperattaidignt which makes the
cooling faster. With the short model geometry length, the filoquickly cooled down to
the solidification temperature, which stops the iterative calculaliberefore this kind of

iteration method is not appropriate to simulate this process.
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Figure 7.13 Non-isothermal model: fiber diameter and tenyera
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As discussed in the isothermal model, the fiber attenuationynsips after its
diameter reaches the plateau region which usually startenatguosition very close to the
die orifice. Therefore, it is reasonable to use the startisgipn of this plateau region as
the fiber attenuation stop point. To address the problemeiprevious model, a manual
iteration method was developed. In this method, an initialevaf the model geometry
length is guessed. Then a non-isothermal model is simulased loa this guessed model
geometry length. The simulated fiber temperature profile will heensed to identify the
solidification point. If this solidification point exactly falls on th&rting position of the
fiber diameter plateau region, it proves that the initially guessmtel geometry length is
correct. If it falls on the attenuation region, it means the ihitgiessed model length is
too small. The value of model geometry length needs to eased gradually until it
matches the value of solidification point. On the other handinitial value of model
geometry length needs to be decreased if the solidification fadis after the starting
position of the fiber diameter flatten region.

With this new method, an initial model geometry length was sé&t ¢on for the
previous case. The selection of 5cm is based on thg sfuShambaugh and Uyttendaele
[70] whose simulation results showed that it provides a gib@hd permits the solution
to converge. The simulated results are shown in Figure. 7Thé solidification
temperature of 135°C corresponding to a solidification posiibrd cm is also the
starting position of the fiber diameter flatten region. Basethmnmethod, the final fiber
diameter was determined as 7.5 pum which is very closeetexperiment result of 6.8
pm. The favorable match with experiment data suggests thanddified method is

reasonable to represent our process.
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Figure 7.14 Non-isothermal model: fiber diameter and teatper with processing

temperature at 240°C and stop point position set at 5 cm.

7.7.2. Effect of Processing Temperature

Figure 7.15 shows the simulation results based on previasss lout with a 20°C
decrease in processing temperature. The iteration indicate$.3hem is a proper value
for the model geometry length. The decrease in procedsimgperature causes an
increase in polymer viscosity which restrains the fiber attesruaHence, the model
geometry length shifts from 5 cm to 4.5 cm when the tenyeralecreases by 20°C. As
expected, the final fiber diameter increases to 11 pmreldre, the non-isothermal
model also predicts that the fiber diameter decreases with ¢heage of processing

temperature.
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Figure 7.15 Non-isothermal model: fiber diameter and teatyer with processing

temperature at 220°C and stop point position set at 4.5 cm.

7.7.3. Effect of Air Flow Speed

The experiments results showed that the fiber diameteeatses with the increase of
air flow velocity. Once the air flow velocity exceeds som#écal value, the fiber does
not attenuate anymore and has reached the final diaméiisrisTbecause that the air
velocity affects two competing factors: the air drag forod the cooling rate. Both
factors increase with the increase of the air velocity. Whemithvelocity or air/polymer
velocity ratio is low to median, the increase of air draggascdominant over that of
cooling rate. Once some critical point is exceeded, the irem@asooling rate becomes
significant and comparable with the increase of air dragefarence, the competitive
effects resulted from these two factors may counterbalaach other and show a

negligible influence on fiber attenuation.
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Figure 7.16 Non-isothermal model: fiber diameter and teatyer with air velocity of

10 m/s and stop point position set at 7 cm.
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Figure 7.17 Non-isothermal model: fiber diameter and teatypes with air velocity of

35 m/s and stop point position set at 5 cm.
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The experiment data used here has extremely small polyovervelocity which
means that the air/polymer velocity ratio is extremely high eviéim air velocity at 20
m/s. Three different levels of air velocity (10 m/s, 22 amd 35 m/s) were chosen for the
comparative studies, while the other parameters were kemiathe as those shown in
Table 7-3. The case of 22 m/s was simulated in the preweason and the final
diameter was about 7.5um. For air velocity of 10 m/ssiimeilated final fiber diameter
was 9.5 um as shown in Figure 7.16. When the air speeelases to 35 m/s, the final
fiber diameter is 7.0 um as shown in Figure 7.17. Thelaiton results agree with the
experimental observations that only a minor change offirthe diameter occurs when
the air velocity increases from 10 m/s to 22 m/s and to 35 m/sddition, the
solidification point with temperature of 135°C was found stiftem 1.4 cm to 1.1 cm
and to 0.9 cm when the air velocity increased from 10ton22 m/s and to 35 m/s. This

phenomenon also indicates that the cooling rate increasetheithcrease of air velocity.
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7.7.4. Effect of Initial Fiber Velocity
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Figure 7.18 Non-isothermal model: fiber diameter and teatypex with initial fiber

velocity at 0.01 m/s and stop point position set at 9 cm.

Figure 7.18 shows the simulation results when the initial fibkrcitg increased to
0.01 m/s from 0.005 m/s. The simulation results of the algiase with initial fiber
velocity 0.005 m/s is shown in Figure 7.14. By doubling ithigal fiber velocity, the
final fiber diameter is found to increase from 7.5 um tdb 30m. As concluded in the
isothermal model studies, an increase of initial fiber velocity veillse an increase of
final fiber diameter. Meanwhile, the increase of initial fibeloeity also slows down the
cooling rate. As indicated in the simulation results, the solidifingooint shifts from 1.1
cm to 1.9 cm which means a slow cooling rate has occufites resulting higher fiber
temperature improves the fiber attenuation but limits the deereffinal fiber diameter

to 3 um in this study.
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7.7.5. Comparisons Between Experimental Results and Model Simuian Results
The non-isothermal Newtonian model was carried out to prede fiber final
diameter based on the processing temperature, initial fibecitseland air velocity, as
listed in Table 7-4. The data of material properties are list&thble 7-3, including the
density, viscosity, thermal conductivity and heat capacity étin bir and polypropylene.
Most of the simulated results are close to the experimersialtseexcept for the case
1 and 4 which show large deviation from the experimehiesa Compared with the
remaining cases, these two cases are observed with relasively air velocity and
air/polymer velocity ratio. The small air velocity and air/polymelocity ratio cause a
slow cooling of the filament as observed in the experinhestt@ies. This slow cooling
phenomenon was also observed in the simulation. For thaseases, the solidification
point with temperature at 135°C was found located outsideeohithnozzle which is
about 2 cm in length. Once the air escapes the nozzle elhand exposes to the
atmosphere, its velocity will start to decrease dramatically andithdrag force will also
vanish after a short distance. In this case, the fiberugttem stops very quickly and
results in a large fiber diameter. However, in the simulatiom fitter will keep being
attenuated under the same air velocity outside the nozzle entériperature reaches the
solidification temperature because of a constant air velocitysesl in this model.
Therefore a smaller diameter was obtained in simulationpaoed with that in the
experimental study. This problem has little effect on theltesd cases with high air
velocity and high air/polymer velocity ratio. In these ca#ies solidification points were
found inside the air nozzle by measuring the fiber temperaxperimentally and the

fiber attenuation was already terminated beyond the fiberifsmdition point.
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Table 7-4 Comparisons between experimental results antasiomuresults on final fiber

diameter under various processing conditions.

) . Initial . Tested Predicted
Processing Air : Air/polymer . i
) fiber . fiber fiber
Case temperature velocity loci velocity di di
°C) (m/s) velocity ratio iameter iameter
(m/s) (Lm) (m/s)
1 180 24 0.056 429 143 47
2 180 56 0.035 1600 47 43
3 180 80 0.032 2500 38 42
4 200 24 0.069 348 69 30
5 200 24 0.036 667 40 30
6 200 56 0.036 1556 31 25
7 220 24 0.024 1000 27 20
8 220 24 0.016 1500 21 18
9 220 24 0.008 3000 18 16
10 220 56 0.009 6222 13 11
11 240 24 0.038 632 26 18
12 240 56 0.068 824 20 17
13 240 56 0.017 3294 11 13
14 240 24 0.005 4800 7 7.5

One approach to address this problem is to take the fibeetka at the position of
actual nozzle length as the final fiber diameter. With this ambrothe final fiber
diameter is 97 um for case 1 and 52 um for case 4 vdretcloser than the previous
predictions. To achieve a better prediction for the cases swtall air velocity and
air/polymer velocity ratio, the air velocity value used in the sitmarlaneeds to be

corrected with the actually measured value of air velocity at$id air nozzle. A data
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fitting procedure may be used to correlate the air velocit W&t position. With this

adjustment, better predictions would be expected.
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CHAPTER 8

CONCLUSIONS AND SUGGESTIONS FOR FUTURE STUDIES

8.1. Conclusions
An apparatus has been developed to melt-spin ultra finBnoous filaments with
only cold air drawing. Parametric experimental studies wergedaout to study the
effects of processing conditions on the resulting fiber gniogs. A theoretical process
model was established and used to study the fiber attenuagohanism under cold air
drawing. Polypropylene was used as a model polymer iretlstsdies. From the
experimental and theoretical studies, the following conclgsiam be drawn:

1. The fibers produced by the new process showed a onidlcameter and a smooth
surface appearance. The fiber diameter is highly depénale the polymer
viscosity and the processing conditions, including the progessinperature and
the air/polymer flow ratio. The fiber diameter was found ®&crdase with
increasing of air/polymer flow ratio and processing tempesatand with
decreasing of polymer viscosity and initial fiber velocity.dfgowith diameter of
7um were successfully produced from a spinneret with ann diameter orifice.

2. Fiber molecular orientation increases with the increase of BinAgo flow ratio.
The maximum molecular orientation was observed at mild psoggsemperature
(200-220°C). The fiber mechanical properties were faiandorrelate with the
molecular orientation. The tensile strength and modulus ireredls the increase

of air/polymer flow ratio.The single filament with diameter of 10 um (without
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post drawing) exhibits moderately high mechanical properties wittensile
strength of 100 MPa and a tensile modulus of 2.5 GPa.

3. Orientation induced crystallization was found to be dominant frpoacess. The
fiber crystallinity increases with the increase of air/polymer floatio
accompanied by an increase in molecular orientation. Lowtalhyity fibers
were found to associate with high processing temperatunelaively low
air/polymer flow ratio. Only a-monoclinic crystalline was formed for the
produced polypropylene fibers.

4. For further demonstration, this process was also suctigsafiplied to other
polymer materials, including Nylon-6.

5. An isothermal Newtonian fluid model was developed to analyeesitigle factor
effect of processing conditions on fiber diameter. A nothisrmal Newtonian
fluid model was implemented to predict the fiber final diametefeurdifferent
processing conditions. The predicted values compare falyoraith the

experimental data.

8.2. Suggestions for Future Studies
The future studies are suggested for the experimentalappaexperimental studies
and theoretical modeling.
Apparatus: the processing temperature is limited to below 2668@use it is the
maximum operation temperature of Teflon which is usedhe gpinneret pack as a
thermal insulation. In addition, the fiber is surrounded bydfaénless steel spinneret

pack which makes it impossible to measure the fiber diameteteanperature online. To
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overcome these limitations, a new design of spinneret papko@osed to satisfy the
following requirements.

1. A high-temperature insulation piece with operation temperatuee 400°C will
allow processing some high melting point polymer materials witbadr
processing temperatures, such as Nylon and PET.

2. A transparent air chamber and air nozzle with acceashigh speed camera and
an Infrared camera would facilitate online measuremetiieofiber diameter and
the temperature distribution along the spinline.

3. Several air nozzles with different channel length would igewarious cooling
times at the same air flow velocity.

Experimental studies: with a new experimental setup, a seriegperiments can be
carried out to study the PET fiber crystallization behavior urdéd air cooling and
attenuation. As a slowly crystallizing polymer, PET is anticipatechdwe different
crystallization behavior resulted from the different thermal emnrent provided by cold
air cooling. Specifically, the crystallinity of PET fiber can lmmitrolled by changing the
air flow speed and the length of nozzle. Theoretically, wiidh hair low, highly
orientated amorphous PET fibers may be obtained.

Theoretical modeling:

1. Adjust the air velocity in the model with more accurate air velqmibfile inside

and outside air nozzle for better predictions.

2. The data from online measurements of fiber diameter angetature profile can

be used to validate the modeling results. The air drag ceeffiand convection
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heat transfer coefficient may be modified for better predistibased on online

measurement data.
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APPENDIX A

DRAWING OF SPINNERET PACK
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A.2. Air Chamber
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A.3.

Air Nozzle
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A.4. Insulation Piece
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APPENDIX B

PICTURE OF FIBER EXTRUDER
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APPENDIX C

MATLAB CODES FOR THEORETICAL MODELING

C.1. Validation Model

Simplified ODE equation:

2
dz\gf _ 1 fav, +&N’f dv, —&Eg
dzz V, { dz ¥ dz ¥
vf0=0.003;
rhof=900;
muf=300;

b=rhof/3/muf;

L=0.1;

x=linspace(0,L,10);

yinit=@(x)[10;10];

solinit = bvpinit(x,yinit);
odefun=@(x,y)[y(2);y(2)"2/y(1)-9.8*b+y(1)*y(2)*b];
bcfun=@(ya,yb)[ya(1)-vfO;yb(2)];

sol = bvp4c(odefun,bcfun,solinit);

xint = linspace(0,L);

Sxint = deval(sol,xint);
plot(xint,Sxint(1,:));
[xint' Sxint(1,:)

C.2. Isothermal Model

Simplified ODE equation:

dzZ V.,

f

va=100:;

dz

dz\/ dV 2 -0.61 ]N 0.805 dV
f:l[ fj—o.m&[—wapaJ ( fj (v, -V, ) +v, 2L20 g

S /AN Q 37 dz

vf0=0.01;
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rhoa=1.2;

rhof=900;
Qf=pi*vf0*0.00025"2;
muf=100;

mua=2e-5;

a=0.78*(2"-.61)*(mua/rhoa)*.61*(pi/Qf)".805*rhoa*va

.61/3/muf;

b=rhof/3/muf;

L=0.05;

x=linspace(0,L,10);
yinit=@(x)[100;100];

solinit = bvpinit(x,yinit);
odefun=@(x,y)[y(2);y(2)"2/y(1)-a*y(1)"0.805*(va-y(1
9.8*b+y(1)*y(2)*b];
bcfun=@(ya,yb)lya(1)-vf0;yb(2)];
sol = bvp4c(odefun,bcfun,solinit);
xint = linspace(0,L);

Sxint = deval(sol,xint);
plot(xint,Sxint(1,:));
z=2*(Qf/pi./Sxint(1,)).”0.5;
plot(xint,z);

C.3. Non-isothermal Model

Simplified ODE equations:

d2V 2dVdTD'—',o
zdzT2

5530
P
3x0.002087 PV d
(68)

155

~Pi9- 0780[
U

)"2-



dT, _ 0.4x0.764,( 2o, ) (7)™ .
f = - ( ] 6 Vf 0.19(Tf _Ta)

dZ pf Cpf /'Ia

Method 1:

va=24;

vf0=0.005;

rhoa=1.2;

rhof=900;

Qf=pi*vf0*0.00025"2;

m=0.002087;

mua=2e-5;

ka=0.027;

cp=2000;
a=0.78*(mua/2/rhoa/va)*.61*(pi/Qf)*.805*rhoa/3/m;
b=rhof/3/m;
c=0.4*0.764*ka*(2*rhoa*va/mua)”.38*(pi/Qf)".81/rhof
i=1;

while 1

d=0.001%;

x=linspace(0,d,10);

yinit=@(x)[20;100;520];

solinit = bvpinit(x,yinit);
odefun=@(x,y)[y(2);y(2)"2/y(1)-a*y(1)*0.805*(va-
y(1))"2/exp(5530/y(3))-
9.8*b/exp(5530/y(3))+y(1)*y(2)*b/exp(5530/y(3))-
c*y(2)*(y(3)-300)*y(1)"(-.19)*5530/y(3)"2;-c*(y(3)-
300)*y(1)"-.19];
bcfun=@(ya,yb)lya(1)-vfO;yb(2);ya(3)-513];

sol = bvp4c(odefun,bcfun,solinit);

xint = linspace(0,d);

Sxint = deval(sol,xint);

i=i+1;
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if (Sxint(3,100)-410<=0), break , end
end

plot(xint,Sxint(1,:));
z=2*(Qf/pi./Sxint(1,:)).”0.5;
plotyy(xint,Sxint(3,:),xint,z);

Method 2

va=22;

vf0=0.01;

rhoa=1.2;

rhof=900;

Qf=pi*vf0*0.00025"2;

m=0.002087;

mua=2e-5;

ka=0.027;

cp=2000;
a=0.78*(mua/2/rhoa/va)*.61*(pi/Qf)".805*rhoa/3/m;
b=rhof/3/m;
c=0.4*0.764*ka*(2*rhoa*va/mua)”.38*(pi/Qf)".81/rhof
d=0.09;

x=linspace(0,d,10);

yinit=@(x)[100;200;350];

solinit = bvpinit(x,yinit);
odefun=@(x,y)[y(2);y(2)"2/y(1)-a*y(1)"0.805*(va-
y(1))"2/exp(5530/y(3))-
9.8*b/exp(5530/y(3))+y(1)*y(2)*b/exp(5530/y(3))-
c*y(2)*(y(3)-300)*y(1)"(-.19)*5530/y(3)"2;-c*(y(3)-
300)*y(1)"-.19];
bcfun=@(ya,yb)[ya(1)-vfo;yb(2);ya(3)-513];

sol = bvp4c(odefun,bcfun,solinit);

xint = linspace(0,d);
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Sxint = deval(sol,xint);
plot(xint,Sxint(1,:));
z=2*(Qf/pi./Sxint(1,:)).”0.5;
plotyy(xint,Sxint(3,:),xint,z);
[xint' Sxint(3,:)' z*1000]
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