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ABSTRACT

The advancement of smart and wearable electronic textiles has significantly impacted
various industries, including healthcare, sports, defense, and consumer technology. These
innovative fabrics integrate electronic functionalities into traditional textiles, enabling
applications like real-time health monitoring, adaptive clothing, and interactive fashion. A
key challenge in developing smart textiles is achieving flexibility, durability, and efficient
electrical conductivity while maintaining the comfort and mechanical properties of
conventional fabrics. This study explores the development of electrically conductive fibers
by incorporating different morphologies of conducting polymeric nanostructures as fillers
into traditional textile fibers. Various fabrication methods, including wet spinning, are
examined to enhance fiber performance in terms of conductivity, mechanical strength, and
flexibility. The findings highlight the importance of material selection, processing
techniques, and structural design in optimizing the electrical and mechanical properties of
these fibers. By advancing the integration of conductive materials in textiles, this research
contributes to the evolution of next-generation wearable electronics, offering new

possibilities for functional, durable, and adaptable smart fabrics.

In the first part of the study, the chemical oxidative method was used for the synthesis of
poly(pyrrole) (PPy) nanostructures, i.e., poly(pyrrole) nanoparticles (PPyNPs) and
poly(pyrrole) nanotubes (PPyNTSs). The PPyNTs showed a 60-90 nm diameter and average

length of 8-10 microns. Meanwhile, PPyNPs were formed in clusters. To make them

vii



usable, sonication was carried out. After sonication, the clusters could be broken down,
and the size of the NPs was observed to be approximately 100-200 nm in diameter using
DLS. The bulk electrical conductivity of PPyNPs and PPyNTs compressed in a pellet form

was 17 £ 0.2 and 90.9 + 0.6 S/cm, respectively.

Electrically conductive composite fibers of nylon 6 (Ny)-
poly(pyrrole) nanotubes (PPYNTSs) by solution spinning were successfully fabricated. The
incorporation of PPyNTSs in nylon 6 was found to increase the electrical conductivity of the
composite fibres significantly. The high aspect ratio of PPyNTs could provide a good
electrically conductive network and show a percolation threshold at a low concentration of
~2 wt% of PPyNTSs in the nylon matrix compared to that of PPyNPs. The composite fibers
exhibited good DC electrical conductivity of ~0.002 S/cm at only 6 wt% of PPyNTSs. The
influence of PPyNT concentration on the morphology and physical, chemical, and

electrical properties of the fibers have been investigated.

In the next part of the thesis, with the aim of preparing stretchable conducting composite
fibres, nylon-6 was replaced with polyurethane. The rheological behavior of polymer
solutions plays a crucial role in fabricating composite fibers via solution spinning. This
study investigates the influence of poly(pyrrole) (PPy) nanostructures, including PPyNPs
and PPyNTSs, on the viscoelastic and shear-thinning properties of polyurethane (PU)-based
dopes. The dispersion stability of PPy nanostructures in N, N-dimethylformamide (DMF)
was optimized using controlled sonication, followed by rheological characterization

through steady-state and oscillatory shear measurements. The viscosity of PU solutions

viii



increased significantly with PPyNT incorporation, exhibiting strong shear-thinning
behavior due to polymer-filler interactions and the formation of percolated networks at
higher concentrations. Frequency sweep experiments demonstrated a transition from
liquid-like to solid-like behavior as PPyNT content increased, with crossover points in
storage (G’) and loss (G”) moduli shifting towards higher frequencies. In contrast, PPyNP-
filled solutions exhibited lower viscosities and minimal shear-thinning, indicating reduced
filler interaction and weaker percolation effects. These results provide valuable insights
into the processing parameters necessary for optimizing fiber spinnability and structural
integrity. The enhanced rheological response of PPyNT-based solutions highlights their
potential for developing stretchable, conductive composite fibers suitable for wearable

electronic textiles and advanced functional materials.

Polyurethane (PU) and poly(pyrrole) nanostructures were used to fabricate stretchable and
flexible composite fibers. Two nanostructures- poly(pyrrole) nanoparticles (PPyNPs) and
nanotubes (PPyNTs) were compared as additives in the range of 2 to 12 wt%. The aspect
ratio of nanostructures profoundly affected the rheology, spinning behavior, and properties
of the resulting fibers. With the same amounts as PPyNPs, the PPyNTs exhibited better
spinnability, higher mechanical properties, and significantly greater electrical
conductivities. The composite fibers with 12 wt% of PPyNTs showed a high conductivity
0f 0.21 S/cm compared to 8.6E-8 S/cm with 12 wt% of PPyNPs. Further, the fibers showed
high stability in repeated deformations. The fibers may find applications as connecting
wires in wearable e-textiles.Thus, using poly(pyrrole) nanotubes, flexible and stretchable

composite fibers could be developed by solution spinning.






TATC 3R U I Faae - O] o1 [T s SeITT, oI foh TRy g HTd, I,
&1 3R IHTET U] IR HedqUl UM S1d g1 & | 3 TaraR® axd URURS
a%dl | goiaeie PRIGHAN THipd P &, S dRdids IHg H Wy R,
3T Tl 3R exufded B S VAT B Yed s g1 ¥ Il &b
fapr ¥ T g I T, R iR $9Ie faggd areiedr T BT &,
S TRURS Il BI SRS 3R Fid O &1 §1E &1 59 g o
URURS Il & R § WRE & w0 F it wo@msit o dsfaet uifidie
FIRERETS & T R faggd arad <= &1 faer fasar man g1 fafte fmfor
fafray, W wet spinning A ®, &1 Uteror fowar mar arfes Y= & we=H &I
AT, i drebd 3R AT & A & GURT o b | st 78 s & o 37

0 Bt faggd SR TifAe 0T & S fed B & ATt T, TRIRGRUT dd-id! 3R

IRATAD S BT Agayul TRTeH | Hafded TRl & avd! H UhIhHR0l &l IaTal

3d 8T, I8 MY U 1Y 3=y &1 3Tl Wil & fawr # aive e orar g, Sl

HRATHD, BTSSR SIHa-1g W a¥dl & foIE T3 JUTIATE Td Rl g |

LA & Ugd HFT H, Uiell(UTRIe) (PPy) S-ra=maf, sryfq ieiarsie) S-iemu
(PPYNPs) 3R TTeTl(UT2RId) AIegsd (PPyNTs), & AN & foiu Imafes STeRfieu
fafd &1 IuTNT fHar TAT| PPYNTSs T ST 60-90 AIHIER UT 3R 3gd s 8-10

Xl




qrgehH A1 Safds, PPyNPs w8l & =0 T a4 J| g5 IUIRT &-H o forg it
o T | PR & STe, TR B dreT oI Habl, 3R A1H 0N BT HR SILATd gRI

TATHAT 100-200 AHIHICR N & U H &1 7| PPyNPs 3R PPyNTs &1 dcdh fdggd

A, O Uele U & Apad &1 T8 off, HHT: 17 + 0.2 3R 90.9 + 0.6 S/cm i

AT 6 (Ny)-Uie(AT2RIe) A-egsd (PPyNTs) & Safaedma hafded dmrioie X

&I YT AT gRT Y aargaed duR BT 7| AE 6 § PPYNTs & JHG I

Hrifore W= o1 faggd dreedl & Hgayul g 4B 75 | PPyN TS &1 3ed S{TATH 3UTd

UH 31 [aggd Tad "eddh UG B Ahdl § 3R Aa Hica | ~2 wtd PPyNTs
& HH Figdl W IHIARH IRNTS fed TehdT §, S PPyNPs &1 ga-T H g1 HHifoie
=0 A HIA 6 wi% PPYNTs TR ~0.002 S/cm B 33! Sl faggd araidsar fmrs | ¥=i

1 TR 3R ifaes, IMmaE 3R faggd ol IR PPyNTS TigdT ST YT STt T4 |

3T U &, XA hsfded BT IR & TR HA & 3= I, TIAH-6 Bl
TR (PU) ¥ wfaaiftd fear man difeeR Il &1 Radioied AdgR
HHIToTe ¥ &1 JHETT fUf1 & H1egd § dOR & § Headqu! Y AU g1 39
3T H, UTelt(urgRid) (PPy) SArER=ATSH, S8 PPyNPs 3R PPYNTs XA €, &
THTG HT faQT0T GIAAgRA (PU)-SATUTRT S o fpivaiiRed 3R Lfer-ffHT 1uif
TR fobar T N, N-STRARTHAAES (DMF) § PPy SARREATSH & fowge fRuRd
aTg gR1 RAdrSidh e oridh o1 faRayur fasar Tam| PU FHTUHl &1 fapIRidt B PPyNTs

xii




& THA ¥ Heayul g <7t T8, o UfeiR-fheR $eXa’M S8R 3o Aigdrsfi W)
UhIcIc S Hedd o AT & HRUT ITIR-RATT TagR HT Ue=H o3d § | gl Wi
T A feama fo S-S PPYNTs @1 Tigdl S, THIHM H a¥dl ol ¥ 619 ol Jd8R
T g AT, fSH 1SR (GY) 3R 81 (G") ATd® & HIgsiier Ulge Ia gl
DI 3R WIFTART 81 W1 39 fJudld, PPyNPs-3Tend T H & faTpiRidt 8iv
AaH R-FAMAT o1, S HH e SeaRM 3R HHSIR UdHIa= THIE & G g |
3 uRomH Ag@yul § Fifes I Y= fAaferdt SiR TRaATH® RISl &I SdHierd B
& foTg TRiRahRUT TIRTHER TR He@qUl EVHI0 UGH B & | PPYNT-STHTR JHIUH!
&1 9T g3 Raraivied ufaferar Ug 97 gaaeie axdl 3R 39d B
T & T Ided, dhefded Hifolie WM & [aH™ T I JHIfdd IUTRT &l

ISR FRAT & |

TIgRAT (PU) 3R TIcH(UTSRId) ARRaAIst &1 IUANT aker Laad 3R adrd
HHISTe I BT IR f5ar a1 & SRS - Ui (U1gRIe) A6 (PPYNPs) 3R
FIeIST (PPYNTs) &1 2 ¥ 12 wi% & 3f0id ¥ UfSfesy & &u # a1 &1 1|
AT T ST Ut Ratst, R SHagR SR ufRomHt =1 & 707 TR 18T
YYTF ST 8 | THH HE1 H PPyNPs & T1Y, PPYNTs A dgcR fAfaferdt, 3= gifds
07 3R AUl U ¥ I faggd aradhdl faarg | 12 wi% PPyNTs dTdl dHHdifore X il

7 0.21 S/cm Pt I AT T [T, e 12 wit% PPyNPs o I1Y 8.6E-8 S/cm ot | 39d

Xiii



Sffciad, ¥R = IR-IR fapfa ¥ I RURdT feams | 371 3=1 &1 U Ug= ang §-
THICIS T A HAfGT IR & =0 bl ST b1 B |

U UPR, PPyNTs BT STANT FReb Adal 3R WAdd HIIore 32N Dl JATe Ui
SRT IR o o Fahe 5|

Xiv



TABLE OF CONTENTS

CONTENTS

Certificate
Acknowledgments
Abstract

Table of contents
Lists of Figures
List of Tables

List of Symbols and Abbreviations

Chapter 1: Introduction and Literature Review
1.1 Introduction
1.2 Electrical Characterization of Conductive Composites
1.2.1 Measurement techniques
1.3 Mechanism of conduction in conductive fibers
1.3.1 Various factors affect the percolation threshold
1.4 Fabrication methods for electrically conductive fibers and fabrics

1.5 Inherently conducting fibers using solution spinning

XV

Page

No.

iii
Vil
XV
XXi

XXXili

XXXV

11
16

19



a  Carbon nanotubes as conductive filler
b Carbon black as a conductive filler
c  Graphene as a conductive filler
d  Metallic-based conductive fillers
e  Conjugated conducting polymers as conductive fillers
1.6 Preparation of PPy nanostructures
a  Soft template method
i Nanoparticles
i Nanotubes
b Hard template method
1.7 Motivation
1.8 Aim and objectives

1.9 Thesis Organization

Chapter 2: Synthesis of Poly(pyrrole) nanostructures

2.1 Introduction

2.2 Experimental
2.2.1 Materials
2.2.2 Synthesis of poly(pyrrole) nanotubes (PPyNTS)
2.2.3 Synthesis of poly(pyrrole) nanoparticles (PPyNPs)
2.2.4 Characterization

2.3 Results and Discussion

XVi

21

24

26

29

31

35

36

37

38

39

39

40

41

47

48

48

49

49



2.3.1 Synthesis and morphology of PPy nanostructures 51
2.3.2 Electrical Conductivity of PPy nanostructures 55

2.3.3 Chemical analysis of composite fibers 57

Chapter 3: Solution spun electrically conductive nylon 6/poly(pyrrole) nanotubes-
based composite fibers
3.1 Introduction 73

3.2 Experimental

3.2.1 Materials 74
3.2.2 Synthesis of poly(pyrrole) nanotubes (PPyNTs) and poly(pyrrole) 74
nanoparticles (PPyNPs)
3.2.3 Solution spinning of nylon 6 and composite fibers 74
3.2.4 Characterizations 76
3.3 Results and discussion
3.3.1 Wet spinning and characterization of fibers 77
a Effect of parameters on wet-spinning of nylon 6 fibers 77
b Spinning of PPyNT-N6 composite fibers: 88
3.3.2 Chemical analysis of composite fibers 103
Chapter 4: Rheological study of PPy-PU-DMF solutions
4.1 Introduction 113

XVii



4.2

4.3

Experimental

4.2.1 Materials

4.2.2  Synthesis of poly(pyrrole) nanostructures

4.2.3 Solution (dope) preparation of PU and PPy nanostructures
4.2.4 Characterization

Results and Discussion

4.3.1 Viscosity Measurement

4.3.2 Oscillatory Frequency Sweep method

Chapter 5: Spinning and characterization of PPy/PU composite fibers

5.1

5.2

5.3

Introduction
Experimental
5.2.1 Materials
5.2.2 Synthesis of poly(pyrrole) nanostructures
5.2.3 Solution (dope) preparation of PU and PPy nanostructures
5.2.4 Solution spinning
5.2.5 Characterizations
Results and Discussion
53.1 Effect of sonication time on the dispersion of PPyNTs
53.2 Wet spinning and characterization of fibers
a Effect of wet spinning parameters on the properties of fibers

b Electrical conductivity of the composite fibers

XViii

114

114

114

116

116

116

119

133

133

134

134

135

135

135

141

141

200



C

d

Effect of sonication time on electrical conductivity

Chemical analysis of composite fibers

Chapter 6: Conclusions and Future Scope

6.1 Conclusions

a Synthesis and characterization of PPy nanostructures

b Solution spun electrically conductive nylon 6/poly(pyrrole)

nanotubes-based composite fibers.

c Rheological study of PPy-PU-DMF solutions

d Development and characterization of PPy/PU composite fibers

6.2 Future Scope

XiX

204

205

217

217

N

18

219

221

224



XX



Figure No.

Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

LIST OF FIGURES

Caption of the figure
Four-probe setup for measurement of electrical
conductivity

Techniques for the fabrication of conductive textiles
by incorporation of conductive materials in fibres
and fabrics

Spinning approach for the fabrication of inherently

conducting fibers

Polyacetylene degenerated form (a) neutral chain,
(b) soliton formation. Poly(pyrrole) structure, (c)
neutral chain, (d) polaron formation conductive
structure

Schematic representation of the mechanism of
poly(pyrrole) nanotube formation

(@) FE-SEM image of PPyNTs, and (b) diameter
distribution of PPyNTs
TEM image of PPyNTSs

(a) FESEM image of PPyNPs, (b) Plot of the particle
size distribution of PPyNPs using DLS

IV curves of compressed pellets of PPy
nanostructures

EDS spectroscopic mapping images of PPyNPs, (a)

Mapping of PPyNPs, (b) carbon, (c) iron, (d)

XXi

Page No.

17

18

32

o1

52

53

54

56



Figure 2.7

Figure 2.8

Figure 2.9

Figure 2.10

Figure 2.11

Figure 2.12

Figure 2.13
Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

nitrogen, (e) chlorine, and (f) element distribution
spectrum

EDS spectroscopic mapping images of PPyNTs (a)
PPyNTs, (b) carbon, (c) iron, (d) nitrogen, (e)
sodium, and (f) chlorine

EDS spectroscopic mapping images of PPyNTs (a)
sulfur, (b) oxygen, and (c) elemental distribution
spectrum

FTIR spectra of PPyNTs and PPyNPs

Raman spectra of PPyNTs with different lasers and
PPYNPs

XPS high-resolution spectra of C1s (a) PPyNTs, (b)
PPYyNPs

XPS high-resolution spectra of N1s (a) PPyNTs, (b)
PPYNPs

TGA analysis of PPyNTs and PPyNPs

Schematic of the fiber formation process

FE-SEM images of nylon 6 wet spun fiber at 5-10
°C coagulation bath temperatures (a) Cross-
sectional, and (b) surface morphology.
FE-SEM images of nylon 6 wet spun fiber at 10-20
°C coagulation bath temperatures (a) Cross-
sectional, and (b) surface morphology.
FE-SEM images of nylon 6 wet spun fiber at 10-20
°C coagulation bath temperatures (a) Cross-
sectional, and (b) surface morphology.
FE-SEM images of nylon 6 wet spun fiber at 30-40
°C coagulation bath temperatures (a) Cross-
sectional, and (b) surface morphology.

XXii

59

60

61

64

66

67

69

75

78

79

80

81



Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Figure 3.14

Figure 3.15

Figure 3.16

Tensile stress vs. strain plots of nylon 6 fibers wet
spun at different coagulation bath temperatures
FE-SEM images of nylon 6 wet spun fibers at 5 wt%
of coagulation bath concentration (a) cross-sectional
image and (b) morphological.

FE-SEM images of nylon 6 wet spun fibers at 10
wt% of coagulation bath concentration (a) cross-
sectional image and (b) morphological.

FE-SEM images of nylon 6 wet spun fibers at 15
wt% of coagulation bath concentration (a) cross-
sectional image and (b) morphological.

FE-SEM images of nylon 6 wet spun fibers at 20
wt% of coagulation bath concentration (a) cross-
sectional image and (b) morphological.

Tensile stress vs. strain plots of nylon 6 fibers wet
spun at different coagulation bath concentrations
FE-SEM images of nylon fiber (a) cross-sectional,
(b) surface morphology.

FE-SEM images of PPyNT1-Ny fiber (a) cross-

sectional, (b) surface morphology.
FE-SEM images of PPyNT2-Ny fiber (a) cross-
sectional, (b) surface morphology.
FE-SEM images of PPyNT3-Ny fiber (a) cross-
sectional, (b) surface morphology.
FE-SEM images of PPyNT4-Ny fiber (a) cross-

sectional, (b) surface morphology.

XXiil

82

84

85

86

87

88

90

91

92

93

94



Figure 3.17

Figure 3.18

Figure 3.19

Figure 3.20

Figure 3.21

Figure 3.22

Figure 3.23

Figure 3.24

Figure 3.25

Figure 4.1

Figure 4.2

Figure 4.3

FE-SEM images of PPyNT5-Ny fiber (a) cross-
sectional, (b) surface morphology.

FE-SEM images of PPyNT6-Ny fiber (a) cross-
sectional, (b) surface morphology

Knot images of (a) nylon 6, and (b) PPyNT6-Ny
Stress-strain curves of nylon 6 and composite fibers.
(a) Electrical conductivities of composite fibers, (b)
IV curves of composite fibers.

Plot of Kirkpatrick’s power law model of
percolation for PPyNT-Ny composite fibers

FTIR spectra of PPyNTSs, nylon 6, and composite
fibers of nylon 6/poly(pyrrole) nanotubes

Raman spectra of nylon 6 fiber and PPyNTSs

Raman spectra of (a) PPyNT-Ny composite fibers
in comparison with nylon 6 and PPyNTs, (b)
expanded view of (a).

Schematic of the (dope) solution of PU-PPy
nanostructures

Steady-state shear viscosity measurement at 25 °C
for (a) PPyNTs and (b) PPyNPs dope solutions
Rheological properties of PPyNTs/PU solutions as a
function of oscillatory frequency (a) PU, and (b)
2PPynPU

XXIV

95

96

97

98

101

102

105

106

107

114

117

120



Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Rheological properties of PPyNTs/PU solutions as a
function of oscillatory frequency (a) 4PPynPU, and
(b) 6PPynPU

Rheological properties of PPyNTs/PU solutions as a
function of oscillatory frequency (a) 8PPynPU, and
(b) 8PPyntPU (zoomed-in view)

Rheological properties of PPyNTs/PU solutions as a
function of oscillatory frequency (a) 10PPynPU, and
(b) 10PPyxtPU (zoomed-in view)

Rheological properties of PPyNTs/PU solutions as a
function of oscillatory frequency (a) 12PPynPU, and
(b) 12PPyntPU (zoomed-in view).

Rheological properties of PPyNPs/PU solutions as a
function of oscillatory frequency (a) 2PPyn,PU, and
(b) 4PPynPU

Rheological properties of PPyNPs/PU solutions as a
function of oscillatory frequency (a) 6PPynpPU, and
(b) 8PPyn,PU

Rheological properties of PPyNPs/PU solutions as a
function of oscillatory frequency (a) 10PPyn,PU,
and (b) 12PPynpPU

Schematic of the fiber formation process

FE-SEM images of PPyNTs at different
magnifications (a, b) as prepared

FE-SEM images of PPyNTs at different
magnifications (a, b) after 1 h of ultra-sonication.

FE-SEM images of PPyNTs at different
magnifications (a, b) after 2 h of ultra-sonication.

XXV

121

122

123

124

126

127

128

134

136

138

139



Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

Figure 5.14

Length distribution of PPyNTs at (a) 1 h of ultra-
sonication and (b) 2 h of ultra-sonication.

FE-SEM cross-sectional images of PU fibers spun at
a coagulation bath temperature of 10 £ 2 °C (a)
cross-sectional image and (b) zoomed view
FE-SEM cross-sectional images of PU fibers spun at
a coagulation bath temperature of 20 £ 2 °C (a)
cross-sectional image and (b) zoomed view
FE-SEM cross-sectional images of PU fibers spun at
a coagulation bath temperature of 30 = 2 °C (a)
cross-sectional image and (b) zoomed view
FE-SEM cross-sectional images of PU fibers spun at
a coagulation bath temperature of 40 + 2 °C (a)
cross-sectional image and (b) zoomed view
FE-SEM cross-sectional images of PU fibers spun at
a coagulation bath temperature of 50 £ 2 °C (a)
cross-sectional image and (b) zoomed view
FE-SEM cross-sectional images of PU fibers spun at
a coagulation bath temperature of 60 + 2 °C (a)
cross-sectional image and (b) zoomed view
FE-SEM images of surfaces of PU fibers spun at
different coagulation bath temperatures (a) 10 + 2
°C,and (b)20£2°C
FE-SEM images of surfaces of PU fibers spun at
different coagulation bath temperatures (a) 30 + 2
°C,and (b)40+£2 °C
FE-SEM images of surfaces of PU fibers spun at
different coagulation bath temperatures (a) 50 £2 °C
and (b) 60+ 2 °C

XXVi

140

142

143

144

145

146

147

148

149

150



Figure 5.15

Figure 5.16

Figure 5.17

Figure 5.18

Figure 5.19

Figure 5.20

Figure 5.21

Figure 5.22

Figure 5.23

Figure 5.24

FE-SEM images of a cross-section of PU fibers spun
at different coagulation bath concentrations; (a)
water and (b) 20:80

FE-SEM images of a cross-section of PU fibers spun
at different coagulation bath concentrations: (a)
30:70 and (b) 40:60

FE-SEM images of a cross-section of PU fibers spun
at different coagulation bath concentrations: (a)
50:50 and (b) 60:40

FE-SEM images of a cross-section of PU fibers spun
at 70:30 coagulation bath concentration

Tensile stress and strain curves of PU fibers (a) at
different coagulation bath temperatures in pure
water (b) at different coagulation bath
concentrations (at 10 £2 °C)

FE-SEM images of cross-sections of 2PPynPU
fibers spun at different coagulation bath
concentrations (a) water and (b) 20:80

FE-SEM images of cross-sections of 2PPynPU
fibers spun at different coagulation bath
concentrations (a) 30:70 and (b) 40:60

FE-SEM images of cross-sections of 2PPyPU
fibers spun at different coagulation bath
concentrations (a) 50:50 and (b) 60:40

FE-SEM images of cross-sections of fibers spun at
70:30 coagulation bath concentrations (a) 2PPynPU
(b) 4PPynPU

FE-SEM images of cross-sections of 4PPynPU
fibers spun at different coagulation bath

concentrations (a) water and (b) 20:80

XXVii

151

152

153

154

155

159

160

161

162

163



Figure 5.25

Figure 5.26

Figure 5.27

Figure 5.28

Figure 5.29

Figure 5.30

Figure 5.31

Figure 5.32

Figure 5.33

Figure 5.34
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FE-SEM images of cross-sections of 10PPyPU
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(d) 40:60.
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