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Abstract

Shape memory polymer (SMP) has garnered immense attention due to its unique ability to
remember and recover its original shape from a temporary deformed shape in response to an
external stimulus. This shape memory property of the SMP is harnessed to create smart textiles
with shape-changing capabilities. SMP can be applied into textiles for various applications via
several routes including the filament integration, laminating, coating, finishing, etc. For example,
SMP can be converted into textile filaments that can be integrated into a knit or woven structure.
Shape memory filament can be integrated into a knit based smart compression stocking to deliver
dynamic pressure benefits for chronic venous disorders. Prior research has been done to explore
physically crosslinked polyurethane based SMP for filament development with various hard and
soft segment functionalities and easily tunable properties for enhancing mechanical strength and
shape memory performance. However, their mechanical and thermomechanical properties are
compromised due to poor physical crosslinks, leading to lower thermal stability, low shape fixity,
and incomplete recovery. This could be overcome by incorporating mixing segments in the soft
segment of SMP. Limited research has been conducted on the influence of incorporating a mixing

segment in the soft segment of shape memory polyurethane (SMPU) network.

The potential benefits and implications of manipulating the soft segment length of a SMPU
network with a linear mixing segment-based diisocyanate and combined functionalities of a rigid
aromatic diisocyanate as a hard segment are still unexplored. In addition, the conversion of such
polymer network into filament is still in its infancy. Only a few researchers have explored the

extrusion technique to develop shape memory filament. The method used for processing and its



parameters plays an important role in deciding the thermal, mechanical, and shape memory
performance of the filament. The focus of this research work is to define a process-property
relationship to achieve the desired shape memory performance of the SMP filament by optimizing

the polymer composition and extrusion parameters.

Altering the soft segment length with a linear diisocyanate enhanced the mechanical and shape
recovery performance of the developed SMP as compared to conventional SMP. Further, the
incorporation of graphene oxide (GO)-based nano-fillers significantly improved shape recovery
capabilities of the polymer and its filament. Upon optimizing extrusion parameters and post-
treatment processes including drawing and heat setting, the SMP filament exhibited a notable
improvement in shape memory performance. The as spun filament demonstrates a maximum shape
fixity of 59.5%. However, subjecting the developed shape memory filament to post-treatment, at
a draw ratio of 5 and heat-setting at 80 °C, the shape fixity is enhanced to 66% while maintaining
a 100% shape recovery during the first cycle. Furthermore, it demonstrated the remarkable ability
to recover shape without residual plasticity. On adding GO nanofiller to pristine SMPU filaments
at the optimized conditions, the maximum shape fixity of 72% and shape recovery of 100 % are
achieved after post-treatment of the filament. This research could provide valuable insights to
control process parameters for improved product quality and performance of the SMP filament,
leading to better utilization of SMPs in various applications such as self-fitting garments, actuators,

compression bandages, pressure garments and stockings.

Vi



Y AHRY TR (QEEAT = 30T 3ifgefia &dT & HRUT it &1 3rebfiid foba g,
foree a8 T U A 30 HeT $MTBR B TG & 3R F1fered IR0 & Ul Teh Ut U
3 fapd U I U g 3T Igdl Bict ¢ | THTA BT 39 SMHR Wi [ored H7 IuanT
¢ Cagersd s & foU fhar ST @ SR 9gaq &1 &Wais & a1y | THEAUT S
STCTS T T XMTAT B3 3 78 3 IR & W1erm | SXAHTe f3pam S Thall 3, 919 fob framite
ST, AfeRfeT, Sifew, AR, anfe| IaeRur & firg, TauAd o Soiersa ftherdcy o
ufafda foar S Terdr g SR 1 g3 a1 g1 §T TR B Udhighd fohat o Webdl 81 2 AR
foraTie (TUTHT) &) T §7 §UTIE BRI elfeht & <nfivet fapam St Thar & difde et
379 faRi & fore nfaeha qara & a1y UeH fore o1 9d | gd S # gofa: Hifds =4
T prfdids UidIA sreid vauadt & framic faem o s § forad fafte 81 ek
e Ve &l & Iy A J & B S b arel quied € S Abfed Ty 3R
3MTHR FcT UG=H H YR & U & | gTetifcs, 371 HabfAabet 3R YHHcs{ebet ured! & st
B Tl & R 70 Wi spidfciad & BRI, ey I g fRRd], $H PR R,
3R 3rqul GUITGT 81 Hepell 81 39 THUAU! & Aioe WTHe # fHsior Srie A b UR
foha o1 T el 8 1 AT AHIR) UTeligRae (@@uAdy) Sead & dite Y # fysor S wnfir
B P W 3R ST & TR H Ffd Srqde fpar g

Vil



THUHUY Acdd & FIUe WHE B ddls bl b WD 801 Jrde-3MeRd SEeH™gie
3R T B3 e & T H T T SRARCS SESTIAEUC S Ggad &3l & FHIAd
T SR gfome 3iaft 9 SFgU & | Y B, 39 UHR & iR "edd & fharie # aiRomdt
w0 F gaar rft o ot uRfe SrawT A 31 99 9 8 SHUHGdl 7 HBR Jfd
foremiie fawfd T3 & T Toigs daiie &1 SNl i 81 TRl & o U
&1 oI aTelt fAfY SR IH RTHIeH &1 IuaiT fharic &1 ary, i, iR SMHR Ffd uezH
o Fufftd = & Agayol Yffrer Fumar 81 39 sy & &1 T8 eHe s Taudy!
fhamic @1 3fsd PR Wi YGRH B U I & T UifereR WRa1 3R TRIgRH
Rfted o srBied B ufhar-gufy dee wfid S 7|

IR STSSHRITETE & H1Y Wt THS BI daTs H TRad A faeiid TauAd! &1 Hdiieba
3R 3MMHR YU U= o TRuRe TIuHd & I1Y o1 H 98k S| URURS THuat
3D fdTal, MBH ez (itei)-Smeurid A-1-fherd B A HA § SR GAUier 7
HTH! YR 3T | TRIgoH IRIeH 3R SIS 3R gl AT uigd uRe-Ciedic uioharst o
3BT B R, TILAYT fihame 7 $HR Wi TR § T Iia-d guR feamr | oo
W fharde 3 IFardt axmad ufa=rd &1 siftiedd SR RRdT uafia faan greife,
fasRrd MR Wfd fhaic &1 URe-dledc & ded, Uid 1 g1 SrgUanT B 3R SRR
ot IfTog W gic AT 1 W, PR RRAT 3796 AT U™ Ufawid d 9¢ Ts
STafs Ugd T P SR AN UfA=Id 3R YT -t 38t 39 3rardr, ug for fasdt sraiw
TR & MPR B TIUG PR Bl Ieoka-1g & s <1 sielt A fher &Y

viii



oAU Y fhamed B Siied R g ied Tt #, fivaiie & URe-dichic & alg a8t
UfaRrd SR fRRAT 3R T It ufawd iR gl urd gt 81 g8 Sreemr gquadt
fhamc &1 IdTE TuraTT iR UeRH & gUR & fore uferan Ridted &1 Fafd axa & e
T IR 3R Wb S fafiysr Sy & Sgar IuaiT fobar S Teva B

1X






Table of Contents

Contents Page No.
Certificate 1
Acknowledgements L1
Abstract v
Table of Contents xi
List of Figures Xix
List of Tables XXVil
List of Abbreviations XXX1
Chapter 1 Introduction 1
1.1 Background 3
1.2 Problem statement 6
1.3 Motivation 7
1.4 Objectives 8
1.5 Organization of thesis 8
1.6 Research Impact 10
Chapter 2 Literature review 13
2.1 Shape memory materials 15
2.2 History of shape memory polymers 15
23 Shape memory polymers 16

X1



24

2.5

2.6
2.6.1
2.6.2
263

2.7
2.7.1

2.8

2.9
29.1
29.2

2.10

2.11

2.12

2.13

Chapter 3

3.1

3.2

Shape memory polyurethane
Thermomechanical cycle
Components of SMPU
Hard segment
Soft segment
Mixing segment
Shape memory nanocomposite
SMPU/GO nanocomposite
Shape memory textiles
Extrusion technique for shape memory filament development
Melt Extrusion
Effect of process parameters on shape memory performance

Current state of the art of shape memory fibres

Multi-functional shape memory composite fibres

Application of shape memory polymeric fibers

Research gaps

Synthesis and characterization of shape memory polyurethane

using hexamethylene diisocyanate as mixing segment
Introduction

Experimental section

18

19

21

21

22

23

24

26

27

31

32

34

37

38

39

40

43

45

46

xil



3.2.1
3.2.2
323
3.23.1
3232
3233
3234
3.3
3.3.1
332
333
334
335
3.3.6
3.3.7
3.3.7.1

34

Chapter 4

4.1

4.2

Materials

Synthesis of SMPU

Characterization methods
Chemical structure analysis
Thermal analysis
Mechanical characterization
Thermomechanical shape memory characterization

Results and discussion

FTIR analysis

TGA analysis

DSC analysis

XRD study

SEM analysis

Mechanical properties

Shape memory properties
Effect of strain and temperature

Summary

Design and development of graphene oxide/shape memory
nanocomposite based on hexamethylene diisocayanate mixing

segment
Introduction

Experimental section

46

46

48

48

49

49

49

50

51

52

54

55

57

58

60

61

65

67

69

70

Xiii



4.2.1

422

4.2.3

423.1

4232

4233

4234

4.3

4.3.1

432

433

433.1

4332

434

435

4.3.6

4.3.7

438

439

4.3.10

4.3.11

Materials

Synthesis of shape memory polyurethane nanocomposite

Characterization methods
Chemical and structural analysis
Morphological analysis
Thermal analysis

Mechanical and thermomechanical test

Results and discussion

FTIR analysis

Morphological anaysis

AFM analysis
Amplitude retrace
Phase retrace

Raman analysis

TGA analysis

DSC analysis

XRD analysis

Mechanical properties

Shape memory performance of

nanocomposites

Stress relaxation

Proposed mechanism

MDI/HDI-SMPUGO

70

70

71

71

71

72

72

72

72

75

77

77

78

79

81

82

83

86

88

92

93

X1v



4.4

Chapter 5

5.1
5.2
5.2.1
522
5221
5222
5223
5224
5225
53
5.3.1
532
533
5.3.3.1
5332
5333
5334

5335

Summary

Process optimization of the melt extrusion for the development

of shape memory filament
Introduction
Experimental section
Melt extrusion of SMPU
Characterization methods
Linear density
Melt flow index
Chemical and structural analysis
Mechanical properties
Shape memory characterization of SMF
Results and discussion
Melt stability of SMPU
Flow property assessment by MFI
Influence of barrel temperature
Optical images
FTIR analysis
Thermal analysis
XRD analysis

Morphological analysis

94

97

99

100

100

101

101

101

102

102

102

103

103

104

106

107

108

110

113

114

XV



53.3.6

53.3.7

5338

534

534.1

5342

5343

5344

5345

53.4.6

53.5

5.35.1

5352

5353

5354

5355

53.5.6

5.3.5.7

53.6

5.3.6.1

5.3.6.2

53.63

Linear density
Mechanical properties
Shape memory properties

Screw speed

FTIR analysis

Thermal analysis

Morphological analysis

Linear density
Mechanical properties
Shape memory properties

Effect of winding speed
Linear density
FTIR analysis
Thermal analysis

XRD analysis

Morphological analysis

Mechanical properties

Shape memory properties

Effect of post processing parameters-drawing and heat setting
Thermal shrinkage
FTIR analysis

Thermal analysis

116

116

118

119

119

120

123

124

125

127

127

128

128

129

132

133

134

135

136

137

137

139

Xvi



53.64
53.6.5
5.3.5.6

5.3.5.7

54

Chapter 6

6.1

6.2
6.2.1
6.2.2
6.2.3

6.3
6.3.1
6.3.2
6.3.3
6.3.4
6.3.5
6.3.6

6.3.7

XRD analysis

Morphological analysis

Mechanical properties

Shape memory performance and thermomechanical cycle
Mechanism

Summary

Fabrication and characterization of graphene oxide

incorporated shape memory nanocomposite filament
Introduction
Experimental section
Materials
Melt extrusion
Characterization methods
Results and discussion
Spinnability of SMF
FTIR analysis
Raman analysis
SEM analysis
Thermal analysis
XRD analysis

Mechanical properties

141

142

142

144

146

147

149

151

153

153

153

154

154

154

155

155

156

158

161

162

Xvil



6.3.8 Shape memory properties
6.3.9 Post-treatment of nanocomposite filament
6.3.9.1 DSC analysis
6.3.9.2 Mechanical and shape memory performance
6.4 Summary
Chapter 7  Conclusion and future perspective
7.1 Conclusion
7.2 Future perspective
References
List of publications
Bio-data

163

166

166

167

168

169

171

173

175

209

211

XViii



List of Figures

S. No. Figure caption Page No.
1.1 Steps involved in shape memory programming of SMP. 3
2.1 The physical and chemical cross-linking in the polymeric segments of 17

SMP
2.2 Molecular mechanism of SMPU in shape memory programming. 19
2.3 Stress Vs strain curve of the thermomechanical cycle in SMP. 20
2.4 The planar and linear structure of PDI and MDI. 22
2.5 Nanomaterials and their basis of classification. 25
2.6 Application of SMMs in textiles 28
2.7 Twin screw extruder and polymer conveying zones 33
2.8 Chemical structure of MDI-SMPU and mixing segment based SMPU 41
(MDI/HDI-SMPU).
2.9 Interaction of GO with MDI/HDI SMPU. 41
2.10 Process parameters in melt extrusion and its effect on fiber properties. 42
3.1 Schematic of chemical reaction showing the synthesis of (a) MDI-SMPU; 48
(b) MDI/HDI-SMPU.
3.2 Thermomechanical cycle and steps of shape memory programming in 50

SMPU.

X1X



3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

3.15

(a) FTIR spectra of PCL, MDI-SMPU, and MDI/HDI-SMPU; (b)
enlarged FTIR spectra of NH region; (b) enlarged FTIR spectra of CO

region.

(a) TGA, and (b) DTG thermogram of PCL, MDI-SMPU, and MDI/HDI-
SMPU.

DSC thermogram showing the (a) Tg , (b) Tm of MDI-SMPU and
MDI/HDI-SMPU, and (c) Tm of PCL.

XRD plot of PCL, MDI-SMPU, and MDI/HDI-SMPU.

SEM images showing phase morphology (a, b) MDI-SMPU and (c, d)
MDI/HDI-SMPU.

Hydrogen bonding interaction between (a) hard-hard segment and (b)

hard-soft segment.

Mechanical properties of (a) MDI-SMPU and MDI/HDI-SMPU and (b)
effect of strain rate on MDI/HDI-SMPU.

(a) Phase separation in MDI-SMPU and (b) phase mixing in MDI/HDI-
SMPU.

Thermomechanical cycle of (a) MDI-SMPU and (b) MDI/HDI-SMPU.
SF as a function of temperature and strain for MDI/HDI-SMPU.

FTIR analysis for (a) effect of temperature at 50 % strain, and effect of
strain at (b) 50 °C, and (c) 70 °C temperatures.

Schematic diagram showing the effect of temperature and strain on

SMPU segments.

SR at different (a) temperatures (30 °C, 50 °C, and 70 °C) and (b) strains
(50 %, 100 %, 150 %, and 200 %).

52

53

55

56

57

58

59

60

61

62

63

64

65

XX



4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

Schematic steps showing the preparation of MDI/HDI-SMPUGO

nanocomposite.

ATR-FTIR spectra of (a) GO and (b) MDI/HDI-SMPU and MDI/HDI-
SMPUGO nanocomposites.

(a) FTIR spectrum depicting carbonyl region for MDI/HDI-SMPU and
MDI/HDI-SMPUGO nanocomposite (1800-1600 cm-1), (b) NH region
of MDI/HDI-SMPU and MDI/HDI-SMPUGO nanocomposites (3600-
3200 cm-1), and (c) schematic showing GO interaction with MDI/HDI-
SMPU.

FESEM image of GO.

SEM images of (a, f) MDI/HDI-SMPU and MDI/HDI-SMPUGO
containing (b, g) 0.5 wt. %, (c, h) 1 wt. %, (d, 1) 1.5 wt. %, and (e, j) 2 wt.
% GO.

Amplitude retraces (a) MDI/HDI-SMPU and MDI/HDI-SMPUGO
nanocomposite containing (b) 0.5 wt. %, (c) 1 wt. %, (d) 1.5 wt. %, and

(e) 2 wt. % GO.

Phase retrace (a) MDI/HDI-SMPU and MDI/HDI-SMPUGO
nanocomposite containing (b) 0.5 wt. %, (c) 1 wt. %, (d) 1.5 wt. %, and
(e) 2 wt. % GO.

Raman analysis of (a) GO and (b) MDI/HDI-SMPU and MDI/HDI-
SMPUGO nanocomposites.

(a) TGA and (b) DTG thermograms of MDI/HDI-SMPU and MDI/HDI-
SMPUGO nanocomposites.

DSC thermograms of MDI/HDI-SMPU and MDI/HDI-SMPUGO
nanocomposite depicting (a) melting temperature region during heating

cycle, and (b) crystallization during cooling cycle.

71

73

74

76

76

78

79

80

81

&3

xx1



4.11

4.12

4.13

4.14

4.15

4.16

4.17

4.18

4.19

4.20

5.1

5.2

53

XRD diffraction of MDI/HDI-SMPU and MDI/HDI-SMPUGO

nanocomposite.

Mechanical properties of MDI/HDI-SMPU and MDI/HDI-SMPUGO
nanocomposites (a) stress-strain curve, (b) tensile strength, (c) modulus,

and (d) elongation at break with varying GO content.
Interaction of GO with the mixing and hard segments of SMPU.

SF of MDI/HDI-SMPUGO nanocomposite (a) 50 °C 100 % strain, (b) 70
°C 100 % strain, and (c) 70°C 50 % strain.

Shape recovery of MDI/HDI-SMPU and MDI/HDI-SMPUGO
nanocomposite (a) 50 °C and (b) 70 °C, at 100 % strain.

Raman spectra of the fixed samples at 50 °C at 1 wt. % and 1.5 wt. %
GO.

FESEM images 70 °C 50 % strain (a) 1 wt. % GO and (b) 1.5 wt. % GO.

Shape memory programming of MDI/HDI-SMPUGO nanocomposite at
1 wt. %.

Stress relaxation of MDI/HDI-SMPUGO nanocomposite at 50 °C and
100 % strain.

Schematic representing the MDI/HDI-SMPU and MDI/HDI-SMPUGO

nanocomposite before and after stretching.

(a) DSC and (b) TGA curve of bulk polymerized MDI/HDI-SMPU.
MFI of MDI/HDI-SMF measured in temperature range of 160 to 210 °C.

Optical microscopic images of MDI/HDI-SMF at barrel temperature (a)
170 °C, (b) 180 °C, (¢) 190 °C, (d) 200 °C, and (e) 210 °C.

85

87

87

&9

&9

91

91

92

93

94

104

105

107

xxil



54

5.5

5.6

5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15

5.16

FTIR spectra of MDI/HDI-SMF in the (a) spectral range 4000-400 cm’’,
(b) carbonyl region (800-1600 cm™), and (c) NH region (3600-3200 cm’
l)'

(a) TGA and (b) DTG analysis of MDI/HDI-SMF at different barrel

temperatures.
DSC analysis of MDI/HDI-SMF at different barrel temperatures.
XRD curve of MDI/HDI-SMF extruded at different barrel temperatures.

SEM images of MDI/HDI-SMF extruded at different barrel temperatures
(a) 170 °C, (b) 180 °C, (c) 190 °C, (d) 200 °C, and (e) 210 °C.

Surface diameter of MDI/HDI-SMF extruded at different barrel
temperatures (a) 170 °C, (b) 180 °C, (c) 190 °C, (d) 200 °C, and (e) 210
°C.

(a) Stress-strain behavior, (b) tenacity, (¢) modulus, and (d) elongation at

break of MDI/HDI-SMF extruded at different barrel temperatures.

Shape memory properties (a) SF and (b) SR of MDI/HDI-SMF processed

at different barrel temperatures.

FTIR spectral regions of MDI/HDI-SMF processed at different screw
speeds (a) 4000-400 cm’', (b) 1800-1700 cm™', and (c) 3600-3200 cm’".

(a) TGA thermogram (b) DTG analysis of MDI/HDI-SMF at different

screw speeds.
DSC analysis of MDI/HDI-SMF at different screw speeds.

SEM images of MDI/HDI-SMF cross-section and diameter at different
screw speeds (a) 25 RPM, (b) 50 RPM, (c) 75 RPM, and (d) 100 RPM.

(a) Stress-strain curve, (b) tenacity, (c) modulus, and (d) elongation at

break of MDI/HDI-SMF processed at different screw speeds.

109

110

112

114

115

115

117

118

120

121

122

124

126

XX1ii



5.17

5.18

5.19

5.20

5.21

5.22

5.23

5.24

5.25

5.26

5.27

5.28

5.29

Shape memory properties of MDI/HDI-SMF (a) SF and (b) SR.

FTIR spectra of MDI/HDI-SMF in the spectral region (a) 1800-1600 cm”
! and (b) 3600-3200 cm™.

(@) TGA and (b) DTG thermogram of MDI/HDI-SMF extruded at

different winding speeds.

DSC thermograms of MDI/HDI-SMF extruded at different winding

speeds.
XRD of MDI/HDI-SMF at different winding speeds.

SEM images of MDI/HDI-SMF cross-section at winding speed (a) 5
RPM, (b) 10 RPM, and (c) 15 RPM.

(a) Stress-strain behavior, (b) tenacity, (¢) modulus, and (d) elongation at

break of MDI/HDI-SMF extruded at different winding speeds.

Shape memory performance (a) SF and (b) SR at different winding

speeds.

FTIR spectra of as-spun MDI/HDI-SMF in the region (a) 1800-1600 cm”
and (b) 3600-3200 cm-! after post-treatment.

(a) TGA and DTG analysis of PCL, (b) TGA, (c) DTG analysis, and (d)
DSC thermograms of As-spun-SMF and As-spun-SMF after post-

treatment.
XRD curve of As-spun-SMF before and after post-treatment.

Cross-sectional analysis and surface image of As-spun-SMF after post-
treatment at different draw ratios (a) 3 DR, (b) 5 DR, and (c) 6 DR after
heat-setting.

(a) Stress-strain behavior, (b) tenacity, (¢) modulus and (d) elongation at

break of As-spun-SMF before and after post-treatment.

127

129

130

131

132

134

135

136

138

139

141

142

143

XX1v



5.30

5.31

5.32

6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11

6.12

7.1

Shape memory performance of As-spun SMF and post-treated SMF.
Thermomechanical cycle of (a) As-spun and (b) drawn and heat-set SMF.

Molecular mechanism of SMF before and after pre- and post-treatment.

MFTI of As-spun-SMF and MDI/HDI-SMFGO nanocomposites.

FTIR spectra (a) Carbonyl region (1800-1600 cm™) (b) NH region (3500-
3200 cm™) of MDI/HDI-SMF and MDI/HDI-SMFGO.

Raman spectra of MDI/HDI-SMF with varying GO content.
SEM micrographs of MDI/HDI-SMFGO nanocomposite.

Thermal stability determination using (a) TGA analysis and (b) DTG
analysis of MDI/HDI-SMF and MDI/HDI-SMFGO.

DSC analysis of As-Spun-SMF and MDI/HDI-SMF nanocomposites.
XRD curve of MDI/HDI-SMFGO nanocomposite.
Stress Vs strain curve of MDI/HDI-SMFGO nanocomposite.

Shape memory performance (a) shape fixity (b) shape recovery of
MDI/HDI-SMFGO nanocomposite.

Shape memory programming of MDI/HDI-SMFGO 1.

DSC thermal analysis of MDI/HDI-SMFGO nanocomposite after post-

treatment.

(a) Stress Vs strain curve and (b) shape memory performance of

MDI/HDI-SMFGO after post-processing.

Schematic of polymer orientation in the fibre during melt extrusion.

145

146

147

154

155

156

157

158

160

161

163

164

165

166

167

172

XXV



XXV



List of Tables

S.No. Table caption Page No.

2.1 Nanomaterials and their effect on shape memory performance of 26
SMPU nanocomposites

2.2 Different integration methods of SMPU into textiles. 29

3.1 TGA results of PCL, MDI-SMPU, and MDI/HDI-SMPU. 53

4.1 HBI (C=0) content and H-bonded carbonyl and NH peak shift for 75
MDI/HDI-SMPU and MDI/HDI-SMPUGO nanocomposites.

4.2 Roughness measurements of SMPUGO nanocomposite from 78
amplitude retrace.

4.3 Id/Ig ratio of GO and MDI/HDI-SMPUGO nanocomposites. 80

4.4 TGA results of MDIHDI-SMPU and MDI/HDI-SMPUGO 82
nanocomposites.

4.5 DSC results of MDI/HDI-SMPU and MDI/HDI-SMPUGO 83
nanocomposites.

4.6 The d-spacing of GO, MDI/HDI-SMPU, and MDI/HDI-SMPUGO 85
nanocomposites.

4.7 Relaxation ratio of MDI/HDI-SMPU and MDI/HDI-SMPUGO 93
nanocomposites.

5.1 Process parameters for SMF preparation. 105

XXVil



5.2

53

54

5.5

5.6

5.7

5.8

59

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

Pilot experiments to optimize the barrel temperature.

Carbonyl and NH peak shift of MDI/HDI-SMF at different barrel

temperatures.

Thermal stability of MDI/HDI-SMF extruded at different barrel

temperatures.

Tm of the soft (SS) and hard segment (HS) determined from DSC

analysis.
Linear density measurements with barrel temperature.
Pilot experiments to optimize screw speed.

Carbonyl and NH peak shift of MDI/HDI-SMF at different screw

speeds.

Thermal stability of MDI/HDI-SMF at different screw speeds.
Effect of screw speed on the T, of SS and HS.

Effect on linear density of SMF with different screw speeds.
Effect of winding speed on linear density.

Carbonyl and NH peak shift with different winding speeds.
Thermal stability of MDI/HDI-SMF at different winding speeds.
Effect of screw speed on the T, of the SS and HS.

Process conditions for post-treatment of As-spun-SMF.

Carbonyl and NH peak shift of As-spun SMF after post-treatment

having varying draw ratio.

Thermal stability of PCL, As-spun-SMF and As-spun-SMF after

post-treatment with varying draw ratio.

107

109

111

113

116

119

120

121

123

125

128

129

130

131

136

138

140

XXVili



5.19

6.1

6.2

6.3

6.4

6.5

7.1

Effect of drawing on the soft (SS) and hard segment (HS) melting

transition (Trm).

Ias /Iy ratio of MDI/HDI-SMF and MDI/HDI-SMFGO

nanocomposites.

Thermal stability of MDI/HDI-SMFGO nanocomposite.

SS and HS transition temperature from DSC analysis.
Mechanical properties of MDI/HDI-SMFGO nanocomposite.

The recovery response time of As-spun SMF and MDI/HDI-SMF at

varying GO content.

The properties comparison of MDI/HDI-SMPU and SMF prepared in
the study.

140

156

159

160

163

165

174

XX1X



XXX



List of Abbreviations

Terms Abbreviations
Shape memory material SMM
Shape memory alloy SMA
Shape memory ceramic SMC
Shape memory hybrid SMH
Shape memory polymer SMP

Shape memory effect SME

Shape memory polyurethane SMPU
Shape memory filament SMF
Polycaprolactone diol PCL
Hexamethylene diisocyanate HDI
4,4’methylene bis (phenyl isocyanate) MDI
Isophorone diisocyanate IPDI

1,4 Butanediol BDO
Shape fixity SF

Shape recovery SR
Polylactic acid PLA
Poly(e-caprolactone diol)- Poly(L-lactic acid) PCL-PLLA
Poly(ethylene glycol) PEG
Maleic anhydride MA

XXX1



Dibutyltin dilaurate

N, N-dimethylformamide
Dimethylacetamide

Graphene oxide

Shape memory polyurethane graphene oxide
Hard segment

Soft segment

Melting temperature

Melting temperature of soft segment
Melting temperature of hard segment
Glass transition temperature
Degradation temperature
Crystallization temperature
Transition temperature

Nickel Titanium

Differential scanning calorimetry

Thermogravimetric analysis

DBTDL
DMF
DMAc
GO
SMPUGO
HS

SS

™
Tmss
Tmns

Te

Ta

Tc

Tirans
NiTi
DSC

TGA

XXXil





