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ABSTRACT

From the beginning, to tune the physical properties of polymer, blending of two or more
polymers have been a common practice. It is well-known that the crystallization behaviour of
a polymer blend is much more complex as compared with the constituting homopolymers due
to influence of different factors like interaction in between the blend components, physical
properties and crystallization kinetics of individual blend components etc. The complexity in
the crystallization behavior reaches to a much higher level in case both the constituting
polymers of the blends are miscible and crystallizable. In this case, the interplay between the
crystallization of two components makes the analysis as well as understanding of the
morphology and crystallization of the binary blend system very difficult. Here, the difference
in the melting temperatures of the two crystallizable polymers plays a significant role in

governing the final crystalline morphology of the blend system.

Moreover, recently, with the advent of nanotechnology, the importance of crystallization
behavior in nanosized domains, formed in practical systems, have gained more attention. This
is driven by the fact that any perturbation of crystallization behaviour in confinement may
significantly alter the properties of the materials. Hence, an understanding of the polymer
crystallization under nano-confinement is necessary for tailoring of the polymer properties
when used in nanotechnology related applications. The electrospun fibres processed from
polymer blends, where a crystalline polymer is present as a dispersed phase, depicts a nice
example of such non-equilibrium systems where the radial dimensions of the fibres restrict
the size of the dispersed phase domains. The confined crystallization behavior of polymers in
electrospun nanofiber, hence, has received lot of interest in last few years. In the present
study, the crystallization and morphological behavior of different crystalline/crystalline melt
miscible polymer blends have been investigated in bulk state as well as under confinement in
the electrospun fibres in order to gain vital fundamental understanding of crystallization in

crystalline/crystalline (C/C) polymer mixtures.

For a more comprehensive understanding of the crystallization behaviour of C/C polymer
blends under confinement, the present research focussed on investigating two classically
different C/C blends in bulk as well as in confined state. The first blend system was
composed of poly(ethylene oxide) (PEO) and poly(1,4-butylene adipate) (PBA) where the

constituent polymers had almost similar melting temperatures. The crystallization behaviour



as well as blend morphology of PBA/PEO blend was thoroughly studied. The crystalline
structure and morphology of the PEO/PBA blends were found to be governed by a strong
competition between the faster crystallization kinetics of PEO and relatively much higher
nucleation density of PBA. Furthermore, the crystallization behaviour of PBA/PEO blend
confined by surrounded PS matrix, in electrospun fibres of polystyrene (PS)/PBA/PEO
ternary blends, was investigated systematically. The results obtained in electrospun fibre
system has been compared with their corresponding as-casted film as well as homopolymers
under similar confined environment. A promotion of the heterogenous nucleation of both
PEO and PBA was observe in the ternary blend fibres. Also, the chain orientation memory
favoured the formation of a-crystals of PBA in the PEO/PBA as well as PS/PEO/PBA blend
fibres. The second C/C blend system studied consisted of PEO and poly (L-lactide) (PLLA)
where the constituting polymers had a wide difference in their melting temperatures. Due to
broad difference in melting temperature, on cooling from melt state, the PLLA/PEO blends
underwent sequential crystallization. Hence, PLLA crystallized first and subsequently PEO
crystallized within the existing template formed by PLLA crystals. Furthermore, under
confinement, in electrospun fibres from the ternary blend of PS/PLLA/PEO, the geometrical
confinement restricted the phase separation of PLLA and PEO during crystallization due to
which, during crystallization of PLLA, a large fraction of PEO were trapped into the
interlamellar region of PLLA which resulted in the formation of very defective PLLA
crystals. Such defective crystals were found to melt at significantly low temperatures.
Moreover, during crystallization, the PEO experienced a very high degree of confinement by
the pre-existing PLLA crystals and surrounding hard glassy matrix of PS. This resulted in the
formation of thin and defective PEO crystal lamellae which melted at a very low temperature.
The present study also focussed on understanding the role of spinning solvent in the
morphology and, hence, the confined crystallization behavior of polymer in electrospun
fibres from amorphous/crystalline blend. The investigated PS/PEO blend fibres formed phase
separated structure in the fibres, where the minority PEO component was present as the
dispersed phase in the PS matrix. It was found that the dielectric constant and volatility of the
spinning solvent may profoundly affect the morphology of the electrospun blend fibres and,
hence, the crystallization behavior of the minority component. The research reported in the
thesis highlights the complex crystallization behaviour of crystalline polymer mixtures under
confinement especially in electrospun fibres and will catalyse further research in this

direction.
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Todl gl My yey T RO fby MU iy Oy U 9§ ooy BRER # Ry & dgd
Thiew g Tgad vl & Sfed ThiewHRur SHTER IR UHTR STefd & 3R 39 fe=n & ot & =y
oI IR HH|

viii



CONTENT

Certificate

Acknowledgements

Abstract

List of Figures

List of Tables

List of Symbols & Abbreviations

Chapter 1 Introduction
1.1 Introduction
1.2 Research objectives
1.3 Thesis outline

1.4 References

Chapter 2 Theoretical Background & Literature Reviews
2.1 Polymer Crystallization
2.1.1 Morphology of polymer crystal

2.1.2 Mechanism of polymer crystallization

2.2 Polymer Crystallization Under Confinement
2.3 Crystallization of Polymer in blend System
2.3.1 Different types of polymer blend

2.3.2 Morphology and crystallization of different

types of polymer blend

2.4 Polymer Crystallization in Electrospun fibres
2.5 Summary

2.6 references

Chapter 3 Experimental Techniques
3.1 Morphology Study
3.2 Crystallization Behaviour
3.3 Crystal Structure
3.4 Solution Electrospinning

3.5 References

10

22-77

22
23
25
28
34
35

53

56
57

79-92

79
83
84
88
89



Chapter 4

Chapter 5

Morphology andcrystallization behaviour of
crystalline/crystalline  miscible  blends in  which
constituent polymers have close melting temperature
4.1 Introduction
4.2 Experimental
4.2.1 Materials
4.2.2 Sample Preparation
4.2.3 Characterization Techniques
4.3 Results and Discussion
4.3.1 Non-isothermal crystallization of PBA &
PEO Homopolymer
4.3.2 Morphology of non-isothermally melt-
recrystallized PEO/PBA blend
4.3.3 Non-isothermal crystallization behaviour
of PEO/PBA blend
4.3.4 WAXD study of PEO/PBA binary blend
4.3.5 Melting behaviour of non-isothermally
melt recrystallized PEO/PBA binary blend
4.3.6 Isothermal melt recrystallization study
of PEO/PBA blend

4.4 Conclusions

4.5 References

Crystallization and polymorphic behaviour of melt
miscible blends of  crystalline homopolymers with close
melting temperatures under confinement in electrospun
fibres

5.1 Introduction
5.2 Experimental
5.2.1 Materials
5.2.2 Sample Preparation
5.2.3 Characterization
5.3 Results and Discussion

5.3.1 Morphology and non-isothermal melt

94-130

94
96
96
96
97
98
98

99

101

103
101

105

124
125

132-166

132
134
134
134
135
136
136



Chapter 6

recrystallization behaviour of electrospun fibres
from homopolymers

5.3.2 Morphology and non-isothermal melt
recrystallization behaviour of electrospun fibres
from PEO/PBA binary blend

5.3.3 Crystal structure or polymorphic behaviour
of homopolymers: WAXD study

5.3.4 Crystal structure or polymorphic behaviour
of homopolymers in PEO/PBA binary blend:
WAXD study

5.3.5 Morphology and crystallization behaviour
of PS/PBA/PEO (S/B/E) ternary blend
electrospun fibre

5.4 Conclusions

5.5 References

Morphology andcrystallization behaviour of
crystalline/crystalline miscible blend in which constituent
polymers have broad difference in melting temperature
6.1 Introduction
6.2 Experimental
6.2.1 Materials
6.2.2 Sample Preparation
6.2.3 Characterization
6.3 Results and Discussions
6.3.1 Morphology of electrospun fibres (EF) of
PLLA and PEO homopolymers
6.3.2  Non-isothermal  melt-recrystallization
behaviour of electrospunfibres from
homopolymers
6.3.3Electrospun  fibre  morphology  of
PLLA/PEO blends
6.3.4 Non-isothermal melt recrystallization of
PLLA/PEO blends
6.3.5 Isothermal crystallization behaviour of
PLLA/PEO blends

X

138

139

142

145

158
159

168-191

168
169
169
169
170
171
171

172

173

174

176



Chapter 7

Chapter 8

6.4 Conclusions
6.5 References
Sequential crystallization behaviour of
crystalline/crystalline miscible blend under hierarchical
confinementin electrospun fibres
7.1 Introduction
7.2 Experimental
7.2.1 Materials
7.2.2 Sample Preparation
7.2.3 Characterization Techniques
7.3 Results and Discussions
7.3.1 Crystallization behaviour of PS/PEO and
PS/PLLA binary blend electrospun fibres
7.3.2 Crystallization behaviour of
PS/PLLA/PEO ternary blends
7.3.2.1 Non-isothermal crystallization
behaviour
7.3.2.2 Isothermal crystallization behavior
7.4 Conclusions

7.5 References

Effect of spinning solvent on confined crystallization
behaviour of polymers in electrospunfibres
8.1 Introduction
8.2 Experimental
8.2.1 Materials
8.2.2 Electrospinning

8.2.3 Characterization
8.3 Results and Discussions

8.3.1 Electrospinning of PS/PEO blend and
corresponding fibre morphology

8.3.2 Confined crystallization behavior of PEO
in PS/PEO electrospun fibre

8.4 Conclusions

xii

185
185
193-216

193
195
195
195
196
197
197

204

206

209
212
213

218-242

218
219
219
220
221

222
222

228

236



Chapter 9

Curriculum Vitae

8.5 References

Summary and Future Outlook
9.1 Summary

9.2 Future outlook

xiii

236

244-248
244
247
250



Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5
Figure 2.6

Figure 2.7

Figure 2.8

Figure 2.9

Figure 2.10

Figure 2.11

Figure 2.12

Figure 2.13

Figure 2.14

Figure 2.15

Figure. 2.16

Figure. 2.17

LIST OF FIGURES

Change in G.and G, with temperature

Chain folding mechanism of single polymer crystal

Crystallization model based on polymer chain folding. (a) neighbouring re-
entry with tight fold, (b) adjacent re-entry with loose fold, and (c) random re-

entry (switch board model)

Schematic representation of polymer spherulite and molecular morphology of
the same

Mechanism of polymer Crystallization
Change in free energy of the system with size of a crystal

The change in thermodynamic driving force as well as chain mobility with
temperature and its effect on over all crystallization rate

Schematic illustration of the types of PEO crystal orientation developed in
the nanotubes in AAO

Schematic illustration of the surface-induced nucleation of glassy PLLA in
AAO template

Schematic illustrations of crystallization mechanism of microphase separated
crystalline amorphous di-block copolymer

DSC cooling thermograph of PEO-b-PB/PB blend. The cooling rate was
5°C/min

TEM micrographs of different assemblies of PS-b-PEQO: (a) Double gyroid
(b) Hexagonal Cylinder (c) Lamellar (d) Corresponding SAXS profiles

(a) TEM image of nano particles (b) DSC plots of PS/PVDF nanoparticles

SEM images of cryogenically fractured surface of PP/PC blends having
different blend compositions: (a) 10/90, (b) 20/80, (c) 40/60, (d) 50/50, (e)
60/40, (f) 80/20, (g) 90/10, (h) 95/5

AFM micrographs of dendritic single crystals, formed by PLLA/PBA (70/30)
mixture at 110 °C: (a) height image, (b) zoom-in of the square-box shown in
the right side of image (a)

Cooling thermograph, corresponding with non-isothermal DSC study of PP
and PP/PC blends. The cooling rate was maintained at 10 °C/min

In PB/PP and PB/PP/PB-b-PP blends, isothermal crystallisation kinetics (a1,

Xiv



Figure 2.18

Figure 2.19

Figure 2.20

Figure 2.21

Figure 2.22

Figure 2.23

Figure 2.24

Figure 2.25

Figure 2.26

Figure 2.27

az, b1, b2), tip, and nucleation induction time (tN) (as, bs) of PP phase
crystallised at 135°C (a1, az, as) and PB phase crystallised at 90°C (b1, b2, bs)

Optical microscopic images of neat PBA and PBA/SC composites: (a) neat
PBA, (b) 0.2 wt % PBA/SC, (c) 1 wt % PBA/SC, and (d) 3 wt % PBA/SC after
complete crystallization at 40 °C

Spherulitic morphology of a PCL/PEG (50/50) blend at 40 °C (a, b), 37 °C
(d, e, f), 35 °C (g, h, 1), and 32.5 °C (j, k, ). The micrographs in the first,
second, and third rows were taken at 1, 5, and 6 minutes, respectively, during
crystallisation. Inset images: Schematic representation

Different types of segregations of minor component in crystallizable miscible
polymer blends are shown schematically (full lines: crystallizable component,
dotted lines: minor component)

POM morphological diagrams of neat PLLA and PEO/PLLA blend samples
with free surface (uncovered), crystallized at Tepa=120 °C in the
composition range of 25/75-95/5. All POM graphs were taken at 120°C

The spherulitic growth rate G of PLLA versus crystallization temperature
PLLA/PEG blends

Non-isothermal temperature-resolved synchrotron study of PBSU/PEO
(50:50 wt/wt) blends after crystallization of PBSU at various Tcess. The
cooling rate was maintained 3 °C/min. For comparison, the WAXS profiles of
crystalline neat PBSU and PEO were also shown

Following the crystallisation of PBSU at (a) 80, (b) 90, and (c) 100 °C, SEM
micrographs of cross-section of PBSU/PEO (50/50 wt/wt) blends were taken.
Before being observed, PEO was etched with alcohol. The area into dashed
boxes in image 1 were enlarged in image 2 at the bottom

Schematic representation of different morphologies (a) all of the amorphous
content of the low T, component is completely incorporated between the
lamellae of the high T, component, (b) some of the amorphous content of the
low T component is restricted in the interlamellar region, with most of it
being expelled out of the interlamellar region (red: high Tm component or
the component crystallises first; blue: the low Tm component or the
component crystallises later)

Schematic illustration of chain topology in electrospunfibres with decrease in
fibre 'sdiameter.

Schematic representation of confined crystallization in electrospun fibre of
amorphous/crystalline blend in which crystalline component is minor
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Figure 2.28

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5
Figure 3.6
Figure 3.7
Figure 3.8
Figure 3.9
Figure 3.10

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

SEM micrographs showing the morphology of the as-cast PS/PEO blend
samples after selective etching of the PEO phase with deionized water

Schematic representation of polarised optical microscope (adapted from
reference 1)

Different types of signals, originated during SEM scanning (adapted from
reference 3)

Schematic representation of Scanning Electron Microscopy instrument
(adapted from https://www.thermofisher.com/blog/microscopy/what-is-sem-
scanning-electron-microscopy-explained)

Schematic of DSC cooling and heating cycle Tc: Crystallization temperature
Tm: Melting temperature, Te.: Cold crystallization temperature, Tq: glass
transition temperature

Schematic of a SAXS experiment

Schematic representation of Bragg’s law (adapted from reference 18)
SAXS and WAXS signal at different angles

Schematic representation of WAXD/WAXS

1D WAXD appearance of a semi crystalline polymer

Schematic of verticle type solution electrospinning (adapted from reference
24)

Schematic representation of PEO/PBA blend along with different blend
compositions and sample code

Non-isothermal crystallization behaviour of PEO and PBA homopolymer: (a)
PLOM image of non-isothermally crystallized (a) PEO and (b) PBA
homopolymer. (c) DSC cooling and (d) DSC 2nd Heating cycle

Snapshots obtained at different temperature during in-situ monitored PLOM
investigation of non-isothermally melt crystallized E2B8 blends

Crystallization morphology of PEO/PBA blend with different blend ratios. At
above, right side, the PLOM image of E5B5 shows the crystalline
morphology for the same sample from a different region which depicts a
“tailing” type morphology

DSC study of non-isothermally crystallized PEO/PBA blends: (a) DSC

cooling cycle (b) DSC 2nd Heating Cycle. (c) Melting heat of fusion of blend
and homopolymers. The respective theoretical values for the blend assuming
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Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

Figure 4.17

simple rule of mixture, in each case, has been represented with the black dot

WAXD study of non-isothermally melt recrystallized PEO/PBA blend (a) PBA
and PEO homopolymer (b) binary blend

Isothermal Crystallization morphology of PEO and PBA homopolymer at
different temperature: Upper images are corresponding with PEO
crystallization and lower images are corresponding with PBA crystallization

DSC and WAXD study of isothermally melt recrystallized PEO and PBA at
different temperature: (a) and (c) WAXD plots of PEO and PBA after
isothermally crystallization at different temperature. (b) and (d) DSC heating
plots after isothermal crystallization of PEO and PBA at different
temperature

PLOM images of crystallization morphology of isothermally crystallized
E8B2 film at different temperature

The room temperature Lorentz corrected SAXS intensity profiles of neat
homopolymers and its blends obtained after isothermal crystallization at 45
and 10 °C

Crystallization behavior of isothermally melt-recrystallized E8B2 film at
different temperature. (a) WAXD data and (b) DSC heating plots (c) WAXD
plot of E8B2 blend isothermally crystallized at 45°C and its comparison with
typical plots of PBA having pure a or f crystal structures

PLOM images of isothermally recrystallized symmetrical blend at different
temperature: (a) 45 °C (b) 30 °C (c) 10 °C

SEM surface morphology of E5b5 blends isothermally crystallized at
different temperatures. (a) 45°C (b) 30°C (c) 10°C. It must be noted that the
SEM images were obtained after etching out PEO with water. The area
marked in red circle represents a typical PEO-templated PBA spherulite
whereas the area marked in yellow represents a typical PBA-templated PEO
spherulite

Isothermal crystallization study of E5B5 at different temperatures: (a) WAXD
data (b) DSC heating cycle after isothermally melt crystallization

PLOM images of isothermally recrystallized E2B8 blend at different
temperature: (a) 45°C (b) 30 °C (c) 10 °C

In-situ PLOM images during isothermally melt-recrystallization of E2B8
blend at different temperatures

SEM surface morphology of E2b8 blends isothermally crystallized at
different temperatures. (a) 45°C (b) 30°C (c) 10°C. It must be noted that the
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Figure 4.18

Figure 4.19

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

SEM images were obtained after etching out PEO with water. The area
marked in red circle represents a typical PEO-templated PBA spherulite
whereas the area marked in yellow represents a typical PBA-templated PEO
spherulite

Isothermal crystallization study of E2B8 at different temperature: (a) WAXD
plots, (b) DSC heating plots

Schematic illustration of different crystallization morphology of PEO/PBA
blends observed in this study. (a) Intra-spherulitic crystallization morphology
(b) Interfibrillar cluster (c) Interpenetrated spherulitic crystallization
morphology (d) Tailing crystallization morphology (e) Templated
crystallization morphology

SEM micrographs of EF-PBA and EF-PEO

Non-isothermal DSC study of electrospun fibre and film from PEO & PBA
homopolymer after first heating up to 90°C. (a) & (c) DSC melt-recooling
cycle, (b) & (d) Subsequent heating cycle

SEM micrograph of electrospun PBA/PEO blend fibre
Crystallization behaviour of PBA/PEO blend electrospun fibre after first
heating up to 90°C. (a) Melt recrystallization (b) Reheating after melt

recrystallization

WAXD profiles of PEO after isothermally melt re-crystallized at different
temperature (a) CF-PEO (b) EF-PEO

WAXD study of isothermally melt recrystallized PBA at different
temperatures. (a) CF-PBA (b) EF-PBA (c) WAXD study of isothermally melt-
recrystallized EF-PBA at different temperatures after long thermal annealing
at90°C

Schematic representation of the effect of electrospun process history on
polymorphic behaviour of PBA

WAXS study of isothermally melt recrystallized PBA/PEO binary blend
electrspun fibre. (a) EF-E8B2 (b) EF-E5B5 (c) EF-E2B8

WAXD study of EF-E8B2 after annealing at 90°C for different periods of time

SEM micrographs of electrospun PS/PBA/PEO ternary blend fibres. The
inset in each figure shows the corresponding distribution of fibres diameters

Non-isothermal melt recrystallization behaviour of PS/PEO blend as casted
film and electrospun fibres
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Figure 5.12

Figure 5.13

Figure 5.14

Figure 5.15

Figure 5.16

Figure 5.17

Figure 5.18

Figure 5.19

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

SEM micrograph of EF-PS/PBA blend fibres with different blend ratios and
corresponding electrospinning process parameters

Non-isothermal crystallization behaviour of PS/PBA blend electrospun fibres
with different weight ratios after first heating up to 90°C. (a) Cooling Cycle
(b) 2" Heating Cycle

DSC melt cooling and reheating curves of PEO and PBA in S/B/E ternary
blend film and electrospun fibre after first heating up to 90°C. (a) & (b) are
corresponding with S/B/E ternary blend solvent casted film. (¢) & (d) are
corresponding with S/B/E ternary blend electrsopun fibres

SEM micrographs of cryogenic fractured and PEO etched S/B/E solvent
casted film. (a) CF-S8B4E16 (b) CF-S8B10E10 (c) CF-S8B16E4

Non-isothermal cooling of S/B/E ternary blend electrospun fibres after
annealing at 90°C for different time: (a) EF-S8B10E10 (b) EF-S8B4E16 (c)
Variation of crystallization temperature after annealing at 90°C for different
time (d) Variation of heat of crystallization after annealing at 90°C for
different time

WAXS profiles of PS/IPBA/PEQ electrospunfibres at room temperature after
isothermally melt recrystallized at different temperatures. (a) EF-S8B16E4
(b) EF-S8B10e10 (c) EF-S8B4E16

DSC heating thermograph of EF-SBE electrospun fibres after isothermally
melt-recrystallization at different temperatures. (a) EF-S8B4E16 (b) EF-
S8B10E10 (c) EF-S8B16E4

SEM micrographs showing the domain morphology of the electrospun
PS/PBA/PEOQ blend nanofiber samples after selective etching of PBA/PEO
part. (a) & (d) EF-S8B16E4 (b) & (e) EF-S8B10E10 (c) & (f) EF-S8B4E16

SEM micrographs of EF-PLLA and EF-PEO

Non-isothermal melt recrystallization behaviour after melt annealing at
200°C for 5 minutes, exhibited by PLLA and PEO electrospun fibres as well
as casted films. (a)& (b) are DSC Cooling and subsequent heating cycle of
EF-PLLA and CF-PLLA. (c) & (d) are DSC Cooling and subsequent heating
cycle of EF-PEO and CF-PEO.

SEM micrographs of PLLA/PEO blend electrospun fibres with varying
compositions.

Non-isothermal crystallization behaviour of PLLA/PEO blend after melt

annealing at 200°C for 5 minutes. (a) & (b) are corresponding with casted
film samples (c)& (d) are corresponding with electrospun samples.
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Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10

Figure 6.11

Figure 6.12

Figure 6.13

Figure 6.14

Figure 6.15

Figure 7.1

Figure 7.2

WAXS and DSC study of melt isothermally crystallized CF-PLLA and EF-
PLLA. (a) & (c) correspond to CF-PLLA and (b) & (d) correspond to EF-
PLLA.

WAXS study of isothermally melt recrystallized L8E2 blend at different
TerLea. (@) Film samples and (b) Fibre samples.

DSC heating thermograph of isothermally melt recrystallize L8E2 blend at
different temperature. (a)Film samples. (b) Fibre samples.

SEM images of EF-L8E2 blend following the crystallization of PLLA at (a)
130, (b) 110, and (c) 90 °C. PEO was etched by DI water before observation.
Images d, e & f at the bottom were enlarged of the dashed boxes in images a,
b&c.

SAXS study of EF-L/E, isothermally melt recrystallized at different Tcpiia. All
data were collected at 70°C

WAXS study of isothermally melt recrystallized L5E5 blend at different
TerLia. (@) Film samples and (b) Fibre samples.

DSC heating thermograph of isothermally melt recrystallize L5E5 blend at
different temperature. (a) Film samples. (b) Fibre samples.

SEM images of EF-L5E5 blend following the crystallization of PLLA at (a)
130, (b) 110, and (c) 90 °C. PEO was etched by DI water before observation.
Images d, e & f at the bottom were enlarged of the dashed boxes in images a,
b&ec.

WAXS study of isothermally melt recrystallized L2E8 blend at different
TerLia. (@) Film samples and (b) Fibre samples.

DSC heating thermograph of isothermally melt recrystallize L2E8 blend at
different temperature. (a) Film samples. (b) Fibre samples.

SEM images of EF-L2E8 blend following the crystallization of PLLA at (a)
130, (b) 110, and (c) 90 °C. PEO was etched by DI water before observation.
Images d, e & f at the bottom were enlarged of the dashed boxes in images a,
b&c.

DSC cooling and heating thermograph of 80/20 blend PS/PEO as casted film
and electrospun fibres after first heating up to 200°C. (a) Cooling Cycle (b)
2" Heating Cycle.

SEM micrographs of electrospun PS/PLLA fibres with different blend
compositions.
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Figure 7.3

Figure 7.4

Figure 7.5

Figure 7.6

Figure 7.7

Figure 7.8

Figure 7.9

Figure 7.10

Figure 7.11

Figure 8.1

Figure 8.2

DSC cooling (a & ¢) and subsequent reheating (b & d) of PS/PLLA blend
with different compositions after first heating upto 200°C with annealing for
5 minutes at this temperature. (a)& (b) Solvent casted film (c) & (d)
Electrospun fibres. (e) Variation of heat of crystallization value of PLLA with
its weight fraction in PS/PLLA solvent casted film and electrospun fibre.

SEM micrographs showing the morphology of dispersed PLLA microdomains
in PS matrix of PS/PLLA blend solvent casted films and electrospun fibres
with different compositions. The film samples were denoted with prefix of
‘CF’ and fibre samples were denoted with a prefix of “EF”.

WAXS and DSC study of isothermally melt recrystallized PS/PLLA blend
electrospun fibre with different compositions at different temperature.
(a)&(d) EF-S9L1 (b)&(e) EF-S8L2 (c)&(f) EF-S7L3 (g)&(h)CF-S8L2.

SEM micrographs of electrospun fibres of PS/PLLA/PEQ ternary blend with
different compositions. The inset in each figure shows the corresponding
diameter distribution of fibres.

SEM micrographs of cryo-fractured cross section of PS/PLLA/PEO ternary
blend solvent casted film. (a) CF-S8L4E16 (b) CF-S8L10E10 (c) CF-
S8L16E4. The PEO phase was selectively etched using deionized water. (d),
(e), (f) are the magnified craters/beads morphology, corresponding with (a),
(b) and (c)

SEM micrographs of cryo-fractured cross section of PS/PLLA/PEQ ternary
blend electrospunfibres. (a) EF-S8L4E16 (b) EF-S8L10E10 (c) EF-S8L16EA4.
The PEO phase was selectively etched using deionized water. (d) and (e) are
the magnified images of bead morphology, corresponding with (b) and (c).

Non-isothermal melt recrystallization (a & ¢) and subsequent melting (b & d)
behaviour of PLLA/PEO under confinement in PS/PLLA/PEO after first
heating up to 200°C. (a & b) solvent casted ternary blend film samples and (c
& d) electrospun ternary blend fibre samples.

WAXS and DSC study of isothermally melt recrystallized PS/PLLA/PEO
ternary electrospun fibres at different temperature. (a)&(b) EF-S8L4E16,
(c)& (d) EF-S8L1EL, (e)&(f) EF-S8L16EA4.

WAXS study of PS/PLLA/PEO film and comparison with fiber sample after
melt recrystallization at 90°C and 20°C.

SEM micrographs of electrospun PS/PEO blend fibres using (a) DCM (b)
Chloroform (c) DMF as solvent.

SEM  micrographs depicting surface morphology of PS/PEO
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Figure 8.3

Figure 8.4

Figure 8.5

Figure 8.6

Figure 8.7

Figure 8.8

Figure 8.9

Figure 8.10

Figure 8.11

Figure 8.12

fibreselectrospun from different solvents. (a) DCM (b) DMF(c) chloroform.

SEM micrographs of electrospun PS/PEO blend fibres using different solvent
systems (a) D’70/D30; (b) D’50/D50; (c) D’30/D70; (e) C70D30 (f) C50D50
(g) C30D70. Here, DCM/DMF and CHCIs/DMF systems are denoted as
D’/D and C/D.

SEM micrographs depicting surface morphology of PS/PEO nanofiber
electrospun from different solvent mixtures. (A) D07D3, (B) D05D5, (C)
D03D7, (D) C7D3, (E) C5D5, (F) C3D7. Here, DCM/DMF and CHCIs/DMF
systems are denoted as D’/D and C/D.

Schematic illustration of PS/PEO blend morphology, in electrospun fibre,
with PEO as the minority component.

SEM micrographs showing cross-sectional morphology of the PS/PEO blend
fibreselectrospun from different DCM/DMF mixture solvents. The PEO phase
was etched with water to develop the contrast.

SEM micrograph of unetched cross-sectional morphology of PS/PEO blend
electrospun using D’5D5 as spinning solvent.

DSC cooling plots of PS/PEO blend fibres electrospun from (a) and (C)
DCM/DMF (D’D) solvent mixture; (b) and (d) CHCIs/DMF (C/D) solvent
mixture. The weak crystallization exotherms, at lower temperatures, marked
in (a) and (b) are shown in zoomed plots in (c) and (d), respectively.

Change in normalized heat of crystallization of melt recrystallized PEO in
PS/PEO electrospunfibres with change in DMF content in the spinning
precursor. (a) Heterogeneous nucleated crystallization, (b) homogeneous
nucleated crystallization, (c) change in the ratio of homogeneous to
heterogeneous heat of crystallization of PEO.

DSC reheating plots of PS/PEO blend fibreselectrospun from (a) DCM/DMF
(D’D) solvent mixture; (b) CHCIs/DMF (C/D) solvent mixture. (C) Change in
melting temperature of PEO with the DMF content in spinning solvent
mixture as observed in (a) and (b), (d) variation in the normalized heat of
fusion, as obtained from (a) and (b), with DMF content in the spinning
solvent mixture.

Schematic depicting the change in morphology of polymer jet as well as the
PEO domains dispersed in PS matrix, during electrospinning, with increase

in DMF content in spinning precursor.

SEM micrographs depicting the cross-section of heat-treated fused PS/PEO
electrospun fibres after selectively etched out the PEO phase.
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LIST OF SYMBOLS AND ABBREVIATIONS

iPP Isotactic polypropylene
sPP Syndiotactic polypropylene
G Gibb's free energy
Ge Gibb's free energy at crystalline state
Ga Gibb's free energy at amorphous state
PE Polyethylene
Ag? Bulk free energy of crystallization
a, bl Dimensions of a crystal
o, The fold surface free energy
o The side surface free energy
AG” The activation energy
Tm The melting temperature
Tc The crystallization temperature
Ty The Glass transition temperature
Time Equilibrium melting temperature
MDs Microdomains
AAO porous anodic aluminium oxide membrane
PEO Poly (ethylene oxide)
PLLA Poly (L-Lactide)
to Half time of crystallization
PEO-b-PB Poly (ethylene oxide)-block-Polybutylene
PS-b-PEO Poly (styrene)-block- Poly (ethylene oxide)
2D Two dimentional
SAXS Small Angle X-ray Scattering
PVDF poly(vinylidine fluoride)
PS Poly(styrene)
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C/C
C/IA
PC
PBA
AFM

SCs
PDLA
PEG
PCL
UCST
LCST
DSC

AF;,
PBSU

PES
POM

crystalline/crystalline
crystalline/amorphous
polycarbonate

poly(1,4 butylene adipate)

Atomic Force Microscopy

Energy

stereocomplex crystallites
Poly(D-lactide)

Poly(ethylene glycol)
Polycaprolactone

Upper Critical Solution Temperature
Lower Critical Solution Temperature
Differential Scanning Calorimetry
Volume fraction of high T, component

Rate of transport of polymer chains across
the liquid-solid boundary

Rate of segregation
Diffusion coefficient,

The maximum distance over which the
amorphous component has to diffuse away
during crystallization

Growth rate

Free energy of nucleus formation
Poly(butylene succinate)
Polymorphic structure
Polymorphic structure
Polymorphic structure
poly(ethylene suberate)

Polyoxymethylene
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EF
CF
NMR
nm
wt%
1D
PLOM

SEM
WAXD

WAXS

DCM

DMF

My

Mw

Mn

LS

B/E

ATm

S/B/IE

S/B

SIE

LLPS

L/E

Electrospun fibre

Casted Film

Nuclear Magnetic Resonance
Nanometer

Weight%

One dimensional

Polarised Optical Microscope

Scanning Electron Microscope

Wide Angle X-Ray Diffraction

Wide Angle X-Ray Scattering
Dichloromethane

N,N,-Dimethylformamide

Viscosity Average Molecular Weight

Weight Average Molecular Weight

Number Average Molecular Weight
Lamellar Stacks

Poly(1,4 butylene adipate) /Poly (ethylene
oxide) blend

Difference in melting temperature of blend
components

Poly(styrene)/Poly(1,4 butylene adipate)
/Poly (ethylene oxide) blend
Poly(styrene)/Poly(1,4 butylene adipate)
blend

Poly(styrene)/Poly (ethylene oxide) blend

Liquid-Liquid phase separation

Poly(L-Lactide) / Poly(ethylene oxide)
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PS-b-LLA
PS-b-PEO
S/L
SIE
PB-b-PEO
SILIE
PSF
3

€

C/D

D/D

AHc he

AHc ho

poly(styrene)-block-poly(L-lactide)
poly(styrene)-block-poly(ethylene oxide)
Poly(styrene)/Poly(L-lactide) blend
Poly(styrene)/Poly(ethylene oxide) blend
Poly(butadiene)-block-poly(ethylene oxide)

Poly(styrene)/Poly(L-lactide)/Poly(ethylene
oxide) blend
Polysulfone

Solubility Parameter
Dielectric Constant

Chloroform/N,N,-Dimethylformamide
mixture

Dichloromethane/ N,N,-Dimethylformamide
mixture

Enthalpy for heterogeneous crystallization

Enthalpy for homogeneous crystallization
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