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Abstract

The present research work was focused upon the fabrication of glass fibre fabric/epoxy self-
healing composites, where the healing functionality is bestowed by the inclusion of healant
loaded microcapsules/or hollow glass fibre fabric. Healant loaded microcapsules have been
prepared by in-situ polymerization using emulsion technique which resulted in microcapsules
with poly(melamine-formaldehyde) [PMF] shell and by solvent evaporation technique which
resulted in microcapsules with poly(methyl methacrylate) [PMMA] shell. In the development
of epoxy loaded PMF/PMMA microcapsules, percent yield, core content and controlling the
shell wall thickness, stability, smooth and stable morphology of microcapsules are the key
issues. Thus, the aim of this work is to study the influence of various parameters on the
properties of epoxy loaded PMF and PMMA microcapsules. The resulting epoxy
loaded/amine loaded microcapsules were characterized by Fourier-transform infrared
spectroscopy (FTIR), nuclear magnetic resonance spectroscopy ('H-NMR), optical
microscopy (OM), scanning electron microscopy (SEM), transmission electron microscopy
(TEM), particle size analyser for mean particle size and particle size distribution (PSD) and
differential scanning calorimeter (DSC) etc.

The effect of reaction parameters such as microencapsulation temperature, melamine-to-
formaldehyde (M/F) ratio, surfactant concentration and core-to-shell ratio taken in the
synthesis of epoxy loaded PMF microcapsules on percent yield, core content, shell wall
thickness, shell wall stability etc. was investigated by one-at-a-time approach and optimized.
The effect of various process parameters, such as surfactant concentration, core-to-shell ratio
taken in the initial feed, temperature and agitation speed in the synthesis of epoxy loaded
PMMA microcapsules were investigated by statistical method. Taguchi orthogonal array with

L,s matrix was implemented to optimize the experimental parameters for such microcapsules.



The signal-to-noise ratio (SNR) and analysis of variance (ANOVA) were also performed to
determine the optimum parameters and significance of various parameters. FTIR and 'H-
NMR spectra confirmed the presence of epoxy as the core material in PMF/PMMA
microcapsules. From these studies, the optimum process conditions for the preparation of
epoxy filled PMF microcapsules were 80 °C temperature , 1:9 melamine-to-formaldehyde
ratio, 5 wt% surfactant concentration and 1:1 core-to-shell ratio (in moles). SNR analysis
identified the optimum levels of various parameters for the preparation of epoxy filled
PMMA microcapsules as: surfactant concentration-10 wt%, core-to-shell ratio-3:1,
temperature-40 °C and agitation speed-300 rpm. ANOVA analysis showed that surfactant
concentration was the most significant parameter in improving the core content of epoxy
filled PMMA microcapsules.

The effect of inclusion of healant loaded hollow glass fibre fabric/PMF/PMMA
microcapsules or their combination on the mechanical, morphological and self-healing
properties of glass fibre fabric/epoxy composites was also carried out in the present research
work. All composites were prepared using eleven layers of fabric with warp fibres alignment
by hand lay-up (HLU) method. Fiber content of all the composites was determined using
ignition loss method. The mechanical (impact, flexural and dynamic mechanical analysis)
and self-healing test of composites were carried out and the effects of inclusion of healant
loaded hollow glass fibre fabric/healant loaded microcapsules were analyzed. The inclusion
of epoxy and amine loaded hollow glass fibre fabric in the epoxy composites resulted in a
significant ~82.3% improvement in impact strength. The morphological analysis of impact
fractured samples showed the oozing out of healing agent from the glass fibres and curing of
healing agents at the surface of the fibres. The surface morphology of the healed samples
showed that the healing agent leaks into the crack region and heal this region by initiation of

curing reactions. These studies showed that PMF and PMMA microcapsules at 2.5 and 5 wt%

Vi



could be used as an effective self-healing material, respectively. PMMA microcapsules based
self-healing composites showed better performance as compared to PMF microcapsules
based compositions. This study clearly demonstrated that the inclusion of healant (epoxy and
amine) loaded PMF, PMMA microcapsules and hollow glass fibre fabric meet the
fundamental requirements of the commercial applications such as aerospace and marine

industries.

vii
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U1, STET &Il 1SS ASHIAYeH/IT WES IoTH BISeR higeh & HATAA GaRT Eifeldr FHr
HIIETHAT I QT fhAT ST § | Elelc FISS ATShIhTHOH Tl SHORIE deheileh &1 AN
e FA-HIC UelIRISN SaRT AR fhar mr g, e IRumATa®T diell
(ATHATSA-BiATesess) [NTATH] A & 1Y Ashihcdey 3R fFeraes arsdieor
dehelieh o IRUTAEIRT Giell (fAUger #Adfhele) [NTATAT] Aol & WY AGHIHTHA
a:rtrﬁwmgml TOTFEr Sﬁrg‘é TATH/NTATAT ASHIRrH & faehra 7 gicrerd
391, R 1A 3R A AR F Alers F FIAT T, ASPlRTeT T 8RR,
el 3R TR 3Tl faeTe 9@ Aee 81 59 YR, S8 HiH HT 3607 VAT oIS
dfivAT AR NTATAT Aghichegel & Ui W A ATCST & THE H 3T
ST B IRUMATSRT T AISS/UATSH oSS ATSshihtHod $l HRAT-ZHBIH
SRS TUFCIEDIYT  (THEINSIN), WAV Ydhd 3Iefelle, Fdekerehidr  (‘ud-
TATANR), HfCChel ATHITRIA (INTH), TH{AT FeIFcled ATSHITHIN (THSUH),
TIOfAAT Soidelad ABHIERUT (S5ud) HT [Fdwar ot arex Fur 3R 3R FHor
R TaeRoT (FIUds)) 3R AT Ehfeder SHoidAeT (Sreadn) e & fow T 3R
[ERERED

FTfshar ATIEST T THIE S o ATSHITheg IRl AT, Aol -C-hiATesgss
(TH/TU®) 37equTd, Fherde ThErdm 3N HR-T-LAel IaTd FicRId 3T, SR AT,
et I AR T AIES R THIFH ol TITHATS ATSshihegord & FRelwoT # forar
g1 el AR TERRET 3MME T ST Teh aR & Tieehivn R eTehield ganT $r a1g o
e Ufshar ATIET & T, oI foh Ttharce Tahrardr, IRfA® HIs 7 forar 1ar -
-l 37]0Tel, UHIFHT oS NUATHT ATSHIFTHeRE & HIATOT F qqde 3 3nicrer

viii



dr arfar wifegehrar fafer ganr e &7 715 Y| of AfFH & @y oyfar fufaeer
IO I T ABHATIS & AT JAMcAs AGCST Hl 3HeJhfdd A & foaw @y
frar s/ ar| [JIffie ATuEst & svead AMEsT AR FAgea F FURT =T & T
Hhd-g-2M 3HeIATd (THTANR) 3R fawRor (Teitar) 1 faverwor o fhar arm |
THEIEHR AR TT-TATHAIR TFeT o NUATH/NCATAT AGHIAH H HEE
Al & w9 A wdredr @ 3ufRfa @ qite @ s sreawel @, wdied @
qTATE AR N I F AU gsedd ufshar i Rufa ¢o B39 afcaww
TIATE, 2:% AATHISH-C-BIHATSESS U, $ T€% Thearde Tehlardm 3N ¢:¢ HR-
Z-2el 3IUT (FAIeH )| THUAHR faReN0T o Uil § 3R NUATAT HATSshiheqel
$r A F v (e AEst & ssead TRt fr ggard ;. Thaée FEdr-go
dC%, HR-E-AT HeUIcI-3:¢, AIARA-yo 3l Afcwgd 3R 3fieteleT & arfd-300
IRYITH| TAET [G2eNoT & Idr g § & vaiedr ¥ X IUATHT AShiheded Hr
HEY THIAT &l SR Telledl H FhereT TehlaIell a8 Hca o RrHTey ol

glel oIS WWel ToTH BISsR Hhisieh/ NTATH/NTATAT ATShIFTHeH IT TelH BTSN
thisten/Tdlerdl hUITSIE & Hebfolehel, TUIcHS 3N Fa-TAThcdT U T 3eTeh HIANSTT
JHTT &l Y IAAA e FRT H enfFAer fhar mar an @l FaifGew &t g5 o-31
(8T) T E@RT I=AT-SToAT EGOT & WY HUs HT TYRE Wil I 3TN Feh AR
frar srar ar) @l Fuifcie fr weaR Al P ofg afr &1 39T e
fenRa &1 718 Y| Fife (T3, Folergier 3R arfasiier ity favavon) 3R Hufse
& 3TcA-Rfhcar qdieTor fu 1T & 3T gele dis fhT 3T @r@el 7o Hgs i/
glelc W1S3 ASHIFEIed & A fFU ST & gomar & faeewor fRar o )
TRl Fuifoie J AT 3R 37ATST s W@ I0H BsSR hige @ afAd &

q g3 AfFT H Th Fgca QU ~¢R.3% FUR §IT| YT ST AHAN & TUICHS

iX



fIANUT & T BEER T §ifier Tae & dgY [Aada 3R BEaR $r Idg 9T gifeler
Tolel & Follol &1 Il of9TAT| AN SFAHsAT I TAG HThINehT o @ foh 3R Tole
R 8T 7 ol ar § 3R gfafhanstt & S s & 18T garT 89 &1F &l 8
AT g1 3T LTI F Il Tl T HAM: .9 AR 8 IJT% W divaATs iR frvAvAT
HIShIchCHed I Teh JHTAT ITcH-TAfohcar TTHIAT & ¥ H SEAATA [hdT ST ToheTl g
fTATAT ABHIhcOed YR Teh-gifoldl HUlfeicd o GTATEH HSHIhcaed
3R A3 T Jofoll H TR YTl @R 38 3T o TISC & § FeRid
frar fF doic (TUiedr 3R 3ARS) @ AT WA § dvATe, duATAT
AHINTHC AN W T Bk Bigeh ols gld §, S TaREad 3R Fa
3N S aTfoIfoaeh 3TTorNelt &l FHersld HTTRThdTHT &l G & ¢ |




Table of Contents

Certificate 1
Acknowledgements il
Abstract \%
Table of Contents X
List of Figures Xviii
List of Tables XXV
List of Symbols XxXViil
List of Abbreviations XXX
CHAPTER 1 1-40
INTRODUCTION AND LITERATURE REVIEW 1
1.1 Introduction 1
1.2 Self-healing concept 4
[I] Autonomic self-healing 4
[IT] Non-autonomic self-healing 4
1.3 Self-healing approaches 5
[I] Intrinsic self-healing 5
(1) Reversible covalent bonds 6
(2) Thermo reversible physical interactions: 6
(3) Supramolecular chemistry 7
[IT] Extrinsic self-healing 8
1.4  Self-healing composites based on the inclusion of healant loaded microcapsules 9
(i) Dicylopentadiene (DCPD)/Grubbs catalyst based self-healing composites 11
(i1) DCPD/5ethylidene-2-norbornene (ENB)/Grubbs catalyst based 12
self-healing composites
(ii1) Epoxy resin/latent catalyst based self-healing composites 13
(iv) Epoxy resin/mercaptan hardener based self-healing composites 14
(v) Epoxy resin/amine hardener based self-healing composites 14
1.5 Self-healing composites based on the inclusion of healant loaded fibres 17
1.6  Self-healing composites based on combination of containers 20

1.7 Self-healing nanocomposites based on the inclusion of healant loaded 20

Xii



1.8
1.9
1.10
1.11
1.12
1.13

nanoparticles

Healing evaluation
Motivation for research
Objective

Plan of work

Format of thesis

Brief overview of chapters

References

CHAPTER 2
EXPERIMENTAL: MATERIALS AND METHODS

2.1
2.2

Introduction

Experimental

2.2.1. Materials

2.2.1.1. Epoxy

2.2.1.2. Triethylene tetramine (TETA)

2.2.1.3. Melamine and formaldehyde

(a). Step I: Methylolation

(b). Step II: Condensation reaction

2.2.1.4. Poly(methyl methacrylate) (PMMA)

2.2.1.5. Sodium lauryl sulphate (SLS)

2.2.1.6. Poly(vinyl alcohol) (PVA)

2.2.1.7. Other raw materials used for the preparation of microcapsules
2.2.1.8. Hollow glass fibre fabric

2.2.2. Characterization of microcapsules

2.2.2.1. Microcapsules yield percent

2.2.2.2. Microcapsules core content

2.2.2.3. Verification of encapsulated core material

(1) Fourier transforms infrared spectroscopy (FTIR)

(ii) Nuclear magnetic resonance spectroscopy (‘H-NMR)
2.2.2.4. Microcapsules stability to solvent wash

2.2.2.5. Microcapsules morphology and shell wall thickness studies
1. Optical microscopy (OM)

Xiii

21
22
23
23
25
26
33

41-63
41

41
41
41
42
43
44
45
45
46
47
48
49
49
50
50
50
51
51
52
52
53
53



2. Scanning electron microscopy (SEM)

3. Transmission electron microscopy (TEM)
2.2.2.6. Particle size distribution (PSD)

2.2.2.7. Thermal characterization

1. Thermogravimetric analysis (TGA)

2. Differential scanning calorimeter (DSC)
2.2.3. Characterization of composites

2.2.3.1. Determination of fiber content (weight percent)
2.2.3.2. Determination of density of composites
2.2.3.3. Mechanical testing of composites

1. Izod Impact Testing

2. Flexural testing

3. Dynamic Mechanical Analysis (DMA)
2.2.3.4. Quantification of healing efficiency (I])
2.2.3.5. Morphology characterization

2.2.3.6. Fracture toughness of composite

References

CHAPTER 3

SYNTHESIS OF POLY(MELAMINE FORMALDEHYDE) MICROCAPSULES

3A: Synthesis, characterization and optimization of epoxy filled PMF microcapsules

3.1
3.2

33

Introduction

Experimental

3.2.1. Synthesis of PMF microcapsules
(1) Preparation of MF prepolymer

(2) Preparation of emulsion

(3) Preparation of microcapsules

Results and discussion

3.3.1. Yield percent, core content and stability to solvent wash of microcapsules

(1) Effect of temperature
(11) Effect of melamine: formaldehyde ratio
(ii1) Effect of surfactant concentration

(iv) Effect of core-to-shell ratio

3.3.2. Structural verification of core content using 'H-NMR and FTIR

Xiv

54
54
55
56
56
57
57
57
58
58
58
59
59
60
60
61
62

64-102

64
64
64
67
67
67
67
67
70
70
70
72
74
75
77



3.4

(1). '"H-NMR

(2). FTIR

3.3.3. Morphological characterization

(1) Effect of temperature on morphology

(i1) Effect of melamine-to-formaldehyde ratio on morphology
(111) Effect of surfactant concentration

3.3.4. Particle size distribution of microcapsules
(1) Effect of temperature

(i1) Effect of melamine: formaldehyde ratio

(111) Effect of surfactant concentration

3.3.5. Thermal characterization

(1) Effect of melamine: formaldehyde ratio

Conclusions

3B: Synthesis and characterization of amine filled PMF microcapsules

3.5
3.6

3.7

Introduction

Experimental

3.6.1. Synthesis of microcapsules

(1) Synthesis of PMF hollow microcapsules

(2) Immobilization of amine into PMF hollow microcapsules
Results and discussion

3.7.1. Yield percent and core content of microcapsules

3.7.2. Morphology of microcapsules

3.7.3. Particle size distribution of microcapsules

3.8 Conclusions
References
CHAPTER 4

SYNTHESIS OF POLYMMETHYL METHACRYLATE) MICROCAPSULES

71
77
78
78
80
84
85
85
86
87
88
88
92
93
93
93
93
93
94
95
95
95
97
98
99

103-137

103

4(A): Synthesis, characterization and optimization of epoxy filled PMMA microcapsules

4.1
4.2

Introduction
Experimental
4.2.1. Synthesis of epoxy loaded PMMA microcapsules

(1) Preparation of aqueous and organic phase

XV

103
105
105
105



4.3

4(B):
45
4.6

4.7

(2) Preparation of microcapsules

4.2.2. Design of Experiment (DOE) by Taguchi method
4.2.2.1. Selection of parameters and their levels

4.2.2.2. Selection of Taguchi’s OA

4.2.2.3. SNR analysis

4.2.3. ANOVA analysis

4.2.4. Contour plots

Results and discussion

4.3.1. SNR analysis

4.3.1.1. Effect of Surfactant concentration on the core content
4.3.1.2. Effect of core-to-shell ratio on the core content
4.3.1.3. Effect of temperature on the core content

4.3.1.4. Effect of agitation speed on the core content

4.3.2. Optimum levels

4.3.3. ANOVA analysis

4.3.4. Confirmatory experiments for optimal conditions
4.3.5. Characterizations of microcapsules

4.3.5.1. FTIR spectra of microcapsules

4.3.5.2. "H-NMR spectra of microcapsules

4.3.5.3. Microcapsules morphology and shell wall thickness studies
4.3.5.4. Particle size distribution of microcapsules

4.3.5.5. Thermogravimetric analysis (TGA) of microcapsules
4.3.6. Contour plots

4.3.6.1. Surfactant concentration-temperature

4.3.6.2. Surfactant concentration - agitation speed

4.3.6.3. Temperature - agitation speed

4.4 Conclusions

Synthesis and characterization of amine filled PMMA microcapsules
Introduction

Experimental

4.6.1. Synthesis of amine loaded PMMA microcapsules
Results and discussion

4.7.1. Microcapsules morphology and shell wall thickness studies

XVi

106
107
107
107
107
108
108
108
110
110
111
111
111
112
113
114
115
115
116
118
120
121
123
123
125
125
128
129
129
129
129
129
130



4.7.1.1. OM and SEM analysis of microcapsules 130

4.7.1.2. TEM analysis of microcapsules 131
4.7.1.3. Shell wall thickness analysis of microcapsules 131
4.7.2. Particle size distribution of microcapsules 132
4.8 Conclusions 133
References 134
CHAPTER 5 138-158

GLASS FIBRE FABRIC/EPOXY SELF-HEALING COMPOSITES: FABRICATION,
CHARACTERIZATION, OPTIMIZATION AND THEIR SELF-HEALING
BEHAVIOR

5.1 Introduction 138
5.2 Experimental 140
5.2.1. Fabrication of self-healing composites (SHC) 140
(1) Infusion of self-healing agent (epoxy resin/amine hardener) into hollow 140
glass fiber fabric
(2) Composites preparation 141
5.3 Results and discussion 143
5.3.1. Fiber content and density determination of composites 143
5.3.2 Impact strength of composites 143
5.3.3. Morphology of impact fractured composites 144
5.3.4. Flexural strength and flexural modulus of composites 146
5.3.5. Dynamic mechanical analysis (DMA) of composites 148
1. Dynamic storage modulus (E’) 149
2. Damping/Loss factor (tan ) 150
5.3.6. Quantification of healing efficiency (I]) 151
5.3.7. Morphology of healed composites 153
5.4 Conclusions 155
References 156
CHAPTER-6 159-180

GLASS FIBRE FABRIC/EPOXY SELF-HEALING COMPOSITES BASED ON PMF
AND PMMA MICROCAPSULES: A COMPARATIVE EVALUATION

XVii



6.1 Introduction
6.2 Experimental
6.2.1. Fabrication of self-healing composites (SHC)
(1) Infusion of self-healing agent (epoxy resin/amine hardener) into hollow
glass fiber fabric
(2) Composites preparation
6.3  Results and discussion
6.3.1. Viscosity analysis
6.3.2. Fiber content and density determination of composites
6.3.3. DSC traces of neat epoxy and microcapsule based compositions
6.3.4. Comparative analysis of different microcapsules (PMF and PMMA)
based self-healing composites
6.3.4.1. Impact strength of composites in presence of microcapsules
6.3.4.2. Morphology of impact fractured samples
6.3.4.3. Flexural strength and flexural modulus of composites
6.3.4.4. Fracture toughness of composites
6.3.4.5. Quantification of healing efficiency (I])
6.3.4.6. Morphology of healed composites
6.4 Conclusions

References

CHAPTER 7
SUMMARY AND CONCLUSIONS

7.1  Introduction
7.2 Summary
7.2.1. Synthesis of poly(melamine-formaldehyde) microcapsules
(1) In-situ polymerization method using emulsion technique
(i1) Poly-condensation method
7.2.1.1. Synthesis of epoxy filled PMF microcapsules
(a). Effect of temperature
(b). Effect of melamine: formaldehyde ratio
(c). Effect of surfactant concentration
(d). Effect of core-to-shell ratio

7.2.1.2. Synthesis of amine filled PMF microcapsules

xviii

159
160
160
160

161
162
162
163
164
166

166
168
169
171
173
175
178
179

181-192
181
181
182
182
182
182
182
182
183
184
184
184



7.3
7.4

7.2.2. Synthesis of poly(methyl methacrylate) microcapsules

7.2.2.1. Synthesis of epoxy filled PMMA microcapsules

7.2.2.2. Synthesis of amine filled PMMA microcapsules

7.2.3. Fabrication, characterization and optimization of glass fibre fabric/
epoxy self-healing composites

(a) Characterization of composites

7.2.4. A comparative evaluation of self-healing composites based on PMF
and PMMA microcapsules

Conclusions

Scope of the future work
Publications

Presentation in conferences

Biodata

XiX

185
185
186
187

187
189

191
192

193
194
195



Figure No.

1.1
1.2
1.3
1.4
1.5
1.6

1.7
1.8
1.9
1.10

2.1
2.2
23
24
2.5

2.6

2.7
2.8
2.9
2.10
2.11

List of Figures

Title Page No.

CHAPTER 1

Critical parameters for the development of self-healing composites
Classification of self-healing process

Sub-classification of self-healing process

Formation of highly cross-linked polymer via Diels—Alder reaction
Schematic showing reversible ionic interactions

Examples of supramolecular polymers: (a) hydrogen bonding; (b) metal
coordination

Schematic of microencapsulated self-healing system

Ring-opening metathesis polymerization (ROMP) of DCPD
Curing of epoxy with imidazole catalyst

Curing of epoxy with triethylene tetramine (TETA)

Schematic of healant loaded fibres self-healing system

CHAPTER 2

Chemical structure of DGEBA

Chemical structure of TETA

Chemical structure of melamine

Chemical structure of formaldehyde

Reaction between melamine and formaldehyde and formation of
methylolmelamines varying from monomethylolmelamine to

hexamethylolmelamine

Curing of methylolmelamine to form crosslinked melamine-formaldehyde

resin

Chemical structure of PMMA

Chemical structure of SLS

Chemical structure of poly(vinyl alcohol) (PVA)

Image of as received hollow glass fibre fabric

(a) OM of hollow glass fibre; (b) SEM image at 200X; (c) SEM image at

XX

0 9 N n W

10
11
13
15
17

42
43
44
45
46

47
47
48
49



2.12
2.13
2.14
2.15
2.16
2.17
2.18
2.19
2.20
2.21
2.22

3.1

3.2

33

34

3.5

3.6

3.7

3.8

3.9
3.10

500X magnifications.

Fourier transfer infrared spectrometer, THERMO NICOLET IR 200
Nuclear magnetic resonance spectroscopy, Bruker DPX-300 spectrometer
Optical microscope, MEIJI (Model: MX 9430)

Scanning Electron Microscope, ZEISS EVO 50

Transmission Electron Microscope, JEOL JEM-1400

Particle size analyser, Mastersizer 2000 E

Thermo gravimetric analyser, TA instruments (TGA Q500)

Differential scanning calorimetry, TA instruments (DSC Q200).

Notched impact tester, Tinius Olsen

Dynamic mechanical analyzer, TA instruments (DMA Q800).

Single edge notched beam (SENB) sample geometry as per ASTM D5045

CHAPTER 3

Schematic diagram showing the preparation of epoxy loaded PMF

microcapsules using in-situ polymerization method

Emulsions of epoxy filled PMF microcapsules synthesized at different
temperature: (a) PMFC60; (b) PMFC70; (c) PMFCS80; (d) PMFC90

Yield percent and core content of epoxy filled PMF microcapsules prepared
at varying microencapsulation temperature

Emulsions of epoxy filled PMF microcapsule synthesized at different

M:F ratio (a) PM1F3C; (b) PM1F6C; (c) PM1F9C; (d) PM1F12C; (e) free
flowing dried microcapsules

Yield percent and core content of epoxy filled PMF microcapsules
prepared at 80 °C temperature using varying ratio of M:F

Stability to solvent wash of epoxy filled PMF microcapsules prepared
at varying M/F ratio

Yield percent and core content of epoxy filled PMF microcapsules
prepared at 80 °C temperature, 1:9 M:F ratio using varying surfactant
concentration

Yield percent and core content of epoxy filled PMF microcapsules
prepared at varying core-to-shell ratio

'H-NMR spectra: (a) extracted epoxy; (b) neat epoxy

FTIR spectra: (a) neat epoxy; (b) epoxy filled PMFC1C microcapsules

XXi

51
52
53
54
55
55
56
57
58
60
61

68

70

73

74

75

76

71
78



3.11

3.12

3.13

3.14

3.15

3.16

3.17
3.18

3.19

3.20

3.21

3.22

3.23

3.24

3.25

3.26

3.27
3.28

OM images of microcapsules at 20X (a) PMFC60; (b) PMFC70;

(c) PMFC80; (d) PMFC90

SEM images of microcapsules: (a) PMFC60; (b) PMFC70;

(c) PMFCB80; (d) PMFC90

OM images of microcapsules at 20X: (a) PM1F3C; (b) PM1F6C;

(c) PMIF9C; (d) PM1F12C

OM images of microcapsules at 50X: (a) PM1F3C; (b) PM1F6C;

(c) PMIF9C; (d) PM1F12C

SEM images of microcapsules: (a) PM1F3C; (b) PM1F6C;

(c) PMIF9C; (d) PM1F12C

SEM images of fractured microcapsules: (a) PM1F3C; (b) PM1F6C;
(c) PMIF9C; (d) PM1F12C

Shell wall thickness of microcapsules prepared using varying M:F ratio
OM images of microcapsules at 20X: (a) PMFCI1S; (b) PMFC3S;

(c) PMFCSS; (d) PMFC7S

Particle size distribution of microcapsules: (a) PMFC60; (b) PMFC70;
(c) PMFC80; (d) PMFC90

Particle size distribution of microcapsules: (a) PM1F3C; (b) PM1F6C;
(c) PMI1F9C; (d) PM1F12C

Particle size distribution of microcapsules: (a) PMFCI1S; (b) PMFC3S;
(c) PMFCSS; (d) PMFC7S

DSC scans of microcapsules: (i) PM1F3C, PM1F6C, PM1F9C;
PMI1F12C, neat epoxy; (i1) their zoomed image from 300 °C to 380 °C
TG traces of microcapsules: (i) PM1F3C, PM1F6C, PM1F9C,
PMI1F12C, neat epoxy; (ii) their zoomed image from 410 °C to 440 °C
Pictorial view of amine filled PMF microcapsules: (a) before
immobilization of amine; (b) after immobilization of amine

Images of amine filled microcapsules: (a) OM micrograph of

microcapsules at 20 X magnification; (b) SEM micrograph of microcapsules

at 5000; (¢) SEM micrograph of microcapsules at 10000 magnifications

TEM images of amine filled PMF microcapsules: (a) before
immobilization of amine; (b) after immobilization of amine
SEM images of fractured amine filled PMF microcapsules

Particle size distribution of amine filled PMF microcapsules

XXii

79

80

81

81

82

83

83
84

85

86

87

89

91

94

96

96

97
98



4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

CHAPTER 4
Schematic diagram showing the preparation of epoxy loaded PMMA 106
microcapsules using solvent evaporation method

Images of as-synthesized PMMA epoxy filled microcapsules from each run 110

(a) Main effect plots; (b) residual plots used for SNR 112
Contribution percentage of each parameter to the response core content 115
FTIR spectra: (a) neat epoxy; (b) PMMA microcapsules; (c) PMMA 116
polymer

'H-NMR spectra: (a) PMMA polymer; (b) neat epoxy; (c) PMMA 118
microcapsules

Images of microcapsules prepared under optimum conditions: (a) OM 119

micrograph of microcapsules at 50 X magnification; (b) SEM micrographs of
microcapsules at 1000 and 5000 magnifications; (c) TEM micrographs of

microcapsules at 500 and 2000 magnifications.

Shell wall thickness analysis of microcapsules prepared under optimum 120
conditions.
Particle size and particle size distribution of epoxy loaded PMMA 120

microcapsules prepared under optimum conditions

TG and DTG analysis: (a) PMMA polymer, neat epoxy and PMMA 122
microcapsules; (b) their zoomed image from 360 °C to 460 °C

(a) Contour plot of core content vs. surfactant concentration and 124
temperature parameter; (b) SEM micrograph of experimental run no. 5

and its zoomed image (arrows show the presence of pores on the surface

of microcapsules); (¢) SEM micrograph of experimental run no. 23 and

its zoomed image.

(a) Contour plot of core content vs. surfactant concentration and agitation 126
speed parameter; (b) SEM micrograph of experimental run no. 4 (arrows

show the presence of broken morphology); (¢) SEM micrograph of
experimental run no. 23

(a) Contour plot of core content vs. temperature and agitation speed 127
parameter;(b) SEM micrograph of experimental run no. 21 (arrows show

the presence of broken morphology); (c) SEM micrograph of experimental

run no. 23

Images of prepared microcapsules: (a) OM micrograph of microcapsules 130

XXiii



at 20X magnification; (b) OM micrograph of microcapsules at 50 X
magnification; (c) SEM micrographs of microcapsules at 1000;

(c) SEM micrographs of microcapsules at 5000 magnifications.

4.15 TEM micrographs of microcapsules: (a) at 500 X; (b) 2000 X 131
magnifications
4.16 Shell wall thickness analysis of amine loaded microcapsules: (a) SEM 132

micrographs of microcapsules at 5000 X ; (b) TEM micrographs of

microcapsules at 5000 X magnifications

4.17 Particle size and particle size distribution of amine loaded PMMA 133
microcapsules
CHAPTER 5

5.1 Schematic diagram showing the fabrication of self-healing 141

composites by HLU technique

5.2 Impact properties of composites: (a) notched impact strength of the neat 144
and self-healing composites; (b) pictorial view of impact fractured samples

53 SEM images of Impact fractured samples: (a) fractured neat composite; 145
(b) fractured SHC-3 sample at 500X; (c¢) fractured SHC-3 sample at 1KX;
(d) fractured SHC-3 sample at 2KX magnifications

5.4 Flexural properties of the composites: (a) flexural strength of the neat 147

and self-healing composites; (b) flexural modulus of the neat and self-healing

composites
5.5 Flexural stress vs. flexural strain curve of composites 148
5.6 Variation of storage modulus of various composites with temperature 149
5.7 Variation of (a) tan 6 with temperature (b) zoomed plot of tan & 151

(70 °C to 130 °C) for various composites

5.7 Flexural properties of the composites after room temperature healing: 152
(a) flexural strength of the neat and self-healing composites; (b) flexural
modulus of the neat and self-healing composites

5.9 SEM images of various composites: (a) neat composite; 154

(b) healed SHC-1 sample;(c) healed SHC-2 sample; (d) healed SHC-3 sample

XXiv



6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8
6.9

CHAPTER 6

Viscosity of epoxy: (a) pictorial view of Brookfield viscometer 163
analysis; (b)viscosity analysis of neat epoxy and PMF microcapsules

based compositions

Curing profiles of neat epoxy, PMF microcapsules and PMMA 165
Microcapsules based compositions

Impact properties of the composites: (a) notched impact strength of 167
the neat and self-healing composites; (b) pictorial view of fractured samples
SEM images of Impact fractured samples: (a) fractured SHC+5MFC 168
composite and (b) fractured SHC+5MAC composite at 2KX magnification
Flexural properties of the composites; (a) flexural strength; (b) flexural 170
modulus of the neat and self-healing composites

Critical stress intensity factor (Kic) as a function of microcapsule loading 172
Flexural properties of the composites after room temperature healing 173
of 10 days: (a) flexural strength of the neat and self-healing composites;

(b) flexural modulus of the neat and self-healing composites

Quantification of healing efficiency for the self-healing composites 174
SEM images of room temperature healed samples: 177
(a) healed neat+2.5MFC sample; (b) healed neat+2.5MAC sample;

(¢) healed SHC+2.5MFC; (d) healed SHC+2.5MAC sample;

(e) healed neat+5MFC sample; (f) healed neat+5SMAC sample;

(g) healed SHC+5MFC sample; (h) healed SHC+5MAC sample

XXV



Table No.

1.1

1.2

2.1

2.2

23

3.1

32

4.1
4.2

4.3

4.4

4.5

4.6

5.1

5.2

List of Tables

Title

CHAPTER 1

Summary of key studies investigating Self-healing composites based

on the inclusion of healant loaded microcapsules

Healing efficiency calculations based on recovery of material properties

CHAPTER 2

Details of raw materials

Characteristics of DGEBA (Araldite LY 556)
Characteristics of TETA (Aradur HY 951)

CHAPTER 3

Details of formulation used in the preparation of different epoxy
loaded PMF microcapsules

Results of TG traces for PMF microcapsule samples in nitrogen

atmosphere (heating rate 20 °C/min)

CHAPTER 4

Experimental parameters and their selected levels

Experimental layout of the L25 OA, experimental results of core
content and their respective SNR (dB)

Results of SNR values (larger-the-better)

Results from ANOVA analysis

Results of the confirmatory experiments

Results of TG traces in nitrogen atmosphere (heating rate 20 °C/min)

CHAPTER 5
Composite layers pattern and sample designation for different
composites

Results of fiber content and density of various composite

XXVi

Page No.

41

43

44

69

92

107
109

113

114

115

121

142

143



53
54

6.1
6.2
6.3

6.4

7.1

Results of storage modulus of various composites
Results of flexural strength and modulus after healing of various

composites

CHAPTER 6

Sample designation for different composites

Results of fiber content and density of various composites
Results from curing profiles of neat epoxy and PMF/PMMA
microcapsules based compositions

Results of impact strength of various composites

CHAPTER 7
Comparison of properties of SHC+5MFC and SHC+5MAC

composites

XXVil

150
152

162
164
166

167

191



Kic
E'

B
Tan o
Tg

Tpeak
Tena
Ty
W;
Py,

List of Symbols

Number average molecular weight

Weight average molecular weight

Density of composite

Density of water

Healing efficiency

Critical stress intensity factor

Dynamic storage modulus

Loss modulus

Mechanical loss factor

Glass transition temperature

Temperature at which the curing exotherm starts
Peak exotherm temperature

Temperature at which the curing exotherm ends
Decomposition temperature

Weight percent of fiber

Flexural strength of the self-healed composite

Flexural strength of the virgin sample (without self-healing)

XXViii



DGEBA
TETA
PMF
PMMA
TEA
SLS
PVA
DCM
HGF
FTIR
'"H-NMR
oM
SEM
TEM
PSD
TGA
DSC
DMA
GPC
SNR
OA
ANOVA
NIIS
SENB

List of Abbreviations

Diglycidyl ether of bisphenol-A
Triethylene tetramine
Poly(melamine-formaldehyde)
Poly(methyl methacrylate)
Triethanolamine

Sodium laurlyl sulphate
Poly(vinyl alcohol)
Dichloromethane

Hollow glass fibre

Fourier transforms infrared spectroscopy
Nuclear magnetic resonance spectroscopy
Optical microscopy

Scanning electron microscopy
Transmission electron microscopy
Particle size distribution

Thermal gravimetric analysis
Differential scanning calorimetry
Dynamic mechanical analysis

Gel permeation chromatography
Signal-to-noise ratio

Taguchi orthogonal array
Analysis of variance

Notched Izod impact strength

Single edge notch beam

XXX



	2012PTZ8195 Softcopy of thesis.pdf



