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Temperature dependence of the reaction rate (laftj
fractional conversion (right) for the curing of Addae DLS
772 1 4 4 DDS epoxy system with an amine / epatjorof
1.1 under conventional and microwave curing, attihge
rates.

191

Figure 4.39

Comparison  between temperature dependence
experimental reaction rate curves and the curvedigied
by means of autocatalytic adjustment for converatic
heating of Araldite LY 5052 / 4 4’ DDS epoxy systevith
an amine / epoxy ratio of 0.85 on the left, and rowave
heating on the right.

193

N

Figure 4.40

Comparison  between temperature dependence
experimental reaction rate curves and the curvedigted
by means of autocatalytic adjustment for converatic
heating of Araldite LY 5052 / 4 4’ DDS epoxy systevith
an amine / epoxy ratio of 1.0 on the left, and ouave
heating on the right

196

N

Figure 4.41

Comparison  between temperature dependence
experimental reaction rate curves and the curvediqgted
by means of autocatalytic adjustment for converatic
heating of Araldite DLS 772 / 4 4’ DDS epoxy systeiith
an amine / epoxy ratio of 0.8 on the left, and ouave
heating on the right

197

Figure 4.43

Ozawa plots of logarithm of heating rate againstitiverse
of temperature at constant fractional conversioms the
dynamic cure of Araldite LY 5052 / 4 4’ DDS epoxystem
with an amine / epoxy ratio of 0.85 using convemid
heating. Fractional conversiomsof 0.1, 0.2, 0.3, 0.4, 0.t
0.6, 0.7, 0.8, 0.9, 1.00 are shown

203

,

Figure 4.44

Ozawa plots of logarithm of heating rate againstitiverse
of temperature at constant fractional conversioms the
dynamic cure of Araldite LY 5052 / 4 4’ DDS epoxystem

203

with an amine / epoxy ratio of 0.85 using microwave

heating. Fractional conversiomsof 0.1, 0.2, 0.3, 0.4, 0.5

0.6, 0.7, 0.8, 0.9, 1.00 are shown

P,

Figure 4.45

Dependence of activation energy, Ea on the fraati
conversion for both conventionally and microwaveedy
samples of Araldite LY 5052 / 4 4’ DDS epoxy systeith
an amine / epoxy ratio of 0.85

pAO04

Figure 4.46

Ozawa plots of logarithm of heating rate againstitiverse

205

of temperature at constant fractional conversioms the
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dynamic cure of Araldite LY 5052 / 4 4’ DDS epoxystem
with an amine / epoxy ratio of 1.0 using convendiqg
heating. Fractional conversionsof 0.1, 0.2, 0.3, 0.4, 0.t
0.6, 0.7, 0.8, 0.9, 1.00 are shown

Figure 4.47

Ozawa plots of logarithm of heating rate againstitiverse
of temperature at constant fractional conversioors the
dynamic cure of Araldite LY 5052 / 4 4’ DDS epoxystem
with an amine / epoxy ratio of 1.0 using microwdating.
Fractional conversiona of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, O
0.8, 0.9, 1.00 are shown

206

7,

Figure 4.48

Dependence of activation energy, Bn the fractiona
conversion for both conventionally and microwaveed
samples of Araldite LY 5052 / 4 4’ DDS epoxy systeiith
an amine / epoxy ratio of 1.0

206

Figure 4.49

Ozawa plots of logarithm of heating rate againstitiverse
of temperature at constant fractional conversioors the
dynamic cure of Araldite DLS 772 / 4 4’ DDS epoxjstem
with an amine / epoxy ratio of 0.8 using convendiqg

heating. Fractional conversionsof 0.1, 0.2, 0.3, 0.4, 0.5

0.6,0.7,0.8, 0.9, 1.00 are shown

208

Figure 4.50

Ozawa plots of logarithm of heating rate againstitiverse
of temperature at constant fractional conversioois the
dynamic cure of Araldite DLS 772 / 4 4’ DDS epoxjtem
with an amine / epoxy ratio of 0.8 using microwdnating.
Fractional conversiona of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, O
0.8, 0.9, 1.00 are shown

208
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Figure 4.51

Dependence of activation energy, Ea on the fraatipB09

conversion for both conventionally and microwaveedy
samples of Araldite DLS 772 / 4 4 DDS epoxy syst&ith
an amine / epoxy ratio of 0.8.

Figure 4.52

Ozawa plots of logarithm of heating rate againstitiverse
of temperature at constant fractional conversioms the
dynamic cure of Araldite DLS 772 / 4 4’ DDS epoxjtem
with an amine / epoxy ratio of 1.1 using converdiqg
heating.
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Figure 4.53

Dependence of activation energy, Bn the fractiona
conversion for both conventionally and microwaveedy
samples of Araldite DLS 772 / 4 4’ DDS epoxy systa&ith
an amine / epoxy ratio of 1.1

210

Figure 4.54

Plot of log ® against ];1 for conventional and microway
curing of Araldite LY 5052 / 4 4 DDS epoxy systeith
an amine / epoxy ratio of 0.85

€12

Figure 4.55

Plot of log® against F* for conventional and microway
curing of Araldite LY 5052 / 4 4 DDS epoxy systeith
an amine / epoxy ratio of 1.0.

€12

Figure 4.56

Plot of log® against '51 for conventional and microway
curing of Araldite DLS 772 / 4 4’ DDS epoxy systemth
an amine / epoxy ratio of 0.8.

€13
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Figure 4.57

Plot of log® against | for conventional and microway
curing of Araldite DLS 772 / 4 4’ DDS epoxy systemth
an amine / epoxy ratio of 0.8

€13

Figure 4.58

Plot of —In@/Ts?) against Ts* for conventional ant
microwave curing of Araldite LY 5052 / 4 4 DDS epo
system with an amine / epoxy ratio of 0.85.

1216

Figure 4.59

Plot of —In@/Ts>) against Ts> for conventional ant
microwave curing of Araldite LY 5052 / 4 4 DDS epo
system with an amine / epoxy ratio of 1.0

1215

Figure 4.60

Plot of —In@/Ts?) against Ts* for conventional ant
microwave curing of Araldite DLS 772 / 4 4’ DDS eqo
system with an amine / epoxy ratio of 0.8.

1216

Figure 4.61

Plot of —In@/Ts?) against Tz for conventional ant
microwave curing of Araldite DLS 772 / 4 4’ DDS ego
system with an amine / epoxy ratio of 1.1.

1216

Figure 4.62

Plot of dielectric constant and dielectric losstdacas a
function of reaction temperature for microwave-cl
Araldite LY 5052 / 4 4’ DDS epoxy system with anias/

epoxy ratio of 0.85 at a heating rate of 5 K thin

218

Figure 4.63

A plot of dielectric loss factor and reaction exatin as 3
function of reaction temperature for microwave ¢
Araldite LY 5052 / 4 4’ DDS epoxy system with aniam/
epoxy ratio of 0.85 at a heating rate of 5 K thin

Figure 4.64

Plot of dielectric constant and dielectric losstdacas a
function of reaction temperature for microwave-cl
Araldite LY 5052 / 4 4’ DDS epoxy system with aniam/
epoxy ratio of 1.0 at a heating rate of 5 K thin

Figure 4.65

A plot of dielectric loss factor and reaction exatin as g
function of reaction temperature for microwave ¢y
Araldite DLS 772 / 4 4 DDS epoxy system with aniaen/
epoxy ratio of 1.0 at a heating rate of 5 K thin

Figure 4.66

Plot of dielectric constant and dielectric losstdacas a
function of reaction temperature for microwave-cu
Araldite DLS 772 / 4 4’ DDS epoxy system with aniaen/
epoxy ratio of 0.8 at a heating rate of 5 K thin

Figure 4.67

A plot of dielectric loss factor and reaction exatin as g
function of reaction temperature for microwave ¢
Araldite DLS 772 / 4 4’ DDS epoxy system with aniaen/
epoxy ratio of 1.1 at a heating rate of 5 K thin

221
re

Figure 4.68

Dielectric constant E’ and Dielectric loss factot & a
function of reaction temperature for microwave ¢
Araldite LY 5052 / 4 4’ DDS epoxy system with anias/

223
re

epoxy ratio of 0.85 at different heating rates
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Figure 4.69

Dielectric constant E’ and Dielectric loss factof & a

224

function of reaction temperature for microwave dure

Araldite LY 5052 / 4 4’ DDS epoxy system with anias/
epoxy ratio of 1.0 at different heating rates

Figure 4.70

Dielectric constant E’ and Dielectric loss factof & a

function of reaction temperature for microwave dure

Araldite DLS 772 / 4 4’ DDS epoxy system with aniaen/
epoxy ratio of 0.8 at different heating rates.

224

Figure 4.71

Dielectric constant E' and dielectric loss factot & a

function of reaction temperature for microwave dure

Araldite DLS 772 / 4 4’ DDS epoxy system with aniaen/
epoxy ratio of 1.1 at different heating rates.

225

Figure 4.72

DSC thermograms of conventional isothermal curi) ($d
subsequent DSC run to test for exotherm for Araldiy
5052 / 4 4’ DDS epoxy system with an amine / epm@tjo
of 0.85

228

Figure 4.73

Typical DSC thermograms for Araldite LY 5052 / 4[3DS
epoxy system system with an amine / epoxy rati6.85 at
different heating rates using conventional DSC.

228

Figure 4.74

Reaction rates for isothermal cure of Araldite LO52 / 4 4’
DDS epoxy system system with an amine / epoxy rati
0.85 using conventional heating.

228

O

Figure 4.75

Fractional conversion for isothermal cure of AradLY
5052 / 4 4’ DDS epoxy system with an amine / ep@tio
of 0.85 using conventional heating at differentthgomal
temperatures

229

Figure 4.76

Plot of Reaction rate against Fractional Converdamnthe
curing reaction of Araldite LY 5052 / 4 4 DDS epo

230

system system with an amine / epoxy ratio of 0.8%5 a

different isothermal temperatures

Figure 4.77

DSC thermograms for isothermal cure of Araldite 5052 /
4 4 DDS epoxy system with an amine / epoxy rafid ®
obtained from conventional DSC at different heataugs.

230

Figure 4.78

Fractional conversion for isothermal cure of AradLY
5052 / 4 4’ DDS epoxy system with an amine / epmatio
of 1.0 at different heating rates using conventit@ating.

231

Figure 4.79

Reaction rates for isothermal cure of Araldite L0523 / 4 4’
DDS epoxy system with an amine / epoxy ratio of 4t

different heating rates using conventional heating.

231

p—

Figure 4.80

Rate of reaction against fractional conversiontfa curing
reaction of Araldite LY 5052 / 4 4’ DDS epoxy systavith
an amine / epoxy ratio of 1.0 at different heatiaigs

232

Figure 4.81

DSC thermograms for Araldite DLS 772 / 4 4’ DDS xp0 232

system system with an amine / epoxy ratio of O.tioled
from conventional DSC at a range of

isothermal
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temperatures

Figure 4.82

Fractional conversion for isothermal cure of AreddDLS
772/ 4 4 DDS epoxy system with an amine / epatyorof
0.8 at different isothermal temperatures using eotienal
heating.

233

Figure 4.83

Reaction rates for isothermal cure of Araldite DI / 4 4’
DDS epoxy system with an amine / epoxy ratio of &t¢
different isothermal temperatures using
heating.

233

OJ

conventiona

Figure 4.84

Rate of reaction against fractional conversion foe
isothermal curing reaction of Araldite DLS 772 A4DDS
epoxy system with an amine / epoxy ratio of 0.8itierent
heating rates.

234

Figure 4.85

DSC thermograms for Araldite DLS 772 / 4 4’ DDS ®y(
system with an amine / epoxy ratio of 1.1 obtairfieom

conventional DSC at different isothermal tempeegur

D234

Figure 4.86

Fractional conversion for isothermal cure of AreddDLS
772 | 4 4 DDS epoxy system with an amine / epatjorof
1.1 at different isothermal temperatures using eatienal
heating

235

Figure 4.87

Reaction rates for isothermal cure of Araldite L0532 / 4 4’
DDS epoxy system with an amine / epoxy ratio of 4t
different isothermal

temperatures using conventig

heating.

235
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Figure 4.88

Rate of reaction against fractional conversion foe
isothermal curing reaction of Araldite DLS 772 A4DDS
epoxy system with an amine / epoxy ratio of 1.different
isothermal temperatures

236

Figure 4.89

Isothermal thermograms of microwave isothermal ¢lefk)
and subsequent DSC run 10 K fhifrom 30 to 300°C
(right) to test for exotherm for Araldite LY 50521/4° DDS
epoxy system with an amine epoxy ratio of 0.85

238

Figure 4.90

Fractional conversion of dynamic cure of Araldité £052 /
4 4’ DDS epoxy system with an amine / epoxy rafi®.85
at different isothermal temperatures using microay
heating.

238

av

Figure 4.91

Plot of Reaction rates against temperature for ohyo@ure
of Araldite LY 5052 / 4 4’ DDS epoxy system with amine
/ epoxy ratio of 0.85 at different isothermal tesrgiures
using microwave heating.

239

Figure 4.92

Plot of reaction rates against fractional converdior the
microwave cure reaction of Araldite LY 5052 / 4 @DS
epoxy system with an amine / epoxy ratio of 0.88itierent

239

isothermal temperatures
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Figure 4.93

Fractional conversion for isothermal cure of Artdc
LY5052 / 4 4 DDS epoxy system with an amine / gp
ratio of 1.0 at different isothermal temperaturesing
microwave heating

1240

Figure 4.94

Reaction rates for isothermal cure of Araldite L0552 / 4 4’
DDS epoxy system with an amine / epoxy ratio of at
different isothermal temperatures using microwagatimg

241

G

Figure 4.95

Plot of reaction rates against fractional conversior the
microwave cure reaction of Araldite LY 5052 / 4 @DS
epoxy system with an amine / epoxy ratio of 1.diterent
isothermal temperatures

241

Figure 4.96

Fractional conversion for isothermal cure of 0.8Mie /
epoxy ratio for Araldite DLS 772 / 4 4’ DDS epoxystem
at different isothermal temperatures using microay

heating.

242

av

Figure 4.97

Reaction rates for dynamic cure of Araldite DLS 7724’
DDS epoxy system with an amine / epoxy ratio of &t¢
different isothermal temperatures using microwagatimg

242

W

Figure 4.98

Plot of reaction rates against fractional converdior the
microwave cure reaction of Araldite DLS 772 / 4[3DS
epoxy system with an amine / epoxy ratio of 0.8iferent
isothermal temperatures.

243

Figure 4.99

Time dependence of the fractional conversion (jightd the
reaction rate (right) for Araldite LY 5052 / 4 4% epoxy
system with an amine / epoxy ratio of 0.85 un
conventional and microwave curing, at differentthsomal

temperatures.

244

der

Figure 4.100

Time dependence of the fractional conversion (lednd
reaction rate (right) for the curing of Aralditer15052 / 4
4’ DDS epoxy system with an amine / epoxy ratioldd
under conventional and microwave curing, at diffiér

isothermal temperatures.

246
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Figure 4.101

Comparison between time dependence of experim
reaction rate curves and the curves predicted bgnmef
autocatalytic adjustment for conventional heatihdu@ldite
LY 5052 / 4 4’ DDS epoxy system with an amine />p
ratio of 0.85 on the left, and microwave heatinglomright

cAYES

Figure 4.102

Comparison between time dependence of experim
reaction rate curves and the curves predicted bgnmef

autocatalytic adjustment for conventional heatihdmldite
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LY 5052 / 4 4’ DDS epoxy system with an amine />»p
ratio of 1.0 on the left, and microwave heatingloaright

Figure 4.103

Comparison between time dependence of experim
reaction rate curves and the curves predicted bgnmef
autocatalytic adjustment for conventional heatihdmldite
DLS 772 /| 4 4 DDS epoxy system with an amine />gp
ratio of 0.8 on the left, and microwave heatinglomright.

Figure 4.104

Comparison between time dependence of experim
reaction rate curves and the curves predicted bgnmef
autocatalytic adjustment for conventional heatihdu@ldite
DLS 772 / 4 4 DDS epoxy system with an amine />gp
ratio of 1.1 on the left, and microwave heatingloaright.

fied
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Figure 4.105

Rate constants of curing reaction against temperafior

isothermal cure of Araldite LY 5052 / 4 4 DDS epox

256

system with an amine / epoxy ratio of 0.85 under

conventional curing

Figure 4.106

Rate constants of curing reaction against temperafior

isothermal cure of Araldite LY 5052 / 4 4 DDS epox

system with an amine / epoxy ratio of 0.85 undesrawave
curing

256

Figure 4.107

Rate constants of curing reaction against temperafor

isothermal cure of Araldite LY 5052 / 4 4" DDS epox

system with an amine / epoxy ratio of 1.0 un

conventional curing.
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der

Figure 4.108

Rate constants of curing reaction against temperafor

isothermal cure of Araldite LY 5052 / 4 4" DDS epox

system with an amine / epoxy ratio of 1.0 underraviave
curing

257

Figure 4.109

Rate constants of curing reaction against temperafor

isothermal cure of Araldite DLS 772 / 4 4 DDS epax

system with an amine / epoxy ratio of 0.8 un
conventional curing

258
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Figure 4.110

Rate constants of curing reaction against temperafior

isothermal cure of Araldite DLS 772 / 4 4 DDS epagx

system with an amine / epoxy ratio of 0.8 underravi@ve

curing.

258

Figure 4.111

Rate constants of curing reaction against temperafior

isothermal cure of Araldite DLS 772 / 4 4 DDS epax

259
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system with amine / epoxy ratio of 1.1 under comwoeml

curing.

Figure 4.112

Rate constants of curing reaction against temperafior
isothermal cure of Araldite DLS 772 / 4 4 DDS epa
system with an amine / epoxy ratio of 0.85 undesrawave

curing.
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Figure 5.1

FT-IR Spectra of uncured Araldite LY 5052 / 4 4 DB
epoxy system with an amine / epoxy ratio of 0.85

262

Figure 5.2

Expanded view of FT-IR Spectra of uncured 0.85Mrani
epoxy ratio for Araldite LY 5052 / 4 4 * DDS eposystem

263

Figure 5.3

Overlaid FT-IR Spectra of Araldite LY 5052 / 4 4'D3
with an amine / epoxy ratio of 0.85 after convemdiband

microwave heating at 18 for 240 minutes.

264

Figure 5.4

Expanded view of Overlaid FT-IR Spectra of Araldit¥
5052 / 4 4 DDS with an amine / epoxy ratio of 0.&f%er
conventional and microwave heating at 18D for 240

minutes

264

Figure 5.5

Overlaid FT-IR Spectra of Araldite DLS 772 /| 4 4DS
with an amine / epoxy ratio of 0.8 after convendilband

microwave heating at 18T for 240 minutes.
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Figure 5.6

Expanded view of Overlaid FT-IR Spectra of AralddeS
772 | 4 4 DDS with an amine / epoxy ratio of O0.en
conventional and microwave heating at 18D for 240
minutes

266

Figure 5.7

Overlaid spectra for conventionally cured Araldifé 5052

/ 4 4 DDS an amine / epoxy ratio of 0.85

266

Figure 5.8

Overlaid spectra for microwave cured Araldite LY520/ 4
4’ DDS an amine / epoxy ratio of 0.85

267

Figure 5.9

Overlaid spectra for conventionally cured Araldifé 5052
/ 4 4 DDS an amine / epoxy ratio of 1.0

267

Figure 5.10

Overlaid spectra for microwave cured Araldite LY520/ 4
4’ DDS an amine / epoxy ratio of 1.0

268

Figure 5.11

Overlaid spectra for conventional cured Araldite DL72 /
4 4 DDS an amine / epoxy ratio of 0.8.

269

Figure 5.12

Overlaid spectra for microwave cured Araldite DLR7 4

269
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4’ DDS an amine / epoxy ratio of 0.8.

Figure 5.13

Epoxide absorbance normalised against the absabian
phenyl fo Araldite LY 5052 /4 4’'DDS an amine / epaatio
of 0.85 at different times at 18C during conventional an
microwave heating

270

Figure 5.14

Epoxide absorbance normalised against the absabian
phenyl for Araldite LY 5052 / 4 4'DDS with an amirle
epoxy ratio of 1.0 at different times at 18C during
conventional and microwave heating

271

Figure 5.15

Epoxide absorbance normalised against the absabian

phenyl for Araldite DLS 772 / 4 4DDS with an amirie

epoxy ratio of 0.8 at different times at 18C during
conventional and microwave heating

271

Figure 5.16

Epoxide absorbance normalised against the absabian
phenyl for Araldite DLS 772 / 4 4'DDS with an amirie
epoxy ratio of 1.1 at different times at 18C during
conventional and microwave heating

272

Figure 5.17

Amine absorbance normalised against the absorbforg
phenyl for Araldite LY 5052 / 4 4'DDS with an amirle
epoxy ratio of 0.85 at different times at 18G during
conventional and microwave heating

€273

Figure 5.18

Amine absorbance normalised against the absorbforg
phenyl for Araldite LY 5052 / 4 4'DDS with an amirle
epoxy ratio of 1.0 at different times at 18C during
conventional and microwave heating.

€274

Figure 5.19

Amine absorbance normalised against the absorbforg
phenyl for Araldite DLS 772 / 4 4'DDS with an amirie
epoxy ratio of 0.8 at different times at 18C during
conventional and microwave heating.
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Figure 5.20

Amine absorbance normalised against the absorbforg
phenyl for Araldite DLS 772 / 4 4'DDS with an amirie
epoxy ratio of 1.1 at different times at 18C during
conventional and microwave heating.
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Figure 6.1

Plot of Average Density for conventionally and mowave
cured samples of Araldite LY 5052 / 4 4’ DDS epsygtem
with an amine / epoxy ratio of 0.85

277

Figure 6.2

Plot of Average Density for conventionally and mowave
cured samples of Araldite LY 5052 / 4 4’ DDS epeygtem

with an amine / epoxy ratio of 0.8

278

Figure 6.3

Plot of Average Density for conventionally and mowave
cured samples of Araldite DLS 772 / 4 4 DDS epq
system with an amine / epoxy ratio of 1.0

278
XY

Figure 6.4

Plot of Average Density for conventionally and rowwave
cured samples of Araldite DLS 772 /| 4 4 DDS ep(
system with an amine / epoxy ratio of 1.1.

279
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Figure 6.5

@81

Dependence of storage modulus (G’), Loss modulu3
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and tand with temperature for a fully cured sample
Araldite LY 5052 / 4 4’ DDS epoxy system with aniam/
epoxy ratio of 0.85 prepared using microwave hegatih
180°C for 240 mins

of

Figure 6.6

Dependence of storage modulus (G’), Loss modulu}
and tand with temperature for a fully cured sample
Araldite LY 5052 / 4 4’ DDS epoxy system with aniam/
epoxy ratio of 0.85 prepared using conventionaltingaat
180°C for 240 mins.
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Figure 6.7

Dependence of storage modulus (G’), Loss modulu}
and tané with temperature for a fully cured sample
Araldite LY 5052 / 4 4’ DDS epoxy system with aniam/
epoxy ratio of 1.0 prepared using conventional ihgaat
180°C for 240 mins.

@82
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Figure 6.8

Dependence of storage modulus (G’), Loss modulu3
and tandé with temperature for a fully cured sample
Araldite LY 5052 / 4 4’ DDS epoxy system with anias/
epoxy ratio of 1.0 prepared using microwave heatin$80
°C for 240 mins.
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Figure 6.9

Dependence of storage modulus (G’), Loss modulu3
and tand with temperature for a fully cured sample
Araldite DLS 772 / 4 4’ DDS epoxy system with aniaen/
epoxy ratio of 0.8 prepared using microwave heaan@80
°C for 240 mins.
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Figure 6.10

Dependence of storage modulus (G’), Loss modulu}
and tand with temperature for a fully cured sample
Araldite DLS 772 / 4 4 DDS epoxy system with aniaen/
epoxy ratio of 0.8 prepared using conventional ingaat
180°C for 240 mins.

@85
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Figure 6.11

Dependence of storage modulus (G’), Loss modultxa(@
tan 6 with temperature for a fully cured sample of Artdg
DLS 772/ 4 4 DDS epoxy system an amine / epoxip raf
1.1 prepared using microwave heating at 280for 240

mins.

285

Figure 6.12

Dependence of storage modulus (G’), Loss modulu}
and tand with temperature for a fully cured sample
Araldite DLS 772 /| 4 4’ DDS epoxy system an amin
epoxy ratio of 1.1 prepared using conventional ihgaat
180°C for 240 mins

@86
of
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Figure 6.13

Bar chat of Average g values of conventional an
microwave cured samples of Araldite LY 5052 / 4DDS

epoxy system with an amine / epoxy ratio of 0.85.

87

Figure 6.14

Bar chat of Average Tg values of conventional
microwave cured samples of Araldite LY 5052 / 4DDS

epoxy system with an amine / epoxy ratio of 1.0.

nA88

Figure 6.15

Bar chat of Average Tg values of conventional
microwave cured samples of Araldite DLS 772 / DDS
epoxy system with an amine / epoxy ratio of 0.8.

388

Figure 6.16

Bar chat of Average Tg values of conventional
microwave cured samples of Araldite DLS 772 / DDS

epoxy system with an amine / epoxy ratio of 1.1.

nA89

Figure 6.17

Plot of Bar chart of cross-link density values ofeentional
and microwave cured samples of Araldite LY 5052 4’4
DDS epoxy system with an amine / epoxy ratio 060.8

290
L

Figure 6.18

Plot of Bar chart of cross-link density values ofeentional
and microwave cured samples of Araldite LY 5052 4’4
DDS epoxy system with an amine / epoxy ratio of 1.0

201
L

Figure 6.19

Plot of Bar chart of cross-link density values oheentional
and microwave cured samples of 0.8M amine / epaxip
of Araldite DLS 772 / 4 4’ DDS epoxy system.

291
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Figure 6.20

Plot of Bar chart of cross-link density values oheentional
and microwave cured samples of Araldite DLS 7724 4
DDS epoxy system with an amine / epoxy systembf 1.

201

Figure 6.21

Plot of average molecular weight between crossslif\;)
of conventional and microwave cured samples of di@
LY 5052 / 4 4 DDS epoxy system with an amine />xgp
ratio of 0.85 using Nielsen’s equation.

293

Figure 6.22

Plot of average molecular weight between crossslif\;)
of conventional and microwave cured samples of di@
LY 5052 / 4 4 DDS epoxy system with an amine />xgp
ratio of 0.85 using Nielsen’s equation.
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Figure 6.23

Plot of averaganolecular weight between cross-linkglJ
of conventional and microwave cured samples of di@
LY 5052 / 4 4 DDS epoxy system with an amine />xgp
ratio of 1.0 using Nielsen’s equation.
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Figure 6.24

Plot of average molecular weight between crossslif\;)
of conventional and microwave cured samples of dit@
DLS 772 |/ 4 4 DDS epoxy system with an amine é»gp
ratio of 0.8 using Nielsen’s equation.
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Figure 6.25

Plot of average molecular weight between crossslif\;)
of conventional and microwave cured samples of di@
LY 5052 / 4 4 DDS epoxy system with an amine 6xp
ratio of 1.1 using Nielsen’s equation
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Figure 6.26

Load vs Displacement plot for conventional and owave
cured samples of Araldite LY 5052 / 4 4’ DDS epeygtem

with an amine / epoxy ratio of 0.85.
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Figure 6.27

Load vs Displacement plot for conventional and owave
cured samples of Araldite LY 5052 / 4 4’ DDS epeygtem

with an amine / epoxy ratio of 1.0.

297

Figure 6.28

Load vs Displacement plot for conventional and miave
cured samples of Araldite DLS 772 / 4 4 DDS epq

system with an amine / epoxy ratio of 0.8.

297

XY

Figure 6.29

Bar chat of Average flexural strength values ofveantional
and microwave cured samples of Araldite LY 5052 4’4

DDS epoxy system with an amine / epoxy ratio 060.8

298
L

Figure 6.30

Bar chat of Average flexural strength values ofveanional

299

and microwave cured samples of Araldite LY 5052 4’4

|

22




DDS epoxy system with an amine / epoxy ratio of 1.0

Figure 6.31

Bar chat of Average flexural strength values ofveantional

and microwave cured samples of Araldite DLS 7724 4

DDS epoxy system with an amine / epoxy ratio of 0.8

299

Figure 6.32

Bar chat of Average flexural strength values ofveantional
and microwave cured samples of Araldite DLS 7724 4
DDS epoxy system with an amine / epoxy ratio of 1.1

300

Figure 7.1

Fully cured sample of Araldite DLS 772 / 4 4 DD®hvan
amine / epoxy ratio of 0.8 before decomposition

Microwave Reaction System

303

Figure 7.2

Product obtained after decomposition of fully cusagnples
of Araldite DLS 772 / 4 4’ DDS with an amine / egoatio
of 0.8 after decomposition at 120 for a total of 75 minute
in Microwave Reaction System

303

Figure 7.3

HPLC trace results of decomposed product of f
conventionally cured Araldite DLS 772 / 4 4DDSosy

system with an amine / epoxy ratio of 0.8 passedutih a

silica column using 50 : 50 Hexane / Ethyl acetase

solvents and detected at 254 nm.

LBY4

L

Figure 7.4

HPLC trace results of decomposed product of f
microwave cured Araldite DLS 772 [/ 4 4'DDS epa
system with an amine / epoxy ratio of 0.8 passeoutih a
silica column using 50 : 50 Hexane / Ethyl acetats
solvents and detected at 254nm.

Xy

Figure 7.5

Analytical HPLC trace results of collected isolaf
compound of decomposed conventional cured Araldit&
772 | 4 4'DDS epoxy system with an amine / epoxioraf
0.8.

€206

Figure 7.6

Analytical HPLC trace results of collected isolal
compound of decomposed conventional cured Araldit&
772 | 4 4'DDS epoxy system with an amine / epoxioraf
0.8.

€806

Figure 7.7

Infrared spectra of dried isolated compound caoiédirom

307

the decomposed product of cured Araldite DLS 7224

23




DDS with an amine / epoxy ratio of 0.8

Figure 7.8

Expanded view of Infrared spectra of dried isola
compound collected from the decomposed producucéc
Araldite DLS 772 / 4 4’ DDS with an amine / epoxtio of
0.8

t808

Figure 7.9

"H-NMR spectra of dried isolated compound colledien
the decomposed product of cured Araldite DLS 7224

DDS with an amine / epoxy ratio of 0.8

309

Figure 7.10

3C-NMR spectra of dried isolated compound colledtech
the decomposed product of microwave cured AralDit&S
772 /4 4 DDS with an amine / epoxy ratio of 0.8

310

Figure 7.11

DEPT with 6 = 90 spectra of dried isolated compou
collected from the decomposed product of microwaved
Araldite DLS 772 / 4 4 DDS with an amine / epoxtio of
0.8.

n812

Figure 7.12

DEPT with 6 = 135 spectra of dried isolated compou
collected from the decomposed product of micronawed
Araldite DLS 772 / 4 4 DDS with an amine / epoxtio of
0.8.

n812

Figure 7.13

HSQC spectra of dried isolated compound colleatexh the
decomposed product of microwave cured Araldite DIZ3 /

4 4’ DDS with an amine / epoxy ratio of 0.8.

314

Figure 7.14

Structure of 1, 3 — di(ethyl ester)-5-(diethyl aoj2-
hydroxybenzene

315

Figure 7.15

Electrospray ionization spectra of 1, 3 — di(etbgter)-5-

(diethyl amino)-2-hydroxybenzene.

317

24




LIST OF TABLES

Table 2.1

Properties of diphenyl diaminosulfone

59

Table 3.1

The assignment of the peaks for Araldite DLS 77@xgp
resin in the'H-NMR spectrum

147

Table 3.2

Assignment of the peaks for Araldite DLS 772 epoesgin
in the'H-NMR spectrum

148

Table 3.3

Comparison of manufacturer’'s density values with
experimental density values for Araldite LY 50521dDLS
772 epoxy resins

153

Table 4.1

Glass transition temperatures of different Amigoxy
ratios after a DSC run for Araldite LY 5052 / 4[@DS
epoxy system

155

Table 4.2

Glass transition temperatures of Araldite LY 50324
DDS with different Amine / Epoxy ratios after cogiwith
a microwave heated calorimeter and subsequently
subjected to a DSC run

155

Table 4.3

Glass transition temperatures of Araldite DLS 7424/
DDS with different Amine / Epoxy ratios after cugimith
DSC and subjected to g flun

156

Table 4.4

Glass transition temperatures of different Amigboxy
ratios after curing using microwave calorimetry and
subsequently subjected to a DSC run for Araldit&sD172
/ 4 4 DDS epoxy system

157

Table 4.5

Stoichiometric ratios chosen for this research

158

Table 4.6

Exothermic peak temperature,, The total heat of
reaction AH, and fractional conversion at the exothern
peak temperaturey, for Araldite LY 5052 / 4 4’ DDS
epoxy system with an amine / epoxy ratio 0.85.

i

162
c

Table 4.7

The exothermic peakyIthe total heat of reactionHr,
and fractional conversion at the exothermic peak
temperatureg, for Araldite LY 5052 / 4 4’

165

Table 4.8

The exothermic peakyTthe total heat of reactionHr,
and fractional conversion at the exothermic peak
temperatureg, for Araldite DLS 772 / 4 4’ DDS epoxy
system with an amine / epoxy ratio of 0.8 at dédfe
heating rates

168

Table 4.9

The exothermic peakyIthe total heat of reactionHr,
and fractional conversion at the exothermic peak
temperaturegy, for Araldite DLS 772 / 4 4’ DDS epoxy
system with an amine / epoxy ratio of 1.1 at défer
heating rates.

171

Table 4.10

The exothermic peakyTIthe total heat of reactionHr,

and fractional conversion at the exothermic peak

174

25




temperatureg, for Araldite LY 5052 / 4 4’ DDS epoxy
system with an amine / epoxy ratio of 0.85 at défe

heating rates using microwave heating.

Table 4.11

The exothermic peakyTIthe total heat of reactionHr,
and fractional conversion at the exothermic peak
temperaturey, for Araldite LY 5052 / 4 4’ DDS

177

Table 4.12

Kinetic parameters for dynamic cure of Araldite B®52 /
4 4 DDS epoxy system with an amine / epoxy rafi0.85
using conventional heating

199

Table 4.13

Kinetic parameters for dynamic cure of Araldite B¥52 /
4 4’ DDS epoxy system with an amine / epoxy rati6.85

using microwave heating.

199

Table 4.14

Kinetic parameters for dynamic cure of Araldite B¥52 /
4 4’ DDS epoxy system with an amine / epoxy rafid.0
using conventional heating

199

Table 4.15

Kinetic parameters for dynamic cure of Araldite B¥52 /
4 4’ DDS epoxy system with an amine / epoxy rafid.0
using microwave heating

200

Table 4.16

Kinetic parameters for dynamic cure of Araldite DL&2 /
4 4’ DDS epoxy system with an amine / epoxy rafi0.8
using conventional heating

200

Table 4.17

Kinetic parameters for dynamic cure of Araldite DL®2 /
4 4’ DDS epoxy system with an amine / epoxy rati0.8
using microwave heating

201

Table 4.18

Kinetic parameters for dynamic cure of Araldite DL®2 /
4 4’ DDS epoxy system with an amine / epoxy rafid.a
using microwave heating

201

Table 4.19

Kinetic parameters for dynamic cure of Araldite DL® /
4 4’ DDS epoxy system with an amine / epoxy rafid.a
using microwave heating

202

Table 4.20

Kinetic Parameters at different degrees of conuarfr
conventionally and microwave cured Araldite LY 5052
4’ DDS epoxy system with an amine / epoxy rati® &5

determined by Ozawa’s method.

205

Table 4.21

Kinetic Parameters at different degrees of conuarfr

conventionally and Araldite LY 5052 / 4 4’ DDS ego

system with an amine / epoxy ratio of 1.0 determhibg
Ozawa’s method

207

Table 4.22

Kinetic Parameters at different degrees of convertr
conventionally and microwave cured Araldite DLS 772
4’ DDS epoxy system with an amine / epoxy rati® &

determined by Ozawa’s method

209

Table 4.23

Kinetic Parameters at different degrees of conuversor

211

26




conventionally and microwave cured Araldite DLS 772
4’ DDS epoxy system with an amine / epoxy ratioldf

determined by Ozawa’s method.

Table 4.24

Values of Activation energy and pre-exponentiatdador

different stoichiometric ratios of Araldite LY 5032 4’
DDS and Araldite DLS 772 / 4 4 DDS epoxy system;
using conventional and microwave heating

213

.

Table 4.25

Values of Activation energy and pre-exponentiatdador

different stoichiometric ratios of Araldite LY 5032 4’
DDS and Araldite DLS 772 / 4 4 DDS epoxy system;
using conventional and microwave heating

216

Table 4.26

Kinetic parameters for isothermal cure of Araldit¢ 5052
/ 4 4’ DDS epoxy system with an amine epoxy rafi0.85
using conventional heating

252

Table 4.27

Kinetic parameters for isothermal cure of Araldit 5052
/ 4 4 DDS epoxy system with an amine / epoxy rafio
0.85 using microwave heating

253

Table 4.28

Kinetic parameters for isothermal cure of Araldit¢ 5052
[ 4 4’ DDS epoxy system with an amine / epoxy rafid.0
using conventional heating

253

Table 4.29

Kinetic parameters for isothermal cure of Araldit 5052
/ 4 4 DDS epoxy system with an amine / epoxy rafid.0
using microwave heating.

253

Table 4.30

Kinetic parameters for isothermal cure of AraldiddS
772 1 4 4 DDS epoxy system with an amine / epaatyor

of 0.8 using microwave heating.

254

Table 4.31

Kinetic parameters for isothermal cure of AralditeS
772 1 4 4 DDS epoxy system with an amine / epatior
of 1.1 using conventional heating

254

Table 4.32

Kinetic parameters for isothermal cure of AraldiddS
772 1 4 4 DDS epoxy system with an amine / epaatyor

of 1.1 using microwave heating.

254

Table 4.33

K; and K activation energy values obtained from figu
for both conventional and microwave heating forhb
Araldite LY 5052 / 4 4’ DDS and Araldite DLS 772/4

DDS epoxy systems.

reso

ot

Table 6.1

Table of abbreviations used for amine / epoxy sattw
both Araldite LY 5052 / 4 4’ DDS and Araldite DLSZ/

279

4 4’ DDS epoxy systems

27




Table 6.2 | Density values of fully cured samples of Araldit¢ 8052 | 280
/ 4 4 DDS and Araldite DLS 772 / 4 4'DDS epoxy
systems

Table 6.3 | Glass transition values for fully cured samplesAddldite | 286
LY 5052 / 4 4’ DDS and Araldite DLS 772 / 4 4 DDOS

epoxy systems at different stoichiometric ratios.

Table 6.4 | Cross-link density values for fully cured microwasad| 292
conventionally cured samples of Araldite LY 5052 A’
DDS and Araldite DLS 772 / 4 4 DDS epoxy systems.

Table 6.5 | Flexural Strength values for fully cured sampled\dldite | 297
LY 5052 / 4 4 DDS and Araldite DLS 772 / 4 4 DDS
epoxy systems at different stoichiometric ratios.

Table 7.1 Assignment of peaks of tHel-NMR spectrum of 1, 3— | 315
di(ethyl ester)-5-(diethyl amino)-2-hydroxybenzene

Table 7.2 Assignment of peaks of tHel-NMR spectrum of 1, 3— | 316
di(ethyl ester)-5-(diethyl amino)-2-hydroxybenzene

28




LIST OF SYMBOLS

0 Density

W Angular frequency of microwaves
a Fractional conversion

U Magnetic dipole

y Magnetogyric ratio

[0} Linear heating rate

Vv Cross-link density

ol Depolarization ratio

el Complex dielectric constant

g Dielectric constant

" Dielectric loss factor

o Relative permeability of the medium
D Electric flux density

H Magnetic field

ay Dipolar polarization

Qe Electronic polarization

Af Half power bandwidth

Of Flexural stress

& Flexural strain

AHgyn Total heat of reaction

AHiso Isothermal heat of reaction
AHes Residual heat of reaction

AH+ Total heat of reaction released during the reaction
B Magnetic Flux density

€ Permittivity of free space

Ho Permeability of free space

Op Fractional conversion at the exothermic peak teatpes
J Current density

q Charge density

Iod Total dielectric polarization

B, External magnetic field

Co Specific heat of material

E Electric field strength

Ea Activation energy

f Frequency

G Storage (or elastic) modulus

G" Loss (or viscous) modulus

I Nuclear spin quantum number
m Magnetic quantum number

Mc Average molecular weight between cross-links
My Number-average molecular weight
My Weight-average molecular weight
P Power absorption per unit volume
p Angular momentum

29




Quality factor of the empty cavity

Qs Quality factor of the perturbed cavity

R Gas constant

Tand Loss tangent

Tend Temperature at completion of reaction

Ty Glass transition temperature

Ton Onset temperature

Tp Exothermic peak temperature

m/z Mass-to-charge ratio

h Planck constant

c Speed of light

v Stretching vibration mode of a molecule in infidiradiation
o Bending vibrations mode of a molecule in infraradiation
A Preexponential factor

Q Quality Factor

30




LIST OF ABBREVIATIONS

°C-NMR Carbon 13 nuclear magnetic resonance
spectroscopy

"H-NMR Photon nuclear magnetic resonance
spectroscopy

AE Amine / Epoxy

DDM 4,4-Diaminodiphenyl methane

4,4-DDS 4,4-Diamino diphenylsulphone

DGEBA Diglycidyl ether of Bisphenol A

DGEBF Diglycidyl ether of Bisphenol F

DEPT Distortion Enhancement Polarisation
Transfer

DMTA Dynamic mechanical thermal analysis

DSC Differential scanning chromatography

FCC Federal communication commission

FT-IR Fourier transform infrared spectroscopy

GPC Gel permeation chromatography

HMQC Heteronuclear Multiple Quantum
Correlation

NMR Nuclear magnetic resonance spectroscopy

NWCC North West Composites Centre

PID Proportinal integral derivative

PTFE Polytetrafluoroethylene

SEC Size exclusion chromatography

THF Tetrahydofuran

TMA Thermal mechanical analysis

TMS Tetramethylsilane

CA85 Conventional cured Araldite LY 5052 /4
4 DDS epoxy system with an amine /
epoxy ratio of 0.85

MAS85 Microwave cured Araldite LY 5052 /4 4
DDS epoxy system with an amine| /
epoxy ratio of 0.85

CA 100 Conventional cured Araldite LY 5052 |/4
4 DDS epoxy system with an amine /
epoxy ratio of 1.0

MA100 Microwave cured Araldite LY 5052 /4 |4
DDS epoxy system with an amine| /
epoxy ratio of 1.0

CD80 Conventional cured Araldite DLS 772|/4

31



4 DDS epoxy system with an aming

epoxy ratio of 0.85

MD80

Microwave cured Araldite DLS 772 /4
DDS epoxy system with an amine

epoxy ratio of 0.8

CD110

Conventional cured Araldite DLS 772
4 DDS epoxy system with an amine

epoxy ratio of 1.1

MD110

Microwave cured Araldite DLS 772 /4

epoxy ratio of 1.1

32

DDS epoxy system with an amine| /



The University of Manchester
Babatunde O Bolasodun
PhD
Microwave effects on the curing, structure promsrand decomposition of epoxy
resins
01-11-2010

ABSTRACT

Comparative studies were carried out on the cldinetics, physical and mechanical
properties of conventionally and microwave curedxgpresins. Epoxy resins Araldite
LY 5052 and DLS 772 were used for this study. Diéiminodiphenyl sulfone was used
as a hardener in the preparation of both systemselr magnetic resonance and gel
permeation chromatography were used to identifycti@mical structure of the resins.
Differential scanning calorimetry was used to moinihe curing kinetics of
conventionally cured epoxy samples while a microsviagating calorimeter was used to
monitor the curing kinetics of microwave cured epsamples th situ”. These studies
were carried out under non-isothermal and isothkecmaditions. For both conditions,
there was a significant increase in the fractimoalversion of the microwave cured
samples compared to the conventionally cured sanplee curing reactions for
samples cured using microwave heating took plaee awmaller temperature range.
Higher reaction rates were observed in the santoiesd using microwave heating.
There were some differences in the kinetic pararaetiethe non-isothermal curing
reactions of samples cured using microwave andaxtional heating. For the Araldite
LY 5052 / 4 4 DDS epoxy system, the microwave dusamples had higher activation
energy than conventionally cured samples, whildHerAraldite DLS 772 / 4 4 DDS
epoxy system, the microwave cured samples had laeteration energy. The
activation energies of the microwave isothermainguof both Araldite LY 5052 /4 4’
DDS and Araldite DLS 772 / 4 4DDS epoxy systemsenewer than the activation
energies of the conventionally cured samples.

Infrared spectroscopy showed that the curing readtllowed the same path during
conventional and microwave heating. It also revééhat the reaction rate of the
microwave cured samples was higher than the cororexly cured samples.

For both epoxy systems, the microwave cured sanmalés higher glass transition
temperature (J) , higher cross-link density) and lower molecular weight between
cross-links. These showed that the microwave csaeaples had a more compact
network structure than the conventionally cured@as) which is an indication of
better mechanical properties.

A microwave reaction system was used to succegsfigsolve conventional and
microwave cured samples of Araldite DLS 772 / DDS epoxy system. The chemical
structure of the decomposed product was determined.
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CHAPTER ONE

1.0 INTRODUCTION

An epoxy is a thermosetting resin which usuallytstaut as a liquid and is converted
into a solid by a chemical reaction only. When dyepoxies become irreversibly rigid.
An epoxy based polymer is mechanically strong, ianitk solid form, it is chemically

resistant to degradation. They are also highly sigleeduring conversion from liquid to

solid. These properties when put together, mak&yeputerials very versatile [1].

Epoxy systems are made up of two essential compenanresin and a hardener.
Sometimes there is a third component which is aelacator. The resin component is
the epoxy while the hardener is what the epoxytseath chemically and it is often a
type of amine. When the epoxy and amine are adogetiter and mixed in a specific
way and then heated, they will react chemically lmidtogether irreversibly. When the

full reaction is complete, the resulting producaisgid plastic polymer material [1]

Due to increasing applications of epoxy materiads high performance structural
adhesive systems in the aerospace and the michoelecindustries, the demand for
epoxies is on the rise. This rise has lead to ¥ptoeation of faster and more efficient

methods of manufacturing epoxy materials [2]

Although thermal curing increases the rate at whiehmaterial cures and lowers the
time taken for it to cure, it is limited by the fabat for any given system, the maximum
rate of reaction has an optimum temperature. lésnror a material is heated to a
temperature higher than its optimum temperatumethivould not be an increase in its

reaction rate, but instead the material would stadegrade thermally [2].

Alternatives to thermal curing which can accelethterate of reaction, reduce the cure
time or provide a more energy efficient method ¢oring epoxy resins have been
looked into. These alternatives were the use afaviltlent light, electron beams,

gamma rays and microwave energy [2, 3]
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Ultraviolet light has a poor ability to penetratéa the material. It also has a restricted
close rate. Due to this, application of ultravidight in curing materials is only possible

in very limited circumstances [2. 3]

Gamma rays are usually delivered from naturallyatany sources such as cobalt-60,
but there are several health and environmentaleroscwhich are associated with the
radiation hazards from gamma rays. Due to theseeras, they are hardly used[2].
Curing with electron beams has proven to be agiefft and a quick method of curing,
however, its disadvantage is that high costs arelwed with the operation using this
method [2, 3].

Microwaves have been found to be a good alternatie¢thod for curing thermoset
polymers. Compared to conventional heating techesquhich are based on conduction
of heat through a material, microwave heating ddract form of heating. Microwaves
generate heat within the materials. Microwave raaliaenables sample temperatures to
be potentially changed or controlled more readdliy Any increase or decrease in the
microwave input power leads to a correspondingease or decrease in the temperature
of the material undergoing cure. Unlike conventldmeating which heats the material
being processed, along with the walls of the ovadh the air surrounding the process
material, microwave heating affects only the matebeing processed. This makes
microwave heating a more energy efficient methotdezfting materials being processed,
and this translates into lower production costsniicrowave heating [3]. Microwaves
do not have any intrinsic difficulties associatedhwtheir use, as a result of this,
microwave cured products are applied to many devardustries [4].

Plastics and polymers are very beneficial to owietgp. They have played significant
roles in the advancements of satellites aircraftd mnissiles. As beneficial as these
plastics and polymers are, they also cause a lenafonmental problems [5, 6]. They
are non organic substances and hence, various orgenoisms that decay matter can
not act upon the plastics. As a result of thisythery slowly decay in nature. As they
slowly decay, they release hydrocarbons which ddea to the carbon cycle. They also
have long half-lives in landfills. Burning them Wallso create pollution which releases

toxic gases.
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Chemical recycling of plastics and polymers is gegmplored as an interesting route for
converting plastic wastes back into its originalnstituents, or into other usable
substances [7, 8]. Chemical recycling is a vergaive and promising method for
plastics. It has advantages for the industry esfigdn the recycling of thermosetting

resins.
Amine cured epoxy resins have been successfulgollied in nitric acid solution. This

is because they have a low resistance to nitri¢ saiution. This successful dissolution
has increased the possibility of recycling therntirsg resins [5, 6].

39



CHAPTER TWO

2.0 LITERATURE REVIEW
2.1 Epoxy Resins

Epoxy resins were first synthesized in the 1930ys ICastan in Switzerland and
Greenlee in the United States[9]. Epoxy resins #nermosetting materials.
Thermosetting materials are resins that become hadl infusible systems when
converted by a curing agent. Some phenolics howeaerself crosslink. They cure on
heating and then become infusible. Examples oftheetting materials are phenolic,
unsaturated polyester and epoxy resins [9].

Thermoplastic resins on the other hand are compotéahg, linear chains which lie
together in three dimensions, but are not chenyi@adérconnected with each other.
Practically, as heat or pressure is applied tontlgerials, thermoplastic materials will
soften progressively while thermoset materials wellain their dimensional stability
throughout their temperature range. This clasgitioais based on their structure; and
should not be considered as criterion of perforrmanthis is because some
thermosetting resins are designed for use at a lvarted range and they will distort

more readily than high-heat-resistant thermoplagiropounds [9].

2.1.2 Properties of Epoxy Resins

Thermoset epoxy resins have a number of peculidr \aiuable properties. These
properties are immediately amenable to use in trendlation of sealing liquids,

castings, laminates and coatings. Some of thesabia properties are

(1) Versitility:- There are a lot of curing agents available for &gmxThese
epoxies are compatible with a wide range of modifieAs a result, the
properties of a cured epoxy-resin system can béeeged to widely diverse

specifications [9, 10].
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(2) Good Handling Characteristics: Many epoxy systems can be worked at
room temperature, and those which can not be workgdire just little heat
during mixing. Without the curing agent, epoxy nsshave an indefinite shelf
life; as long as they are made properly and theynaolbcontain any caustic
compound [9, 11].

(3) High Adhesive Properties: As a result of the polarity of the aliphatic hggyl
and ether (C-O-C) groups present in the initialrebain and the cured system,
epoxy resins have high adhesive strengths. Theipyotd these epoxy groups
serve to create electromagnetic bonding forcesdmtvthe epoxy molecule and
adjacent surface. Likewise, the epoxy groups valct to provide chemical
bonds with surfaces such as metals where activeoggds may be formed. The
chemical bonds established are usually preservbi i§ because the resin

passes relatively undisturbed (with low shrinkd§g)

(4) Toughness: Cured epoxy resins are about seven times toutilfaar cured
phenolic resins. This relative toughness has béeibwded to the presence of

integral aliphatic chains, and the distance betwseesslinking points [9, 10].

(5) Low Shrinkage:- Unlike many thermosetting resins, epoxy resinsadbgive
off any by-products during cure; and in the stébey are highly associated.
Shrinkage is on the order of <2 percent for an wtifrem system. This indicates
that minor internal rearrangement of the molecidesecessary. On the other
hand, the condensation and crosslinking of pherait polyester resins yield

considerately higher shrinkage values [9].

(6) Inertness:- In a cured epoxy resin, the ether groups, thedma rings and the
aliphatic hydroxyl (where present) are almost imeu@ble to attack by caustic
substances and extremely resistant to acids. Takesncured epoxy resins very
inert chemically. The dense, closely packed stmectd the resinous mass in the
cured epoxy system is extremely resistant to solaehon, and this enhances
the chemical inertness of the cured epoxy resin [9]
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2.2 Structure of a basic epoxy molecule

The epoxy resin is characterised by the reactioxepr ethoxyline groups [9, 10, 12].

C/O\C

Figure 2.1 Structure of basic epoxy — resin moiety
These groups serve as terminal linear polymeriggimnts. An extremely adhesive and
highly inert solid is formed when crosslinking scamplished through these groups.

In its simplest form, the epoxy molecule is repreed by the diglycidyl ether of
bisphenol A.

[ JE—

/ CHee CH,

CH;
Figure 2.2 Diglycidyl ether of Bisphenol A

E—I'_'-|;—:I-—I'_' H,

The most widely used liquid epoxy resins are pradantly of the above structure.
Commercial resins are not molecularly distilledd dr@cause of this, they contain some
percentages of higher weight homologs, branchednchaolecules, isomers and
occasionally monoglycidyl ethers in combinationtwthe basic structure. The high-
viscosity and the solid commercial resins are pmadantly comprised of more highly
polymerized products which are considered as hogsolof diglycidyl ether of
bisphenol A [9].
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2.3 Synthesis of a basic epoxy-resin molecule

The raw materials for the synthesis of the diglytiéther of bisphenol A are
epichlorohydrin and bisphenol A. These are obtafnaeh natural gas, or by coking by-

products.

2.3.1 Epichlorohydrin

Epichlorohydrin is a mobile liquid which is coloass and has irritating chloroform like

odour. Epichlorohydrin is represented by the forrhglow [12, 13].

/\
CH—CH,

Figure 2.3Chemical structure of epichlorohydrin

Cl——CH,

Epichlorohydrin is extremely reactive and it usyabmbines through the epoxy group
with a substance which contains an active hydrogéom. Epichlorohydrin is

commercially available at 98 percent purity.

Epichlorohydrin is commonly produced by the chlatian of propylene. This results in
allyl chloride being formed, and this is reactedhwhypochlorous acid to produce
dichlorohydrin, which is exposed to sodium hydrexat elevated temperatures to strip

off one hydrogen and one chlorine atom [9].

These steps are similar to those involved in tlepgration of glycerol.
The complete reaction of the formation of epichhydrin from propylene is expressed

in the equation below.

CH,—CH——CH; + Cl; —® CH;—CH——CH;—CI * HCI

_ Allyl Hydrochloric
Propylene  Chlorine chloride Acid
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OH
Allyl Water/chlorine ) _
chloride Dichlorohydrin
iii)
OH o)
b NaOH ——> /\
Cl——CH;— CH——CH,—ClI CH;——CH CH;—ClI
Dichlorohydrin Sodium Epichlorohydrin
hydroxide

Figure 2.4 Complete reaction from propylene to epichlorohydri

2.3.2 Bisphenol A

Bisphenol A or bis (4-hydroxyphenyl) dimethylmetanequires two fundamental
intermediates for synthesis; phenol and acetone.

Bisphenol A is based on the very stable benzerg Hns the most easily prepared of
the dihydric phenols. It is available commerciadly a flaked solid in relatively pure
form with a melting point of 158 [9, 11-13].

CH,4

HO C OH

CH,

Figure 2.5Chemical Structure of Bisphenol A
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A commercial process of manufacturing bisphenol dula involve benzene, which is
obtained from coal gas or water gas, as a stapgt. First, benzene is treated with
hydrochloric acid and oxygen to produce chloroberz&odium hydroxide then added
to yield sodium phenolate, and phenol is releasetthé addition of carbon dioxide [9].

)
cl
+ HCI + 120, — ™ @ +  H,0
Hydrochloric Oxygen Chlorobenzene Watel
Benzene :
Acid
i)
cl ONa
X X
+ NaOH —>»
F G
Chlorobenzene  Sodium Sodium
hydroxide phenolate
i)
ONa OH
2 + COH,0 — = 2 +  Na,COy
. . Sodium
Sodium Carbon dioxide Phenol Carbonate
phenolate / water
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Figure 2.6 Formation of Phenol

Acetone is formed by treating propylene with sulphiacid to produce isopropyl
alcohol. This is then oxidized under mild condiBoto acetone. A combination of
acetone and phenol gives bisphenol A [9, 12, 13].

i)
OH
CH;—CH——CH,4
P | Sulfuric acid
ropylene
by [ water Isopropyl
alcohol
i)
OH 0
0y —-
CH;——CH——CHj,4 CH;—C——CH;
Isopropyl Oxygen Acetone
alcohol
Figure 2.7 Formation of Acetone
OH
CH;
o |
. : I — HDOE@—W - H0
- CHy—C —CH
3 3 &43
Acetone Water
Phenol Bisphenol A

Figure 2.8 Reaction between phenol and acetone to form Brsghe

Bisphenol A has been the chief dihydric phenol useepoxy-resin manufacture. This

is because acetone and phenol are easily avaikidehey are easily manufactured.
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2.3.2 Diglycidyl ether of bisphenol A

Diglycidyl Ether of bisphenol A is formed by thearation of epichlorohydrin and
bisphenol A in the presence of sodium hydroxidel[®,13].

o
S OH ,."f \\ — -
CH;—CH—CH;—ClI
MOQ—G'*:—’C'*:—CH:—H

i)
OH NaOH

.
m@ﬂ-ﬂ“z—lﬂ— CHz—Cl1
A
WOG_CH"-_EH—WZ ¥ HO

Figure 2.9Formation of diglycidyl ether of bisphenol A
There have been suggestions that some of the cdastis phenolate and water as an
intermediate step in the reaction. The caustic sésges to neutralize the hydrochloric

acid formed as a by-product [9].

Theoretically, in order to obtain diglycidyl ethesf bisphenol A, 2 mols of

epichlorohydrin are required for each mole of bespii A.
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VAN . HOD C DH
3 { CHy——CH——CH3z—CI ) |

CHj o

(:u;o_\cu_cHl_uf\‘ v.‘!o—cuz—ch(—\cHz
\ /

|
CH5
Figure 2.10Formation of diglycidyl ether of bisphenol A

However, when the stoichiometric ratio of 2:1 ispboyed, the mononeric yield is less
than 10 per cent, with the remaining material beihigher-molecular-weight
condensation and polymerization products. Exceshkgpohydrin is employed in order
to obtain high yields of the monomeric product, ahd stoichiometric amount is
doubled or tripled. This gives yields of 70 percemtmore. There is an additional
advantage in the use of excess epichlorohydrin.epiehlorohydrin serves as a reaction
medium, making it unnecessary to employ a foreiglvent in the synthesis. The
reaction is conducted in an inert atmosphere, ded aikalinity of the solution is

carefully controlled by stepwise addition of cacsts necessary [9, 11].
There have also been suggestions of an alternategbure in the manufacture of epoxy

resins, and this involves a two-step process.,Fisphenol A and epichlorohydrin are
reacted in the presence of 0.1 to 0.2 percentrofealel-Crafts type catalyst.
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a Zn Ch
o
OH 7 / \
CH; CH CH; cl

0——CH;—CH

OH

ci

CHy

Figure 2.11 First step of the reaction of bisphenol A and kloimhydrin in the
presence of 0.1 and 0.2 percent of a Friedel-Crgfis catalyst.

A dehydrohalogenating compound, such as the aluesnailicates, and zincates is
used to treat the monomeric material in a substiytor completely nonaqueous
medium [9].

MNaSi10y.5H,0

OH

\_/

- =
0 ——CHz—CH——CHz—ClI

Q
HC
NV\Q_D—CH]—EH;—\EHT

Figure 2.12 Second step of the reaction of bisphenol A andhépiohydrin in the
presence of 0.1 and 0.2 percent of a Friedel-Crgbes catalyst.

2.4 Epoxy resin characterization

There are some characteristics of epoxy resinshwinay be used as guides to their

structure and their usefulness. They are

1. Epoxide Equivalent- The epoxide equivalent can be defined as thghtef

resin in grams which contains one gram chemicaiveignt of epoxy. Low-
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molecular-weight resins have an epoxide equivalerthe range of 175 — 200
g/eq; while higher-weight resins have corresponlgirggher values, since in
each molecule there are long chains between theyggpoups [9]. If the resin

chains are assumed to be linear with no side bmagchnd if it also assumed
that an epoxy group terminates each end, thenpitveice equivalent (weight) is
one half of the average molecular weight of thanteEpoxy value can be
defined as the fractional nhumber of epoxy groupstaioed in 100 grams of
resin. Dividing the epoxy value into 100 gives #@oxide equivalent. Epoxy
equivalents are determined by reacting a known tijyasf resin with a known

quantity of hydrochloric acid and back-titratingetremaining acid to determine

its consumption [9].

. Hydroxyl Equivalent:- Hydroxyl equivalent is the weight of the resin
containing one equivalent weight of hydroxyl groitpcan also be expressed as
equivalents per 100 grams[1ll]. There are severahods of determining
hydroxyl equivalents. The methods are (i) estatfan with acids, which
involves esterifying the resin with about twice theoretical amount of linseed
oil acids necessary to react with all the hydrayyups and epoxy groups at a
temperature of 228C, until a constant acid value is obtained, anah thack-
titrating the unreacted linseed acids and calaujatthe hydroxyl groups
including epoxy content, one epoxy group being rtaks equivalent to two
hydroxyl groups. (ii) reaction with acetyl chlogidiii) reaction with lithium

aluminium hydride (iv) infrared spectroscopy [11].

. Good Handling Characteristics- Many epoxy systems can be worked at room
temperature and those which cannot be worked requoderate heat during
mixing .Before the curing agent is incorporatect tlsins have an indefinite
shell life, provided they are not properly madere&aoan be accomplished in
almost any specified time period by regulating thee cycles and properly

selecting the curing agent[9].

. Toughness- Cured epoxy resins are approximately seven titoagher than
cured phenolic resins. This toughness has beeibuéid to the distance

between crosslinking points and the presence efmt aliphatic chains [9].
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2.5 Amines

Amines are important curing agents for epoxy resikmine compounds are classified
into primary, secondary, and tertiary amines, ddpgnon whether one, two or three
hydrogen molecules of ammonia (RHhave been substituted for hydrocarbon,
respectively[14].

Depending on their number in one molecule, amimescalled monoamine, diamaine,
triamine, or polyamine. Amines are also classifi#d aliphatic, alicyclic and aromatic
amines according to the types of hydrocarbons el These are all important curing

agents for the epoxy resins [14].

Aliphatic amines can be used for room temperatume.cThe heat resistance of the
cured resin is generally about £00 and it has excellent bonding properties. Resins
cured with aromatic amines have been used to afjeeater heat and chemical

resistance than those cured using aliphatic antidgs|

The curing of epoxy resin by amine curing agenexjgressed by the formula shown in
figure below. The epoxy moieties of the DGEBA caaat with either the primary or
secondary amine to form an OH in the main chaim#g and (ii) which, later on, can
react with another epoxide ring to further crodsline resin. The relative rates of those

three reactions are important for the final streetand properties of the cured resin[14].
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R
OH [n]
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| / N\
R—MWH—CH —CH—R" CH,—CH—F’ (]

2

R——NH——CH,—CH—F"

Figure 2.13Amine curing reaction of epoxy resins

Referring to figure 2.13, in order for the curedineto become a cross-linked polymer,
the curing agent must have more than three actydrolgen atoms and two amino
groups in a molecule above. When the number of snolepoxy groups is equal to that
of the active hydrogen, the loading of the curiggra in epoxy resin becomes optimal
[14].

The curing speed of individual amines depends erytpe and loading of amine. It also
depends on the type of epoxy resin. The most cofynmsed glycidyl-ether type resins
easily cure at room temperature, but inner epopgdysuch as cyclohexene oxide and
epoxidized polybutadiene hardly cure. Glycidyl-edige cures quite faster than the
glycidyl-ether type.

Diglycidyl ether of bisphenol A (DGEBA), which is aondensation product of
bisphenol A and epichlorohydrin, is primarily curéy aliphatic amines at room
temperature, but with aromatic amines, DGEBA iswdfocured and this requires

thermal curing [14].
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2.5.1 Aliphatic Amines

Aliphatic amines are room temperature curing ageniey rapidly react with epoxy
resins. A large quantity of heat is generated,thegl have a short pot life (usable time).
If curing of tertiary amines is performed at higimiperature, the properties of curing
agents that cure at the room temperature are iredrodhe heat deformation
temperature of cured object of DGEBA is T#Dat the highest [14].

Resins cured with aliphatic amines are strong. ThEp have excellent bonding
properties. In addition, they have resistance kalsl and some inorganic acids, and
they have good resistance to water and solventsthby are not really good to many

organic solvents[14].

Aliphatic amines irritate the skin. Aliphatic amséaving high molecular weight and

low vapour pressure are less toxic, but theysti#d to be handled with care[14].

2.5.2 Aromatic Amines

In comparison to aliphatic amines, aromatic amism@sweaker bases, and they slowly
cure at room temperature. This is as a resultesfcshindrance caused by the aromatic
ring. The curing virtually stops in the B-stageaolinear polymer solid due to the large

differences in the reaction of primary and secopndanines [14].

There are usually two steps involved in the cuoh@romatic amines. The first step is
heating to a temperature of about’80in order to lessen the heat being generated. This
helps to slow cure in order to reduce the exothegmaining. The second heating is

carried out at a high temperature of about 1507@°C [14].

Aromatic amines provide excellent heat resistantteey yield heat distortion
temperatures of 150 to 18G, with good mechanical properties and the cursihseare
strong. In addition, aromatic amines have good tetat properties and excellent
chemical resistance, particularly against alkais] because of this, it is a curing agent

that is highly resistant to solvents [14].
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2.5.3 Tertiary and secondary amines

Tertiary amines, the active hydrogen in which haerb completely replaced with
carbon hydroxide, do not cause an additional reactrith epoxy resin, but work as a
polymerisation catalyst [14].

The curing temperature significantly influences theing speed, the heat generation,
and the properties of the cured resin. Thus, tmma is rarely used alone, particularly
in large castings, because the properties at thigecand the outer region are different
due to the large quantity of heat generated. Theytien used in the field of paints and

adhesives where the material used is thin [14].

Although tertiary amines are less useful as a guagent, they are very important
compounds as accelerators for acid anhydrides ttad are useful as accelerators or

co-curing agents for polyamine and polyamide cuaggnts[14].

2.5.4 Amine Hardening Systems

Polyfunctional primary RNk and secondary /RIH amines are widely used as curing
agent for epoxy resins. Theoretically, each primamine group is capable of reacting
with two epoxy groups. Hence a polyamine such hglete diamine BN-CH,-CH,-

NH. is capable of reacting with four epoxy groups leeaof the four active hydrogen

atoms attached to the nitrogen atom [14].

2.5 Organic Acids Hardening Systems

The anhydrides of organic acids are widely usect@ss-linkers for liquid epoxy resins.
It should also be noted that some organic acidsuaesl to esterify high molecular
weight resins for use in surface-coating formulagio

Figure 2.14 describes the reactions of epoxy resittse presence of organic acids [15].

() Esterification via epoxy/acid reaction

54



0 o o OH
I a I |

H,

(i) Esterification via hydroxyls present in thesie or via the nascent hydroxyls

produced in previous reaction

@)
O

(iif) Reaction of epoxy with aliphatic hydroxyl gnps

@)
/
OH CI)
C—CH~~
H, |
OH

(iv) Hydration of epoxy groups

/O\ A
H,0 + H,CCHA~ HO—C—CH
> OH

Figure 2.14Reactions of epoxy resins in the presence of acgauids.

Acid anhydrides react in a manner similar to orgaawids, but this reaction is more
complex because of the absence of water in the auleleand the necessity for
activating the anhydride ring by an alcoholic hydiddor salt or a trace of water). First

a hydroxyl group of the epoxy resin open the aniggdras shown in figure 2.15

55



+ OR
O HOR —— OH

Figure 2.150pening of the Anhydride ring.

This opening of the anhydride ring leads to thenfation of the carboxylic acid group.
This newly formed carboxylic acid can react witle tBpoxy resin, thus enabling the

reaction to go further [15].

O

OR
OH

/ \
t HC—CH~~ ——

COOR §
C

O. _CH

C  OH
O O H2

Figure 2.16Reaction of carboxylic acid with epoxy resin

The etherification of the epoxy groups with hydrbgyoups can occur at this point.

This is shown in figure 2.17
(o
/N
CH—OH + H,C—CH~~ ——— (H=0=C=CH™
2

Figure 2.17Etherification of epoxy groups with hydroxyl graip

Then, reaction of the monoester with the hydroxgkes place, as shown in figure 2.18
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OR OR
+

Y
+

H,0

Figure 2.18Reaction of the monoester with hydroxyl

The water released from the reaction of the moeoeasith the hydroxyl group can
hydrolyse the anhydride to give a diacid as indidan figure 2.19 below

o O
OH

OF HO OH

Figure 2.19Hydrolysis of the anhydride to give a diacid.

Finally the monoester formed during reaction désctiin figure 2.19 above is again
hydrolysed by water to give an acid and an alcalsahown in figure 2.20 [15].

O O

OR OH

B —
oy t HO oy + ROH

O O
Figure 2.20Hydrolysis of anhydride to give an acid and ammhtt
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2.7 Araldite LY 5052 epoxy resin

Araldite LY 5052 consists of two chemical comporgertn epoxy phenol novalok resin
(38 — 42% composition), and 1, 4 buthanediol diglycether (55 — 68%) composition.
The epoxy phenol novalak resin has a functionalit¢, and a molecular weight of 345
g mol™. 1, 4 butanediol diglycidyl ether has a functigtyabf 2, and a molecular weight
of 202.3 g/mol. The chemical structures of epoxegmi novalak and 1 4 butanediol

doglycidyl ether are shown in the figures 2.21 argP

Figure 2.22Chemical structure of 1 4, butanedioldiglycidytet
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2.8 4 4 Diphenyl diaminosulfone

4 4 Diphenyl diaminosulfone is an aromatic amine/gered curing agent, light pink in
colour. It has to be melted before being used deioto enable cure reaction to proceed

with the epoxy resin [16].

el N\

\ /

O—un—20

Figure 2.23 4, 4’ diphenyldiaminosulfone [4]
The table below shows the properties of diphenghuinosulfone [16]. The weight of
active hydrogen (g md) is determined by calculating the molecular weigimd

dividing by the number of active hydrogen.

Table 2.1Properties of diphenyl diaminosulfone [16]

Melting Point Peak’C) 175
Weight of active hydrogen (g md)l 57
Molecular weight (g mot) 248

2.9 Microwaves

Microwaves are electromagnetic waves which ariseradiation from electrical

disturbances at high frequency [17]. The radiat@pects of electromagnetic power
distribution are negligible at low frequencies, ahas necessary to consider electric
charges, stored or flowing as currents, and p@kdiiference. Increasing the frequency
of the operation makes the radiation more importdiite relative importance of

radiation depends on the size of the circuit otesysunder consideration [17]. Any
system of electric charges gives rise to electnd magnetic fields in the surrounding
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space. The effects of this fields are generallyigd at low frequencies. However, at
higher frequencies, the effect of these fields bee® more pronounced [17]. This is
seen by the introduction of “stray” capacitanc® iaircuit theory. At high frequencies,
even a short length of wire acts as a radiatiometf#, dissipating its electrical signals
into surrounding space. The electromagnetic fifledksome the dominant factor in the
study of electrical theory at high frequencies [Bj-

The characteristic wavelength of radiation is esato the frequency of the electrical
signals bya= c /f where f is the frequency and c is the spééght [17-19].

Microwave techniques are considered to cover thapelications of electrical
technology where the characteristic wavelengthmaler than the dimensions of the
system or circuit and yet where it is not so sntladit only ray optical need to be
considered. Microwaves are normally prominent ia thnge of frequencies between
10° to 10 Hz, or a characteristic wavelength of 30cm to@r8. The components of
conventional electronic circuits at this wavelengémd to behave like individual

antenna, and dissipate their electrical signaladistion [17].

2.9.2 Applications of Microwaves

Microwaves are becoming more and more widely uséidrowaves possess certain

useful characteristics, among the most vital ofs¢heharacteristics is the fact that
microwave wavelengths are the same size as angtigteuwhich is used to enclose or
guide them. Microwave pulses can be very shorth&y tcan be used for time or

distance measurements. This makes them compatilite Mgh speed computers.

Microwaves can be used for heating and drying [TH]s is because microwave power
iIs absorbed by water or any material containingewavlany molecular and atomic

resonances occur at microwave frequencies andesuli, they are a necessary part of
some scientific measurements. Some other applisatd microwaves are given below

[17].

1) Broadcasting Television and radio originally used frequencieslow the
microwave range. However, reception has been miffileutl for some listeners
because of increasing congestion of the radio spactThere are no frequencies

available for any large increase in broadcasting radio frequencies.
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2)

3)

4)

Consequently, any further increase must occurgitdnifrequencies, which will
be in the microwave region. Currently, 12 GHz isngeused either for local
television stations or for satellite television &doasting. The domestic
consumer has a microwave receiver on the roof esopa small aerial and a
radio frequency signal is transmitted along theaheable to the television set
[17].

Microwave Heating In most materials, the rate of microwave powesoaption

is proportional to its water content. This propedgn be used to provide
microwave heating. Microwave power provides a meficient means of
applying heat uniformly throughout a body. Thisbscause microwave signal
penetrates most non-conductors. Microwave heatisg &seduces the time
needed for heating a body to uniform temperatuhés | because heat does not
have to conducted through the body but is genetatedigh the body [17]. The
rate of heating usually depends on the water contfens microwave heating is
a most efficient method of drying. Microwave hegtis used in many process
industries for heating, drying, sterilizing andiogr Microwave ovens are in use

in many homes and catering establishments [172 20,

Moisture measurementMicrowave absorption by water means that moisture
content measurement by microwaves is possible. @ttenuation of a

microwave signal in passing through the specimendasured [17].

Radar. Radar is derived from the initial letters Radiot&xion and Ranging.

Radar is the traditional use of Microwaves. It t&tdrat the beginning of the
Second World War. Microwave radiation penetratgsfand clouds, travels in
straight lines and gives distinct shadows and egflas. This enables it to be
used for direction and distance measurements aratlar systems [17, 19, 22].
The simplest form of radar is the pulse radar gjvenplan position indication

(ppi) ; it measures the time for an echo to retliroperates by echo sounding
with a narrow beam like a searchlight, and it isduBor navigation. The Doppler
radar or Carrier Wave (CW) gives a velocity indieaf it is used in military

operations because it is more difficult for an epdmjam. The Carrier Wave

also has many industry and consumer uses; it id isexdustrial controls for
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flow or velocity measurement. It can also be usmdnfiotion detection [17].
Microwave radiometry uses microwave radiation ire tsame way that
photography uses light, and can give useful infaimnaabout the object being
observed such as the moisture content of soilsragdtation [17].

5) Communication Microwave frequencies have to be used for satellit
communications and for communications with sagslitThis is because the
microwave frequencies can pass through the ionosphéich is opaque to
lower frequencies. The microwave communication odehrhas a very large
bandwidth and it can accommodate thousands of ltetep conversations or

dozens of television channels at once [17, 22, 23].

6) Microwave Power TransmissianSince microwaves can be used directly for
heating and exciting fluorescent lights, They hbaeen advocated for electrical
power distribution. This possibility is being adly investigated by using
microwave transmission to generate satellite pdwehe earth. The satellite is
powered with solar cells, and the microwave povwesregating valves operate in
high vacuum without any glass envelope. The mickx@yaower is then beamed

to the earth where it is collected and rectified][2

2.9.3 Electromagnetic fields

Any system of charges gives rise to its correspundgotential differences and to
electric and magnetic fields. The precise matherahtrelationships between the
different electromagnetic field components anddleetric charges and currents enable
us to derive expressions for every precisely defisieuation [17, 19]. Since the fields,
currents and charges exist in the body of a medihey are all defined in terms of
some space distribution. The electromagnetic fadthponents, together with their

notation and their units of measurement are:

Electric field E volt/metre
Electric Flux density D coulomb/metré
Magnetic Field H ampere/metre
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Magnetic Flux Density B tesla = weber/metfe
Charge Density p coulomb/mefte

Current Density J ampere/metre

2.9.4 Material Properties

Some of the field components are related by thpeaties of the medium in which they
exist [17, 18]:

ByeH 2.1
BEE 2.2
J=oE 2.3

Equation 2.1 is the relationship between the agpitreagnetic field and the resultant
magnetic flux density. The constanis usually called the permeability of the medium
[17]. In the S.I system of units, this is a dimemsil constant. Its dimensions are given

by the relationship

:E: Weberx metre 24

H metré® ampere

_ (volt)(seocond)
(amperg(metre

= henry / metre 2.5

The permeability is a measure of both the relagiffect of having a particular material

in the field and also a dimensional constant, apitrcan be divided into two parts [5]:

H = Hobr 2.6

Lo IS the permeability constant and this is dimemaiolt is defined to be of the value
47 x 10" henry / metre. It is also sometimes called thengability of free space.
i is the relative permeability. This is dimensioslesd it makes allowance for the

effect of the material relative to vacuum for fegmce.
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A similar relationship between the applied electigtd and the electric flux densiy
is shown in equation 2.Z is the permittivity of the medium [17-19]. It idsa a

dimensionless constant, and its dimensions arexdgiye

_ D _ coulomb_metre
e= —= > X 2.7
E  metre volt

(amperg(secnd)
(volt)(metre

=farad / metre 2.8

The permittivity can be divided into two parts:

€= &k 2.9

& is the permittivity constant. It is also known the permittivity of free space. Its
definition is from the relationship for the speefllight and from the value of the
permeability constant, which is approximately %38 10°) ™. € is the relative

permittivity which is dimensionless. It takes acebaf the effect of the medium on the

electric fields. This is the same as the dielecoiostant of the medium [17].

In the solutions of the equations for the electrgndic fields, the permeability constant
and the permittivity constant are usually combiteg@rovide a further two dimensional

constants. They are

The velocity of lightc = 1 3x16ms 2.10
(#,.£,)
The impedance of free spao;s\/(%) ~ 1201 = 37712 2.11

0

The expression for the velocity of light is usedtle definition for the permittivity

constant given above.
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Equation 2.3 is the conductivity relationship foe tmaterialo is the conductivity of the
material. When the conductivity is a constantsiain expression of Ohm'’s law. It is the
reciprocal of the resistivity. With reference tauatjon 2.3, its dimensions are given by
the relationship [23].

_ ampere, metre

5 = Siemens / metre 2.12
metre volt

_J
o=—
E

2.9.5 Maxwell's Equations

The relationships between the components of amgtreleagnetic field are given by
Maxwell's Equations 2.13 to 2.16, and by the edquretiwhich represent the properties

of the medium in which the electromagnetic fieldsex

D=p 2.13

2=0 2.14

v E = -jouH 2.15
VXH =jweE 2.16

Equation 2.13 is based on the fact that any stelexiric charge gives rise to an electric
field or conversely, any discontinuous electriddigives rise to electric charge. This is
a mathematical statement of Gauss’s law which st#tat the integration of the

perpendicular component of the flux density over @lnsed surface is equal to the total

charge enclosed by that surface [17, 18, 21].

Equation 2.14 is the magnetic form of gauss’s lawwhich there are no isolated
magnetic charges. It states that magnetic fieldtrexist in closed loops. There are no
magnetic charges or single magnetic poles in naMost of the fundamental particles
appear to be magnetic dipoles, but the total magrileix integrated over a surface

enclosing a dipole is zero; hence equation 2.14lig.

Faradays law of electromagnetic induction, whichtest that the electromagnetic

frequency induced in a closed circuit (the curthed electric field) is proportional to the
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rate of change of the magnetic flux threading tineud [17].This law is represented in

equation 2.15.

Equation 2.16 is partly a statement of Biot — Savaw; which is also known as
Ampere’s law. A current gives rise to a closed l@dpnagnetic field. It has also been
found that a magnetic field exists around the aip §etween the plates of a parallel
plate capacitor which has a time — varying curriémtving in its leads. Hence, the
conduction current is not the only source of magnéeld. Maxwell solved this
difficulty by postulating that the circuit which otains the capacitor must have a

continuous series of current flowing around it [19].

2.9.5 Plane Wave

A plane wave is the electromagnetic wave that pyafes in unbounded free space. It
starts from infinity, it goes to infinity, and ikgends to infinity all round. A plane wave

can not exist when any boundary conditions havgetoonsidered. Practically, a plane
wave is obtained when the source is a long distam@gy, and when any boundaries to
the space are a long distance away [17]. Usuadligt may be considered to be a plane
wave in most practical situations, but at microwdrexjuencies, a true plane wave

would only exist for signals which originate fronsatellite or from another planet.

2.9.5.1 Characteristics of a Plane wave

A plane wave has the following characteristics A1),

I) It has no fields acting in the direction of thepagation

i) There is no variation of field in the plane pendicular to the direction of
propagation.

iii) It has an electric field normal to the magedield.

iv) Both fields act in a direction along the plaokthe wave that is in a direction

perpendicular to the direction of propagation;

Also, the electric and magnetic fields are in phagt one another and are directly

related by the intrinsic impedance.
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2.9.5.2 Wavelength of a propagating wave

For any periodic waveform, the distance in whichepeats itself is the wavelength of
the waveform. The field strength of a propagatiray&vis a function of both time and
distance. It is therefore necessary to establiahtkie distance is measured at any instant
of time [17]. The period of a wave can be definedle time taken for the waveform to
repeat itself at any one position in space.

Wavelength is the distance (measured in the doeaf the propagation) between two
points which are in the same phase in consecufyetes of a wave. Wavelength is
denoted by..

2.9.6 Basic Concepts of Microwaves

Microwaves are a form of electromagnetic radiatidhe electromagnetic radiation
spectrum covers a very wide range of frequencig¢kdrregion of 300 to 300,000 MHz.
Two frequencies are commonly used for microwavetihga The frequencies are
reserved by The Federal Communications Commisi@C{FHor Industrial, Scientific,
and Medical Purposes. The frequencies used foromavre heating are 0.915 and 2.45

GHz and they do not interfere with the frequencised for telecommunications

purposes.
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Figure 2.24An electromagnetic spectrum [15]

Microwave heating uses the ability of some liquidsd solids to convert
electromagnetic energy into heat. It is based @phnciple that a material can be
heated by applying energy to it in the form of highgquency electromagnetic waves.
An electromagnetic radiation consists of an eledigld whose plane is perpendicular
to the plane of a magnetic field. The microwavetingaeffect originates from the
interaction of the electric field component of tiécrowaves with charged particles in
the materials. A current will be induced through thaterial if the charged particles are
able to move through the electric field. If the tmdes can not move because they are
bonded to the material, they will simply rearranigemselves in phase with the electric

field. This mechanism is called dielectric polatisa [21].

Figure 2.25An electromagnetic wave [15].

Microwave ovens are used in a general frequen@/48GHz (12.3 cm wavelength) so
they do not interfere with any other usual radia{i@1, 24].

Microwaves are used for melting, drying, polymeiima sintering, pasteurising. They
are the main carriers of high-speed telegraphia ttansmissions between stations on

the earth and also between ground-based statiehsadellites and space probes.
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2.9.7 Microwave Heating Mechanism

There are two mechanisms through which materiasa®ed to microwave processing.
Depending on the material, the response mechanamedher be through Dipole

rotation or lonic conduction or a combination offbanechanisms.

-Dipole Rotationworks on electrically neutral polar molecules wstatially separated
positive and negative electric charges. The angsitaf the microwave field increases
from zero in one direction, reaches a maximum, els®s to zero and then increases
and reaches a maximum in the opposite directior.mblecules in the field respond by
rotating their respective polar ends in the dimttof the increasing amplitude. The
resulting molecular friction generates heat, instaeously and uniformly throughout
the compound [15, 21].

In 2.45GHz microwaves, the oscillation of the eliedield of the radiation occurs 4.9 x
10° times per second. The time scale in which thel fillanges is about the same as the
response time (relaxation time) of permanent dggdeesent in most organic and
inorganic molecules. This fact represents a basiaracteristic for an efficient

interaction between electromagnetic field of micaves and a chemical system [15].

-lonic Conductionis the second mechanism for microwave heatingeiterates heat
through an induction phenomenon. The microwavesrgtal field attracts the free ions
of the compound. Collisions with non-ionised molesuoccur, which gives up kinetic
energy in the form of heat. The phenomenon is epeddent to any great degree on the
temperature or microwave frequency [15, 21].

Materials differ in their reaction to the microwaveeld. Metals tend to reflect
microwaves, a quality that enables them to be @sedonduits or waveguides and as
containers to hold, direct and apply microwave gneSome non-polar compounds are
transparent to microwaves and will not heat withr, reflect microwave energy. These
materials are often used as processing contaiparscularly for liquids and as control
windows [21, 25].
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Materials that respond to and can be processeditrpwave energy are composed of
polar, ionised or conductive compounds. The keyhw effectiveness of microwave

heating is that the process is one of direct eneogyersion. Treated material converts
the microwave energy to heat within itself, elinting the need to heat an oven as

required in conventional processing.

Unlike thermal heating which involves heat conductand thermal lag associated with
it, microwave heating generates heat directly witiie sample and because of this can
offer possible advantages of higher efficiencyastdr production rate, lower capital
cost, more uniform cure, and improved physical/medatal properties over thermal
heating [8].

The heating provided by microwave processing iserselective, more volumetric,
faster and it is more controllable than thermaltinga[26]. This higher process
controllability removes the exothermic temperateseursion that occurs during the

curing of thermosets.

Epoxy resins have been most widely looked into hgabecause of their industrial

importance, and also because their dielectric ptigsepredispose them to effective
microwave induced curing [27]. Amazingly, investigas have shown that the rate of
curing depends more in the way microwave pulsesappied than in the total power
applied. There have been results from experimehtshnndicate that the curing rate is
not directly related to the sample temperatureeeifh, 28].

2.10 Advantages and Disadvantages of Microwave heat ing over
Thermal heating

Microwave processing is able to quickly and coratally absorb energy for either
cooking, dehydration or curing. The advantages amarve heating has over other

heating methods are as follows [29].

1) Microwave offers fast heating rates, especialleatperatures higher than its

glass transition temperature.
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2) Microwave energy is directed at the material, aodthrough the containing

vessels. As a result, microwave has minimal thetatpéffects[29].

3) Microwave heating minimizes thermal gradients. Tesults in more

homogeneous cure, smaller thermal stresses, anthatimaterial degradation.

4) The microwave equipment takes up less floor spaae conventional thermal
equipment [29].

There are some limitatiorie the use of microwaves in the processing of pelgn

These limitations are

1) Some materials are not transparent to microwaveseidls that are susceptible
to microwaves contain dipoles that are active endpplied frequency
[29]. There are some materials such as polyolefinghvare not active in the
microwave field. This can be remedied by addingravi@ve susceptors to the

material.

2) There must be further developments in the equipmesign and manufacture of
microwave equipment, especially for use in largdesproduction [29].

3) There are safety and lack of training issues irudeof microwave energy for

materials processing.

2.13 Cure Kinetics

Chemical kinetics is the study of how quickly reads are consumed and how products
are formed [30]. It also looks into how rates adiaton respond to the presence of a
catalyst, or to changes in the reaction conditidims study of reaction rates enables us
to understand the mechanism of the reaction [30jetics can also be defined as the
modelling of the effects of temperature and time the degree of cure of a
thermosetting resin [31].The scientist or the psscesngineer obtains important

information from the cure kinetics of a resin. Tm&rmation can be used to predict the
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shelf lifetime of a thermosetting resin or compesit can also be used to optimize

processing conditions [31].

2.13.1 Isothermal vs Dynamic cure Kinetics

Using the differential scanning calorimeter, themee three different ways of

determining the cure kinetics of a thermoset re@a§ They are

1) Single Dynamic Heating experiment

2) Multiple Dynamic Heating experiments. This usualtyolves three or more
heating rates.

3) Isothermal Heating experiments. This also usuatlyolves three or more

different temperatures [31].

Dynamic DSC measurements are in general, lessdonsuming and as a result they
are more attractive than isothermal measurementsghwhave the disadvantage of
being time consuming however, the highest degreeairacy of can be obtained using
the isothermal approach [31]. This is because &athl conditions remove probable
problems such as the occurrence of temperatureegitad Furthermore, the isothermal
approach is acceptable for both standard (nth praled autocatalyzed resins. Also,
isothermal heating have a tendency to best simwdate copy the real processing
conditions which are used to produce the finalrtteset product [31]. Highly erroneous
results can be obtained if the dynamic DSC appriosacised to study the cure kinetics

for autocatalyzed resins [31].

2.13.2 Standard (n-th order) and Autocatalyzed Kine  tics Reaction

n-th order kinetics means that the material shdsvsnaximum rate of cure at the start
of the experiment (time=0) [31]. A reaction whiaklldws nth order kinetics obeys the

general rate equation:

(jj—‘t’ = k(T) [1<]" 2.17
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da . .
where i reaction rate (seb

a = fractional conversion
k(T) = specific rate constanteahperature T
n = reaction order. (K)

Autocatalyzed systems are distinguished by the d&tion of some intermediate species
which markedly accelerates the reaction. An ausdgzae¢d material will have its
maximum heat of evolution at 30-40% of the reac{@®?]. Epoxy systems used in the
industry are an example of autocatalyzed systems.

An autocatalyzed reaction will follow the relatidiys below [32].

49 _ am (1) 2.18
dt
k = Z%8FT 2.19
Where (jj—? = reaction rate (sed)

K = rate const&sgc’)
a = fractional conversion

m, n = reaction osl€K)
2.13.3 Modelling of cure kinetics

A crucial step in the study of cure kinetics by DiSditting of the reaction rate profile
obtained from either isothermal or dynamic experitagto a kinetic model. There are
essentially two forms of kinetic models used toctiég thermoset curing reactions;
empirical and mechanistic models [33]. Due to theglexity of the mechanistic
models, the empirical kinetic method is more prahés for practical and comparison
purposes. In empirical models, the whole reactsoronsidered as a single kinetic
process, regardless of the different reactive mse®or the different stages evolving
within the system [34].
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. . . da
Empirical models are based on the assumption tieader all reaction ratea can be

expressed as [34]:

gE:kf(a) 2.20
dt

wherea is fractional conversion, d( is a function of fractional conversion, and khe

rate constant which obeys the Arrhenius relatigmshi

k=Aw{_%j 2.21
RT

where A is pre-exponential rate constant (i.e. &sown as the collision frequency
factor), E is the activation energy, R is the gas constand @ is the absolute

temperature.

The simplest empirical model corresponds to anontler equation:

9a—:k(l—a)” 2.22
dt

where n is the reaction order. This model is aplpti® a curing system showing no

autocatalytic phenomena and no complexity in tlagtren mechanism [35].

In the case where the curing system exhibits atate effect, i.e. a maximum of the
reaction rate is observed at some point other tharbeginning of the reaction in an
isothermal cure, the kinetic model given by equat8 cannot be applied and
consequently, the so-called autocatalytic modeltnmesused. For an autocatalytic
reaction in which the initial reaction rate is zgttee following equation is applied [36].
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da_ ka™(1-a)" 2.23
dt

If the initial reaction rate is not zero, the awttatytic model is given by [134]:

da _ k,+k,)Ja™(1-a)" 2.24
dt

where m and n are the reaction orders.

K, is the rate constant associated with the nonydataleaction, while K is the rate
constant associated with the autocatalytic reastidq and K usually obey the
Arrhenius relation. Kand K are functions of temperature. m and n represeat th
reaction orders. m indicates how much of the curaagtion follows the autocatalytic
path, while n indicates how much of the curing tieas follow the non-catalytic path.
The introduction of these four parameters enabletau®btain a good fit to the
experiment data. The values of m and n are foundraxy from experiment to
experiment. It is quite usual to assign a valuenof n = 2 when using the autocatalytic
model. Some researchers have used this valuenB&leas others allowed it to float
and the reaction orders were adjusted until thet lopsimisation of the kinetic
parameters were obtained and the value of m + & weported to vary, for instance,
from 1.0 [38] to 7.2 [39]. The autocatalytic mbdes been widely used by many
researchers to study the reaction kinetics of varibermoset polymers including epoxy

resins [35, 40], and urethane acrylate resins [41].

Although the empirical models are based on thédnesotal experiments, several authors
[34, 35] have demonstrated that these models are\alid in dynamic experiments

with a simple modification of the rate equation @&tjon 5.6) and that;

da _ _da

—=0— 2.25
dt dT

where® is the linear heating rate.
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2.13.4 Temperature Dependence of Reaction Rates

The rates of most chemical reactions increaseeatethperature increases [30].

2.13.5 The Arrhenius parameters

The arrhenius equation is named after the Swedismist Svante Arrhenius. In the™9
century, when data on reaction rates were accuedyldte noticed that there was a
similar dependence temperature for almost all efdata [30]. He observed that a graph
of Ink against 1/T, wher& is the rate constant for the reaction and T isaibsolute
temperature at whickis measured, gives a straight line with a slopelwis typical of
the reaction [30]. It was concluded that the ratestant varies with temperature. This

conclusion can be represented mathematically as
: 1
lik = intercept + slope )_$ [30] 2.26

This expression is normally written as the Arrhenggjuation

E

Ik=1In A—-—2 [30] 2.27
RT
] Intercept = In A
In K
Slope = -E/R
O 1/ Temperature, 1/T
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Figure 2.26 General form of Arrhenius plot

The figure above is the general form of an Arrherplot of Ink against%. The slope

of the plot is equal to - RT, while In A is the intercept a_% =0 [30].

Alternatively, the Arrhenius equation can be retgntas
K=AeE¥RT 2.28

Arrhenius defended the equation above by arguiagttie temperature dependence of
rate constants may be similar to the temperatuperttence of rate constants [42].

Ea is known as the activation energy of the reactiwhile A is the pre-exponential
factor [30]. The activation energy of a reactiontii® minimum amount of energy
required for a chemical reaction to take places & molar energy, and it has the units of
kilojoules per mole. Practically, a reaction rdtattis very sensitive to temperature will
have a high activation energy, while a reactioe maith a low activation energy will
only vary slightly with temperature [30]. Reactiongh zero activation energy have a
rate that hardly depends on temperature [30].

Low
Activation
Energy

AUl

High
Activation
Energy

/

1/ Temperature, 1/T

Figure 2.27 Arrhenuis plots with different activation energies
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The figure above shows two Arrhenius plots whickenhdifferent activation energies.
The plot with higher activation energy is steeam this is an indication that the rate

of reaction is more sensitive to temperature [30].

It can also be noted that a low activation eneigpifes a fast reaction, while a high
activation energy is indicative of a slow reactidxs T increases, there is a rapid
increase irk. This is mainly because there is an increase ennttmber of collisions

whose energy exceeds the activation energy [12].

The pre-exponential factor A is defined as the tamtsof proportionality between the
concentrations of the reactants and the rate athwthie reactant molecules collide [12].

2.13.6 Degree of Conversion a and Reaction Rate Z—?

Epoxy resin curing is an exothermic reaction. Foe&othermic reaction, if we assume
that [34]

1) During curing the exothermic heat generated is qutogmal to the number of
double bonds which have reacted in the system.

2) that maximum conversion is attained when all thedsothat can react have
reacted

3) the rate of reaction during cure is directly prdmoral to the rate of heat

generation,

At time t, is becomes possible to determine theakegf conversion, and the reaction

ratec(lj—ct7 at time t [15]. This can be determined by thediwihg expressions.

AH,
AH

o=

2.29
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da _ (dH/db),
dt ~ AH,

2.30

Where %)t Is the rate of heat generation and is directlgteel to the calorimetric

signal at time t, and\Hgr is the total reaction heat associated with thenplete

conversion of all the reactive groups , attdk is the heat released until time t. This can

be obtained directly by integrating the calorirr[cetriignalO(lj—t| until the time t [15].

In order to calculate the reaction rate and theakegf conversion, it is important for us
to understand how the calorimetric signal change®raling to temperature or time.
This depends on whether the experiment is dynamigothermal. It is also essential to

quantify the reaction heat perfectly [15].

2.13.7 Methods of evaluating degrees of conversion and reaction
rate

From a reaction’s experimental heat of isothermxgleements, there are four different
ways of ascertaining the degrees of conversiorreaction rates [34]. In the methods,
and(jj—? are defined according to equations 2.23 and ABb, o and(jj—? are obtained

for the entire duration of the reaction. This allous to use differential forms for the

rate equation [34].

2.13.7.1 Method A

By integrating the calorimetric signal, the totahction heat can be measured directly
from the isothermal experiments. This is done aiperatures greater than those of

complete curing, as long as all the heat generdigihg the reactive process can be
detected by the calorimeter [15]. In this situa,titmnandC:j—ct7 are expressed from
equations 2.23 and 2.24 as

AH
AH

. 2.31

iso

o=
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da _ (dH/db),
dt ~ AH

2.32

iso

AHiso is equivalent to the heat generated in an isotaeewperiment. This can be
evaluated by integrating the calorimetric signdiiluthe process recovers the base line
[15].

This method is not applicable if the material doed cure thoroughly at the cure
temperature. If this is the case for the matefi@rasothermal cure, a temperature scan

detects a residual heat [15].

2.13.7.2 Method B

If a dynamic postcure up to high temperatures rgaxh out on a sample already cured
isothermally, and a residual heAH,.s is obtained, this means that the isothermal

reaction heaf\His, is not the total reaction heat [15]. The totaltHescomes the sum of

the isothermal heat and the residual h&Hi,, + AH,es Hencea andil—ctr will be

recalculated with the following expressions [15].

o=— BH. 2.33
AHiso +AH res
da _ (dH/dT), 034

dt AH_ +AH
2.13.7.3 Method C

If the sum of the isothermal and residual heaéss fthan the heat detected for the same
reaction in a dynamic cure process, then metho@rBnot be applied [34]. Since we
can not know the total reaction heat by other ptaces, then the dynamic hesitigy,

can be taken as the total reaction heat, sinceriexpatally, this is the maximum heat
that can be detected [15]. Hence the degree ofearsion and the reaction rate are

defined as
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AH

o=t 2.35
AH,,

da _(dH/db), ) 36

dt ~ AH

dyn
2.13.7.4 Method D

If the sum of the isothermal reaction heat and rksidual heat is lower than the
dynamic heat, this means that either the isotheh®at or the residual heat detected is
not correct, since their sum should be equal tatm@amic heat. This can be ascribed to
that part of the heat that not be registered isotay by the calorimeter at the
beginning and the end of the reaction becausellg Eelow the sensitivity of the
apparatus, or because part of the heat is loshgltine stabilization of the calorimeter
[15] If the AHiso calculated by the integration of the calorimesignal is not correct,

AH; and (dd—c:)t will not be correct either. In this case, the dyiaheat will be taken as

the total reaction heat, amd; and %)twill be corrected, considering the part of the
heat that has not been registered isothermally . Takjng into account these

. ) da !
considerationsy andE are defined as

_ AHt (AH dyn - AH res)
- AH,_AH

2.37

a
dyn

da _ (dH /dT)t (AH dyn —-AH res)

da 2.38
dt AH, AH

dyn
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When this method is applied to the calculationhaf flast degree of conversion reached
isothermally, that is to say wheH; is equal toAH;s,, the degree of conversion has the
value [34]:

o= 1- B 2.39
AH

dyn

2.13.8 Dynamic Curing

For dynamic curingg. and(jj—? can be directly calculated from equations 2.2122Q.

The dynamic heatHgy, is used as the total reaction heat [34]. As cuithgnade at a

constant linear heating rate, the heating ratéa®lde curing time and temperature [34].

2.13.8.1 Isothermal Kinetic Analysis

99 _ i) 2.40
dt

Equation is the isothermal with which the kinetitdy begins.a is the degree of
conversion, the rate constant that depends orethpdrature i« . f(a) is a function of
the degree of conversion [34]. The dependenceeofate constant on the temperature is

taken to follow the arrhenius law.
k—koexp[-i] 241
RT '

wherek, arrhenius frequency factor, E is the activationrgneR is the universal gas

constant, and T is the curing temperature.

2.13.8.2 Autocatalytic Model

The autocatalytic model follows the assumption thatwhole reactive process can be
integratedinto a single reaction. This reaction has a sigiévation energy which is
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maintained constantly throughout the curing proceaad f(a)=(1-0)"a™ [15].
Substitutingf(e) in equation 2.40,

9@ aayam 2.42
dt

Taking logarithms,
Ir+d[£] =Ink+nIn(l-) +min o 2.43

In order to use an autocatalytic model to estalihghcure kinetics, Isothermal cure is
carried out at several temperatures using the D&€hme.

In order to use the autocatalytic model to esthlile cure kinetics, isothermal DSC is
carried out at several temperatures. The conveesidireaction rates are determined for
the complete course of the reaction. The experiatgatults are finally adjusted with
the kinetic equation. For each temperature, thee cahstant and the reaction orders are
obtained [15]. The activation energy and the freqyefactor are obtained from the

Arrhenius equation for the dependence of the rastant on the temperature [15].

2.13.8.3 Isoconversional Adjustment

Int=A + E/RT (a=ct)

If we substitute the Arrhenius equation am into ride equation al, and the equation is
reordered and integrated between a curing tim® twherea = 0 and time is t, with a

degree of conversiom If we take logarithms, we obtain
Int=A +E— 2.44
RT

Where A is a constant for each degree of convemnohit takes the following value
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A:Irﬂ%]—lnko 2.45

According to equation 2.44, the slope and interoépihe linear relationship In t against
T gives us the activation energy and the constant A.

2.13.8.4 Isoconversional Adjustment

In (‘jj—‘t’) = In [K of(a)] - %(a:ct)

If we substitute the arrhenius equation 2.28 irqoation and take the logarithms, we

obtain the relationship below for a given degreeasfversion.

da . _ _E
|n£] = In (kef(@)] - 2.46

According to the equation 2.46, we can obtain tttevation energy E, and the constant
In [Kof(a)] from the slope and the intercept of the linedationship In %) against T

for a constant conversion [15].

The advantages of the two isoconversional metheo#s the autocatalytic model are
that
1) For a given degree of conversion, it is possibledébermine the activation
energy without the need to knowf( since it has been assumed that regardless
of the curing temperature, of( takes the same form for a given degree of

conversion.

2) Isoconversional methods can be applied to diffedegrees of conversion to see
how the reactive process evolves, and also to khavsingle activation energy
can describe the entire curing process, as is assimthe autocatalytic model
[15]
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Generally, the kinetic models used with epoxy/amasn systems were derived from a
curing kinetics scheme which was proposed by Hetial [43]. The scheme is shown

below.

PA + E + (HX)a ---- k-2 SA + (HX)"
PA + E + (HX) ----ki--- 2 SA + (HX)
SA + E + (HX) ----kz -- 2 TA + (HX)

SA +E + (HX) ----k» -2 TA + (HX)

Where PA, SA, and TA are primary, secondary anihtgramines. E is epoxide, (Hx)
represents a hydroxyl group in the system as itfoimmed in the amime - epoxide

addition reactions. At any time t, the rate of adexconsumed is derived as;

dx
a: (K 160 + K'1x)(e0-X) (au-kap) 2.47

Wherex is the concentration of epoxide consumed at a giiran, ¢ and @ are the
initial concentration of (HX) and epoxide, ;aand a are the concentrations of primary
amine and secondary amine and Kgkk= K./k1, the relative of reaction rate of

secondary amine and primary amine with epoxide.

Sourouret al [44, 45] later proposed a kinetic model using Harreaction scheme and
they assumed that under homogenous reaction oomslitithe primary and the
secondary amine were of approximately equal rei@gtiand the concentration of (HX)

was constant. The equation below expresses theaatézof consumption of epoxide.

% = k1C(1-0)(B-a)+koa(1-a)(B-a) 2.48

In the equation 2.48 is the degree of cure of epoxide reacted at tinBei$ the initial
ratio of diamine equivalents to epoxide equivale@sis the concentration of (HX)

molecules whilek; and k are the rate constants. If (HX) is assumed to bestent
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throughout the reaction, then the produck;adnd C is a constark;. Equation 2.48 can

thus be rearranged as
dx/dt=(k+ koa)(1-a)(B-a) 2.49
which can also be rearranged as

da/dt

— =Kk + ko 2.50
l-a)B-a)

Where(jj—? assumed to b%lt( . Equation 2.48 predicts a linear relationshighef left

side term with the degree of cure. Hence, param&teandk, can be determined by

plotting __daldt againsta. A cure study of DDR 332 / m-PDA was used to
l-a)(B-a)

investigate the validity of this model . The resudbtained showed that the model was
consistent with isothermal DSC and rheological expent data at the early stages of
cure, after that, the model was noticed to deviaben the experiment data. This
deviation was ascribed to the effect of diffusiamizol which occurred in the later
stages of the reaction. Later on, equation was freddinto equation 2.49 which is now
known as the autocatalytic model which can be usedescribe the cure of both

bifunctional and multifunctional epoxy resins.

‘3_‘: =(ky + koa™)(1-)" 2.51

ki is the rate constant associated with the nonidataleaction, whilek, is the rate

constant associated with the autocatalytic reastion
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2.14 Dynamic Kinetic Analysis

Dynamic Kinetic analysis involves three types obgadures. In the first type, the
degree of conversion and the rate of reaction br&med from a single experiment, and
they are adjusted to some kinetic model, and alkthetic parameters are obtained [15].
Although this procedure has the benefit of beirgy,fd is not usually recommended in
complex reactions such as curing of thermosets.ss Tiki because it normally
overestimates the value of the kinetic parametgfg. [Malek and Criado [46, 47]
proved that if the real value of the activationrgyas not known previously, the kinetic
analysis from a single dynamic experiment.

The second procedure involves the determinatidhefariation in the temperature at a
given conversion. In the third procedure, the peaktherm temperature is varied

according to the heating rate [15].

2.14.1 Kissinger's Method

Kissinger's method is another method which is auplio the curing kinetic analysis.
[48]. Kissinger's method is based on the assumphanhthe exothermic peak coincides
with the maximum reaction rate and uses an nthroedgiation to describe curing
kinetics. Equations 2.21, 2.22, and 2.25 were tgexkpress an nth-order equation for

dynamic curing. The expression is described below

= da d_a:Aexp(_Eaj(l—a)” 2.52
dt dT RT

where r is the reaction rate. Since the maximune mccurs when% = 0,

differentiating Equation 2.52 with respect to tiared equating the resulting expression

with zero gives;

o-_Ca :An(l—ap)”'lex;{_EaJ 2.53

RT,’ RT,

If we rearrange equation 2.53, and take the nakogakithms, we get;
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_ i — Ea _ _ _ Ea
In(_l_Pz) In[RAnj (n-1)In(1 aP)+RTP 2.54

The activation energy can be determined from tbhpesbf the straight line of a plot of

—In(®/TH) against_l_i

p

2.14.2 Ozawa's method

Ozawa’s method [49] was used to carry out a kireatalysis of the epoxy systems.
This method is based on isoconversional procedutetaloes not require knowledge of
the reaction rate equationa)( Ozawa’s method is based on the assumption that
regardless of the reaction temperature, the reaptiocess has the same mechanism of

reaction for a given fractional conversion.

Researchers claim that this method has lead t¢ter imderstanding of the study of
curing [50]. The autocatalytic model method studireswhole curing reaction as a
single kinetic process. It does not take into antdle different reactive processes or
the different stages through which the system eslisoconversional kinetic method,
on the other hand determines the activation enfengg given fractional conversion,

which shows the different stages through whichréaetive process proceeds [51].

For the kinetic analysis in dynamic curing expemtsethe integral form of the rate

equation is expressed as [20];

_ (7 da _ AT (E/rT)
g(a)= @) _6.[0 e dT 2.55

f

The value of the right-hand side of Equation 2.5% e expressed by means of a

polynomial function P(E/RT) as;

Ep B4 IT e (E/RT)gT 2.56
R \RT 0
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Doyle’s approximation for the polynomial functiodE?RT), which is valid in the range

20< E/RT< 60 is expressed as [52];
log P[Ej =-2315- 0.4567E 2.57
RT RT

In order to determine kinetic parameters in dynaexperiments, Equations 2.56 and

2.57 may be combined and rearranged as [53];

log® = log AB |_ 2315- 0456752 2.58
gle)rR RT

Equation 2.58 which is also known as Ozawa’'s metlspdior a given degree of
conversion, a linear relationship between the litigar of the heating rate and the
inverse of the curing temperature. The activatiorergy, E, and the constant
[log(AEJ/Q(0)R) — 2.315] can be determined from the slope anme intercept,
respectively, of the linear relationship lab against T for a constant fractional
conversion. For the kinetic analysis of the cunmgcess equation 2.58 can be applied

to different fractional conversion and can alsekpressed as;
, E
logd = A'-04567—2 2.59
RT

where A = [log(AE/g(0)R) — 2.315].
2.15 Previous work on Microwave vs Thermal Curing

Wei et al used microwave and thermal energy to cure diglyaither of bisphenol A
(DGEBA) / diaminodiphenyl sulfone (DDS) and a DGEBAneta phenylene diamine
(mPDA) [26]. They used Fourier Transform Infrard€l'(R) to measure the extent of
cure,and thermal mechanical analysis (TMA) to deiee the glass transition
temperature (J). Their findings show that the reaction rate cant of the primary
amine-epoxy reaction are equal to those of therskny amine-epoxy reaction, and the
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etherification reaction is negligible for both noerave and thermal cure for the
DGEBA / mPDA system [26]. For the DGEBA / DDS systethe reaction rate
constants of the primary amine-epoxy reaction aeatgr than those of the secondary
amine- epoxy reaction; and etherification reactisnonly negligible at low cure
temperatures for both thermal and microwave cur@].[Zhey also found that
particularly at higher isothermal cure temperatuths vitrification time is shorter in
microwave cure than in thermal cure for both theHB®& / mPDA and DGEBA / DDS
systems [26].

Navabpouret alused dynamic and isothermal curing methods to dtiuelgure kinetics
of a commercial epoxy resin system RTM6 using aomwave heated calorimeter and a
conventional differential scanning calorimeter [SBhe resins cured isothermally using
microwave heating were found to have larger vabfggeexponential factor and higher
values of activation energy then resins cured ugiagmal heating [15]. It was observed
that the reaction orders were similar for both wmicve and thermal heating. This
suggested that the mechanisms of curing were sinkita the dynamic curing, the data
revealed that microwave cured resin had higherxpagential factor and activation
energy than thermal curing. The two heating metlyade different reaction orders [15].
This result implied that the curing mechanisms gsimcrowave and thermal heating
are different [15].

Navabpouret al also carried out near — infrared spectra duringadyic curing of the
resin, and they found out that there was more ragédtion of the amine groups in

microwave curing than in conventional curing of &poxy resin [15].

Nesbittet al also used dynamic and isothermal curing methodsotopare the curing
kinetics of diglycidyl ether of bisphenol-A (DGEBAyith HY917 (an acid anhydride
hardener) and DYO073 (an amine-phenol complex actisgan accelerator) using a
conventional differential scanning calorimetry arad microwave heated power
compensated calorimeter [55].They found that dyeamicrowave curing of the resin
produced higher reaction rates and shorter curestithan conventional heating. Also,
microwave cured samples had higher values of puorexqtial factor and activation
energy than conventional curing [16]. The ordergha reaction for microwave and

conventional heating methods were similar. The ggkaansition temperatures of the
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resin cured using conventional heating was highan tresins cured using microwave
heating for each heating rate used in curing tlenrgl6]. The activation energy
obtained during isothermal curing of the resin gsmicrowaves was lower than the
activation energy obtained during conventional rogirj16]. They also found that the
glass transition temperature of the conventionalised resin was higher than that of the

microwave-cured resin [16].

Hill et al used fiber-optic FT-NIR spectroscopy to study thermal and microwave
cure process for the epoxy resin diglycidyl ethebigphenol A DGEBA with 4 4'-
diaminodiphenyl sulfone (DDS) and 4,4’-diaminodipliemethane (DDM) [4]. They
found the rates of reaction of primary amine ancosdary amine to be similar for
microwave and thermal cure processes. They alsoluaed that there was no special
effects of microwave radiation on the kinetic pagtens of either the primary amine or
the secondary amine reactions [17]. They also fduriti systems to be characterized

by a negative substitution effect [17].

Wei et al used electromagnetic radiation and conventionaltihg using thin film
sample configurations to cure stoichiometric miggiof DGEBA / DDS and DGEBA /
mPDA isothermally. The extent of cure was measurgd-ourier transform infrared
spectroscopy (FTIR), while the glass transition gematures were measured directly
from the cured thin film samples using Thermal Maubal Analysis(TMA) [56].
Microwave radiation was observed to have strondkaces on the DGEBA / DDS
system than the DGEBA / mPDA system. Compared toveational heating, it was
observed that there were significant increases icrawave cured DGEBA / DDS
samples, while there were only slight increaseshm microwave cured DGEBA /
mPDA samples. After gelation, the microwave curedngles had higher glass
transition temperatures than the thermally curechpdas [18]. The magnitude of
increase of glass transition temperature betweecromave and thermally cured
samples was much more significamtDGEBA / DDS system than in DGEBA / mPDA
system [18].

Mijovic et al carried out an investigation into the cure kinetoié an epoxy formulation
diglycidyl ether of bisphenol A and diaminodiphersglfone (DDS) as curing agent.

This investigation was carried out using microwarel thermal energy. They used
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dynamic scanning calorimetry to measure and compatfe the degree of cure, and the
glass transition of samples cured in the thermal amcrowave fields at the same
temperature [28]. They found out that cure procdeslightly faster in the thermal field
than in the microwave field. They also observed tha glass transition temperature
range was broader in the microwave field, initigtia probability that there is a

difference in the cure mechanism of epoxy systentee microwave and thermal fields

[9].

Marandet al used in-situ measurements of microwave dielepiperties and infrared
spectroscopy to compare reaction mechanisms of 8BS/ DDS epoxy system
undergoing isothermal cure at different temperatuwsing thermal and microwave
heating [57]. Their findings revealed that the rateross-linking was much higher in
samples cured by microwave radiation than samplegdcthermally. At higher
temperatures especially, this higher cross-linkatg appeared to lead to an entrapment
of the unreacted epoxy and amine groups withirrélsen matrix, and in the microwave
cured samples, this led to an overall lower degferire [19]. Marand stressed that his
conclusions were limited to the epoxy systems larened, and that in other molecular
systems, acceleration of reactions by microwaveggnenay lead to overall faster

reaction rates, void of the possibility of crogsklng reactions [19].

Wallaceet al cured PR500 epoxy resin using a conventional areha commercial
microwave oven. Modulated Differential Scanning df@mhetry MDSC, Dynamic
Thermal Analysis, Infrared Spectroscopy, and sstate NMR spectroscopy were used
to compare the cured resins [58]. Their investayaishowed that in microwave-cured
samples, the epoxy-amine reaction is more domitfzart the other possible curing
reactions, including the epoxy-hydroxyl reactiori.thAe same degree of cure, Infrared
spectroscopy revealed that the intensity of thadwy and the amine bands was more
in the thermally cured sample [58]. This indicatbdt during microwave cure, the
amine-epoxy reaction was more dominant under tleseitions —CH,OH group is
formed in the epoxy-hydroxyl reaction. Solid Sta®&IR spectroscopy showed that
there were a larger number of —&}H groups in the thermally cured sample, hence, the
epoxy-hydroxyl reaction must be more dominant dyitlre thermal curing process [20].

92



Wallaceet al inferred that from the results of the IR spectopsg solid-state NMR and
DMA, microwave curing of epoxy samples under theseditions lead to the increase
of the amine-epoxy reaction compared to the epgidrdxyl reaction, leading to a
different network structure revealed by DMA. Wallasuggested that this could be

responsible for the widening of the glass transitiemperature which is commonly
observed in microwave cured epoxy resins [20].
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CHAPTER THREE

3.0 EXPERIMENTAL

3.1 Materials

Two commercial epoxy resins were used for this\stéddgaldite LY 5052 supplied by
Huntsman UK and DLS 772 supplied by Hexcel UK. Aitl LY5052 has an epoxide
weight equivalent of 148.33, while DLS 772 has aoxy equivalent of 192.33. 4 4’
Diaminodiphenysulfone (4 4'DDS) was used as thenguagent for both epoxy resins.
The resin and the curing agent were mixed with grmatic bar in a beaker using a hot
plate, and stirred with a stirrer until the 4 4antinodiphenylsulfone dissolved in the
resin.

The mixtures were blended at different stoichiometttios. Eight stoichiometric ratios
were initially prepared. They were 0.5, 0.6, 0.8,®.9, 1.0, 1.1 and 1.2. The epoxy
resin systems were cured using a DSC and a miceweated calorimeter. The
stoichiometric ratios which produced the highessgltransition temperature were used

for subsequent experiments.

3.2 Resin Characterization

3.2.1 Density Measurement

Density is defined as how much mass is contained given unit volume. It is a

measure of how “tightly” a material is packed tdupat

Absolute densityq) is defined as;

Where W is the mass and V volume of the object.[59]
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The pycnometer method is one of the most commoradstused for measuring the
absolute density of macromolecule substances. €hsity is measured by determining
the weight of a volume-calibrated pycnometer whetiilled with a liquid of known
density in which a certain quantity of the polynsample is immersed. The sample
volume equals the pycnometer volume minus the piatied volume of liquid of

known density [59].

Figure 3.1Different types of volume-calibrated pycnometé&s][

Pycnometer A in figure 3.1 was used for this reseafhe density measurements using

the pycnometer method were carried out as foll@®@3. [
(1) The pycnometer was cleaned, dried and weighed tairodry weight (WY).
The pycnometer was then filled with distilled waterd reweighed (.
The volume of the pycnometer {Mvas calculated from the equation below.
p ¥ (W2-W1)/py 3.2

Wherep,, is the density of water.

(i) The pycnometer was then dried again and weighegd. (Wie pycnometer

was again filled with the sample and reweighed)(W

Madssample = W-W; 3.3

(i)  The pycnometer filled with sample and water wasgived (W4)
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Madsvater = W-W3 3.4

Volemof water (M) = (Wa-W3)/pw 3.5
Volerof sample (Vs) = Vp-Vw 3.6
Dapof sample gs) = (Ws-W1)/Vs 3.7

Since the density measurements were carried oubah temperature (26), the
density of waterg,) used in this study was taken as 1.0 g/c&everal measurements

were conducted on each sample to ensure thatleehesults were obtained.

3.3 Curing Methods

A series of samples of stoichiometric ratios ofxgpesin systems Araldite LY 5052 / 4
4 DDS and Araldite DLS 772 /| 4 4 DDS were cureding conventional and
microwave heating techniques. Fully cured samplesvprepared for the purpose of
investigating the physical properties (e.g dengtgss transition temperature) and also
the mechanical properties. Also partially prepaszsnples were also prepared for
Fourier Transform Infrared (FT-IR) analysis. Theneentional and the microwave

curing techniques are explained below.

3.3.1 Microwave Curing

A single mode cavity was used to carry out microsvanring of the epoxy resin system.
Microwave curing was performed in a cylindrical $sasingle mode cavity having a
radius of 46.9 mm, and a length of 265.0mm. Thetgavas at a frequency of 2.45
GHz in the resonant Ty mode. As shown in the figure 3.2 below, this cavd
designed to have its maximum electric field strerejong the centre of the cavity axis.
Figure 3.3 shows the schematic diagram of the miave heating system. The
microwaves are generated by a network analyser gfe®Rackard 8714ET). A solid
state amplifier (Microwave Amplifier Limited) wassed to amplify the generated
microwaves. This Amplifier has a maximum output 200W. A GPIB interface
between the network analyser and the computer e to adjust the source power and
the microwave frequency. The sample temperature masitored using an Opsens
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fluoroptic thermometer which was inserted throughmall hole drilled at the top of the
cavity. A small glass tube was used to protecttipeof the temperature probe. The
thermometer was connected to a PID temperatureratlemt manufactured by CAL

Control Ltd., with a model number CAL 9500. Thismigerature controller was

designed to give it the desired heating rate.
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Figure 3.2 Simulated electromagnetic field patterns at 2.48Gbfr TMO010 mode
microwave cavity with the presence of sample gdedraising Ansoft HFSS v8.5
simulation software. The colour scale shows thatiret field strength generated inside
the cavity [61]
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Figure 3.3 A schematic diagram of a microwave heating systising a single mode

cavity operated in Tlyip mode [61].

A sample was placed in the cavity, and a computey used to numerically simulate the
distribution of the electromagnetic field in thevitg (Ansoft; high frequency Structure
Simulation, HFSS v.8.5). The simulated results gobwhat the sample placed in the

cavity affected the electromagnetic field distribat This is shown in figure 3.4 below
[61]
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b) The sample was placed in the front area of thetgasi indicated by the arrow.
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Figure 3.4 Simulated electromagnetic field patterns at 2.45Gblz TMO10 mode
microwave cavity with the presence of sample gdedrasing an Ansoft HFSS v8.5
simulation software. The colour scale shows thatined electric field strength generated

inside the cavity [61]

From figure 3.4 , we can see that the electromagfietd distribution in the cavity was
affected by the location of the sample. The distitn was uneven. Both ends of the
sample mould were subjected to higher E field gtenThe middle region of the
sample mould was exposed to a lower E field. Ataietre of the sample mould, there
was very little or no electric field. This would gggest that it would be impossible to
prepare a fully cured sample. The sample woulduly tured at both ends of the

mould, but not at the centre of the mould.

In order to confirm the changes in the field dimition with the E field pattern obtained
from the simulation software, the E field in thecnowave cavity was investigated
experimentally. The experiment was performed usinfax paper which turns black

when it is exposed to heat. This attribute was @sedn indicator to show the E field in
the microwave cavity. The fax paper was cut int® dimensions of 46.9 x 265.0mm
and placed in the cavity. The experiments wereoperéd with and without the PTFE

mould. The results are shown in the figure. Thegpas shown on the fax paper after
exposure to microwave radiation are in good agre¢méh the electromagnetic field

pattern obtained from the simulation software. Ehéeld distribution was altered by

the presence of the PTFE mould. Figure 6(b) clesiigws that only the ends of the
PTFE mould were exposed to significant electritdf{€1].
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1

a) The cavity without the PTFE mould eTcavity with the PTFE mould

Figure 3.5 The fax paper after exposure to microwave radiafidhe line indicates the

position of the PTFE mould inside the cavity [61].

A PTFE mould with dimensions 120mm length x 30mmaltin x and 5mm height was
designed to fit into the cylindrical cavity. Sampleere prepared and poured into the
mould. The PTFE mould was then placed in the ceoftthe cavity. The samples were
programmed to heat from room temperature to°8@t 10 K min’. It was found that
the sample exothermed before it attained its prograd temperature. This was
attributed to the high heating rate used. At a mouerer heating rate of 2 K mi the

sample fully cured without any exotherm.

3.3.2 Dynamic Scanning Calorimetry

Dynamic Scanning Calorimetry is a method of theranadlysis whereby power (heat
flow) is applied to a sample pan and a referenae pad the difference in power is

monitored against temperature or time while the peerature of the sample is
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programmed in a specified atmosphere [42]. DSCris of the easiest ways of
determining the cure kinetics of a resin [31].

There are two types of DSC:
1. Power — Compensated DSAn power compensated DSC, the sample and the

reference are heated by separate heaters. The regmeedifference is kept

close to zero, while the electrical power whichraeguired to maintain equal

d(Aq)

temperatures Ap = T) is measured [42]
Sample Reference
|
sl lz
_|I'I |
i
Hegling bl I | ] LI
EIE!IHEr?!! Sample Reference  CIoCK
termperature femperalure
sensar sensar

Figure 3.6 Schematic of the arrangement of power compen$a&ti [61].

2. Heat Flux DSC- Unlike the power compensated DSC, the sample thed
reference are heated from the same source andftbeedce in temperatur&T

is measured. A calorimetric sensitivity is used donvert the temperature

difference into a power differenag [42].
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Figure 3.7 Schematic diagram of the sample chamber of afhe@aDSC [61]

The power compensation DSC is more ideal for cagyut isothermal cure studies of
thermosetting resins. This is because the low rhasaces provide low thermal inertia
and a fast response time [31]. This enables tharedaesin to be heated ballistically to
the target temperature from room temperature aéatirlg rate of 400 — 50Q per
minute. This quick response time enables the pawenpensation DSC to quickly
“lock in” on the isothermal target temperature augilibrate [31]. This gives the best
possible isothermal cure peak and it minimizesrisie that the cure data will be lost,
especially at the very crucial beginning portiohshe isothermal experiments which is
very crucial [31]. Also, the sample temeperaturenantained constant, rather than it
being at a higher temperature than the control &atpre because of the exotherm
during cure.

Compared to the power compensation DSC, Heat fIS Devices have a very slow
and apathetic responsiveness. This is due to lrgjer furnace, which does not allow
the heat flux DSC to heat up and bring to equilibrias rapidly as power compensation
DSC. As a result of this, important data will bestlevhen performing isothermal cure
studies with heat flux DSC.

Furnace

Recorder and/or
computer

, : P e EETONE. S
‘ Programmer ’—— ( Sensor amplifier "

Figure 3.8 Schematic diagram of DSC apparatus [42]

3.3.3 DSC System

The major parts of a DSC system are
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The DSC sensors plus amplifier.
The furnace and temperature sensor

The programmer or computer

P w bR

The recorder, plotter or data acquisition device.

3.3.3.1 DSC Sensors

Many DSC units use thermocouples as sample ancenefe sensors. This is shown in
figure 3.9 [42]. Copper-constantan or Chromel —Alhiom have been used for low
temperatures, while Pt-Pt/13% Rh also has beenagmeqhl[42]. In diagrams (a) and (b),
single thermocouples are in contact with the sample in types (c) to (e), they are
outside the sample. As shown in (d) and (e), mleltthermocouples are sometimes
used to increase the signal. Sometimes, heat iducted to the pans through a
conducting metal disc. The power compensated DS@nisexception because the
sensors are platinum resistors, and power is sehasupplied to the sample and the

reference [42].

Figure 3.9 Series illustrating different types of DSC and D[AER]

Aluminium pans are commonly used for DSC measurésnéare should be taken to
ensure that the are used below the melting poirlwhinium which is about 68G,
and they are not attacked by the samples [42].

103



3.3.3.2 The Furnace and controller

A resistance heated furnace enclosure of silvarsed in many small DSC systems.
Silver is used because it has a very high thermad gctivity, and this ensures that there

Is uniform temperature [42].

A range of between 0 — 500 K rfifis used as heating rates, but 10 K fisnormally
used. DSC is also used below room temperaturethi®purpose, a cooling accessory
or a refrigeration unit is fitted around the cdlhe system can then be cooled directly
with liquid nitrogen or other coolants. It is impamnt that dry purge gas is passed
through the cell assembly during cooling, otherwise may condense onto the cells
[42].

3.3.4 Applications of DSC

DSC has a wide range of applications. DSC apptioatimay be divided into physical
changes and measurements, such as melting, dnestalase changes, phase diagrams,
heat capacity, thermal conductivity, glass traossi liquid crystalline states, diffusivity
and emissivity. Chemical reaction applications @elydrations, polymer curing, glass
formation, oxidative attack [42].

3.3.5 Calorimetric Measurement

Conventional curing of the epoxy resin systems dital LY 5052 / 4 4
Diaminodiphenylsulfone and DLS 772 / 4 4’ Diaminglgenylsulfone were conducted

“in-situ” using a Perkin- Elmer Pyris 1 power compensatio€DS
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Figure 3.10A Perkin- Elmer Pyris 1 power compensated DSC

Dynamic heating was performed from 40 to 8@0at heating rates of 2, 5, 8, 10 and 15
K min™. Samples with weights in the range 1-5 mg werdedeia aluminium sample
pans. These pans contained a small hole in theThd small hole was designed to

prevent large pressures from building up in the pan

The differential scanning calorimetry (DSC) techueds the most widely used
approach for measuring reaction kinetics of theehpslymers. DSC has the
advantages of being simple to use and it has feitdiions. It can also provide
simultaneous information regarding the kineticstha# reaction and thermal properties
[62]. Generally, the reaction kinetics can be stddinder both isothermal and dynamic

conditions. In this research, both were used testigate the two epoxy systems

3.3.5.1 The overall conversion and reaction rate

During the study of the curing kinetics of thermitisg resins with the use of DSC, the

reaction ratec;—ct’ is assumed to be directly proportional to the aditevolution of heat,

dh
dt
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The expression below is used to determine theiorate [63].

da_ 1 dH
dt ~ AH, dt

3.8

Where the rate of heat generaticgllcr'_l is the ordinate of a DSC trace afi is the

dt
total heat of reaction.
At any temperature during dynamic curing, and gttane during isothermal curing,
the fractional conversion is given by [64]

1 ¢ dH
AH, 2 at
The lower bound of the integration is the lowestperature at which the evolution of
heat begins. If the total area enclosed under ®€ ermogram is integrated, the total
heat of reaction released during the reactid{ will be obtained. The total heat of
reaction which is obtained as the area of the Dfe@htogram is assumed to represent
the total heat of polymerisation. Hence, for dymananversion, a 100% conversion is

achieved in all curing reactions performed usirfeedent heating rates [64].

Before equation 3.8 can be integrated, the basktmne which the integration has to be
performed needs to be established. The probleraropke background correction arises
from the fact that the specific heat of the systdmnges continuously during the
thermal event (i.e., melting or curing) from thedeof the initial substances (reactants)
to the level of the final product. In order to ahtthe net effect due to the thermal event,
the course of the heat capacity changes shouldlieasted from the data corrected for
the instrument baseline. An expression which ineutthe changes in the specific heat
due to the degree of cure using the thermal regpohthe material before and after any

thermal event was constructed by Bandera et al [Btd expression is written below

F(t) a{P2(t) — Pi(t)} + Pa(t) 3.10
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From the expression above, F(t) is the sample lvadkg which is to be calculated, t is
the time coordinate, which is proportional to tenapare for constant heating rateis
the current fractional conversion. It is also tlagtial concentration of the product(§

is the DSC signal for the initial substance indbsence of the event which can be
estimated through linear extrapolation of the porif the total curve before the
thermal event; while #t) is the DSC signal for the product alone whieln be
estimated through linear extrapolation of the porof the total curve after the thermal

event.

The current fractional conversion is defined byekpression [65]

[{60)- Fl

a= 3.11

[f6()-F (O

Where G(t) is the total signal corrected for th&tiament background angdis the
time of the termination of the thermal event.

If we substitute equation 3.11 into equation 3@ will get

[{60)- F)et
[(60)-F)ot

F(t)= {Rt)-REl+RE) 312

3.3.6 Microwave curing

For microwave curing, the calorimetric measuremevese conducted in a microwave
heated calorimeter. Figure 3.11 shows the scherdatgram of the microwave heated
calorimeter. The microwaves were generated by warktanalyser (Hewlett Packard
8714ET). A solid state amplifier (Microwave Ampéfi Ltd) was used to amplify the
generated microwaves. The microwave frequency hadsource power were adjusted
by a GPIB interface between the network analyset ancomputer. A directional
coupler was used to feed the output from the amplib a microwave cavity. The
directional coupler also enabled the reflected aiga be monitored. A power sensor
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(Anritsu, MA2472B) measured the transmitted andectééd powers. The transmitted
and reflected powers were measured by a computeugh a GPIB interface. The
sample temperature was measured using a fluordiptie sensor and thermometer
(Luxtron Corp. Ltd, Model 790). The thermometer wasinected to a PID temperature
controller (CAL Control Ltd., Model CAL 9500), whicwas programmed to give the

desired heating rate
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Power senser
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Attenuator TE;1, cavity

Directional couple

Power senspr
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Figure 3.11A schematic diagram of a microwave-heated caldemé1]

A cylindrical brass, single mode microwave cavityhna radius of 58mm and height of
77 mm was used as the heating cell of the caloemdthe cavity was operated at a
frequency of 2.45 GHz in the TR mode, which was designed to have the maximum
electric field strength at the centre of the caway shown in the figure 3.12. The
samples were placed in 10 mm diameter Pyrex tésistand inserted in the centre of
the cavity. This location gave the highest eleatriteld strength. The sample tube was
held in place with a PTFE support on the top of ¢heity. A relatively small volume
(approx 0.3ml) of sample was used for each micrenawe. This amount was used in
order to prevent an excessive build up of heath& $ample leading to a highly
exothermic reaction [61]. The Opsens fibre optimpgerature probe was inserted in a
1.5mm diameter capillary tube and placed into tlemtre of the sample. The
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arrangement of the sample tube and temperaturee pnaside the microwave cavity is
illustrated in Figure 3.9. For calorimetric anayshe sample was dynamically cured in
the microwave-heated calorimeter from ambient taatpee to 330C at heating rates
of 2, 5, 8, 10, 15 K minh

EMax
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- 0.0000e+000

EMin

Figure 3.12 Simulated electromagnetic field patterns at audesgy of 2.45 GHz for
TEj111 mode microwave cavity with the presence of sangdeerated using Ansoft
HFESS V8.5 simulation software. The colour scalewshdhe relative electric field

strength generated inside the cavity [61].
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Figure 3.13 The vertical plane of the microwave cavity showihg arrangement of
sample tube and temperature probe; (1) is the gambek, (2) indicates the temperature
probe and capillary tube while (3) is the PTFE suppsed to hold the sample tube in
the cavity [61].
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Figure 3.14Microwave Heated Calorimeter used for research.

During the microwave curing, the variation of teaunt of power required to maintain
a particular heating rate is related to the chamgenthalpy which are associated with
some processes such as chemical reactions. Duningk@thermic reaction, a lower
amount of energy will be needed to maintain theperature of the sample at its
program set point. As a result of this, the powesuired for heating the sample will
decrease. On the other hand, during an endotheeadation where energy is needed to
be absorbed in order to maintain the temperatutheofample at its program set point,
the power required for heating the sample will @ase [66]. An exothermic reaction
will be expected for the curing of an epoxy resatduse the free radical cross-linking
reaction of an epoxy thermoset polymer involvesrdiease of a large amount of heat.

Figure 3.15 shows a typical data obtained fronntie¥owave-heated calorimeter.
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Figure 3.15Raw data obtained from the exothermic reactiomni@rowave curing of
Araldite DLS 772 / 4 4 DDS epoxy system with aniaen/ epoxy ratio of 1.1 at a
heating rate of 10 K mih

The raw data shows a lot of noise, and becauski®fistortion, it is not possible to
carry out kinetics analysis in on the raw dataast fFourier Transform filter (FFT Filter)
developed by Navapour [54, 55, 66] was used to ventiee noise in the raw data. After
applying FFT filter, the data obtained is showrfigure 3.16.
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Figure 3.16Microwave curing reaction of Araldite DLS 772 A4DDS epoxy system
with an amine / epoxy ratio of 1.1 at a heating @ft10 K min* after applying Fast

Fourier Transform (FFT) Filter.
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The filtered data obtained from the microwave-heatelorimeter which is shown in
figure 3.16 is comparable to conventional power gensated DSC measurements. The
effect of sample background affects the appearasicethe two measurements
(conventional and microwave). For conventional D8€asurements, during curing, a
small difference is observed in the background feefind after the exothermic peak.
This is a result of changes in the specific heptaicay of the material during the curing
reaction. In the microwave calorimeter data, howesadarge change was observed in
the background during curing. In addition to tharyes in the specific heat capacity,
changes in the dielectric loss and the extent of es the sample temperature increases
affect the sample. As the sample cured, the dritdoiss factor decreased. This led to a
decrease in the power dissipated within the sanmplylting in an increase in the
microwave power required to maintain the heating [&6].

Because some quantity of sample was used for isofieuring (about 3 grams), a lot
of microwave power was needed to heat the samptg geickly to the desired
isothermal cure temperature. At the desired isataktemperature, the power becomes
too high and then it drops in an attempt to stediliself. As a result of these attempts
by the power to stabilise itself in the initial paf the experiment, some data may be
lost, or may become too noisy to be interpretegufeé 3.17 shows a typical data

obtained from the microwave-heated calorimeter.
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Figure 3.17 Raw data obtained from the exothermic reactionmni@rowave curing of
Araldite LY 5052 / 4 4 DDS epoxy system with aniam/ epoxy ratio of 0.85 at a
heating rate of 100 K mih

We can see from the figure 3.17 above that thedata was observed. A fast Fourier
Transform filter (FFT Filter) developed by Navapn¢d4, 55, 66] was used to remove
the noise in the raw data. After applying FFT filtdthe date obtained is shown in figure
3.18 below.
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Figure 3.18 Microwave Curing reaction of Araldite LY 5052 /44 DDS epoxy system
with an amine / epoxy ratio of 0.85 at a heatirtg &f 100 K mifi- after applying Fast
Fourier Transform (FFT) Filter.

The microwave-heated calorimeter was used to peepacrowave-cured samples for
FT-IR analysis. The sample was heated from aml@nperature at a heating rate of
100 K min' to 180°C. Curing of samples in the microwave-heated caletér was
carried out for different curing time intervalsuthproviding a series of cured samples.
For FT-IR analysis, the microwave curing of sampies carried out at 18 and held

at time increments of 30 minutes. At the prescribew, each sample tube was then
quickly removed from the microwave cavity and quesetin liquid nitrogen to ensure

that the reaction did not continue due to the reditieat within the sample.
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3.4 Dielectric Properties

It is possible to predict the heating efficiencyaofaterial placed in a microwave field.
This can be done with the knowledge of the dielegbroperties of the material in
question. The microwave consists of magnetic ardtiet fields. The permittivitys]
and permeabilityy() are used to describe the interaction of a mateisth an electric
field and magnetic fieldThe interaction between the material and the magmetd
electric fields of the microwave occurs in two waystorage and loss. Storage explains
the lossless part of the exchange of energy betweefield and the material. This loss
happens when energy is absorbed by the materiahgduts interaction with the
microwave field. These electromagnetic parametens loe measured using several
methods, among which is the cavity perturbatiotnégue. This method is explained

briefly in the section 3.4.1.

3.4.1 Cavity Perturbation Method

The cavity perturbation technique has been widagduextensively to measure the
dielectric properties of a material at microwavegirencies. When a small quantity of
sample is introduced into a resonant cavity, tls®mant frequency (f) and the quality
factor Q) inside the cavity are slightly perturbed. The gyafactor is defined as a
measure of how efficient the cavity is in storingotromagnetic energy.

Total EnergyStored

Q=2m —
EnergyDissipatedpercycle

3.13

The changes in the resonant frequency and thetgdaditor between an empty cavity a
cavity with sample yield the dielectric constantldhe dielectric loss, respectively. The
basic assumption of the cavity perturbation techaics that the sample must be very
small compared to the cavity itself, so that a destcy shift produced by the insertion
of the sample is small compared to the resonaqtiéecy [55].

3.4.2 Dielectric properties measurement

The cavity perturbation technique was used to mooritie dielectric properties of the

samples during microwave heating. The measuremgeats conducted in the Th
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cylindrical cavity. Different heating rates of 10 iin™ were used. The calorimetric
measurement and the dielectric measurement wererped simultaneously. The
experiment set-up in figure 3.11 was used to meathe dielectric measurements. In
order to monitor the dielectric measurements, tbakpfrequency (f) and the quality
factor Q) were measured periodically during heating. Theaéqons below were used

to calculate the dielectric constasaf) @nd the dielectric loss factos”}

g=1e (Fefs) Ve 1 3.14
f. vi A

pol ol Ve 215
B Q Q: Vs

Where £ is the peak frequency of the empty cavity,isf the peak frequency of the
perturbed cavity. That is after the sample has lheoduced into the cavity. Ms the
volume of the cavity while ¥is the volume of the sample.

A and B are independent of the dielectric propseriti¢ the sample material. They
depend on the cavity and sample geometries ancefitmance mode. A and B can be
determined analytically only for a few specific éignration of the cavity, sample and
resonance mode. In other cases, the value of Barah be determined experimentally

by calibration using materials with known dielectproperties [28].

To obtain the parameters involved in the equatiahsve, the transmission peak
frequency and the Q value of the empty cavity (auththe sample) were first measured.
Other components such as the sample tube, flucrogmperature probe, and capillary
tube were assumed to contribute a constant valuehéo measurements as the
temperature was varied. A 1.0 ml syringe was ue€fll tthe sample tube with 0.3 ml
which was used to measure the transmission pealdney and the quality factor of the
empty cavity The tube was then re-inserted into the cavity. Tra@smission peak
frequency and the Q value of the perturbed caviggenmeasured as the sample was
heated.
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3.5 Infrared Spectroscopy

Infrared spectroscopy is the study of the iderdifn of chemical compounds
observing how infrared radiation is absorbed by dmemical bonds within the
compounds [67]. When applied to a molecule, infitanadiation encourages transitions
between vibrational and rotational energy levelstiod ground (lowest) electronic
energy state [21]. Atoms in molecules are constawtbrating with respect to one
another. This happens as long as the temperatutigeaholecule is above zero [68].
When infrared radiation is directed on a molecaed the frequency of a specific
vibration is equal to the frequency of the infeatradiation, the molecule absorbs the

radiation. This absorption will be representedlomnihfrared spectrum as a peak [22].

There are two types of vibration modes; the stratcland the bond vibration modes.
When infrared radiation is absorbed, the energyaated with the absorption is
converted to either of the vibration modes [22]eTdnly vibration that can occur in a
simple diatomic molecule A-B is the periodic stretgy along the A-B bond [21]. A
stretching vibration resembles the to and fro moas of two bodies which are
connected by a spring. The vibrational frequendgm) required to stretch a bond A-

B is given by the equation

v=i(i)”2 3.16
2 U

Wheref is the force constant of the bondis the reduced mass of the system, and c is

the velocity of lighty is defined by the equation below.

__ MM

= 3.17
m, +mg

u

Wherem, andmg are the individual masses of A and B.
Bond vibrations modes are divided into two typeke stretching and the deformation

(bending) vibrations. As defined earlier, the stn@tg vibration is the periodic

stretching of the bond A-B along the bond axis [2Bending vibrations are
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displacements which occur at right angles to thedbaxis of the bond A-B. Stretching
and deformation vibration frequencies are diffeisatl by spectroscopists using the
symbolsv ands. t is used to symbolize twisting vibration frequescaadr for out —of-
plane deformation.

Each atom has three degrees of freedom. This pames to motions along any of the
three Cartesian coordinate axes (X, Yy, z) [22]. detule containingh number of atoms

which is non-linear will have 3n degrees of freeddrhese degrees of freedom are
distributed as 3 rotational, 3 translational, amd63vibrational motions. Each motion
has a distinctive fundamental band frequency [2then a molecule is exposed to
infrared radiation, and the dipolar character ef tlolecule changes, it is only then that
absorption will occur. Total symmetry about a bomtl eliminate certain absorption

bands. It has been confirmed by spectrocopists $patific absorption bands for
particular bonds or groups occur within a molecale or around the expected

frequencies [21].
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Figure 3.19Stretching and Bending vibration modes [21].

Wavenumbersv) or wavelengthsi) are usually used to represent infra-red absarptio
Wavenumbers define the number of waves per unigtienand they are directly
proportional the energy of the infra-red absorpteomd also the frequency [22]

When a specimen is exposed to infrared radiatiatiant power is transmitted by the
sample [22]. The ratio of this radiant power traitted by the sample to the radiant
power incident () on the sample is known as the transmittance Thdfvalue of the
transmittance is reciprocated, and its logarithnmbase 10 is taken, we will get the
absorbance(A) [68]. The transmittance spectrumeasrigpm 0 to 100% T, while the
range of absorbance spectra is from infinity toozeks a result, the transmittance
spectrum provides a better contrast between tlemsittes of strong and weak bands
[25].

3.5.1 Uses of Infra-red Spectroscopy

The primary aim of infra-red spectroscopy is thé&eduaination of functional groups in

the sample [22]. Other uses of infra-red spectmpgeoe;

)] Identifying all types of organic compounds. Compasican be identified by

matching the spectrum of the unknown compound witbference spectrum.

i) Identification of many inorganic compounds.

i) It is used to determine the molecular compositibsusfaces.

V) Chromatographic effluents can be identified usimfgaired spectroscopy.

V) The molecular orientation of polymers and solutiaas be determined

using infra-red spectroscopy [22].

Vi) It is used for the determination of purity, prodantcontrol, and quantitative

analysis.
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vii)  Reaction kinetic studies.

Two types of instruments are generally used foondiag infrared spectra. They are the
Fourier Transform Infrared spectrometer (FT-IR),dathe classical dispersive
spectrometer. Most modern instruments are of theri€o Transform Infrared
Spectrometer type. This is because the FT-IR hesraleadvantages over the classical
dispersive spectrometer; some of which are haliegbility to record complete spectra
in a much shorter timescale [69]. FT-IR also hasebesignal-to-noise ratios. The figure

3.15 shows the basic construction of the FT-IR spateter
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Figure 3.20Schematic Diagram of the FT-IR spectrometer [70].

The infrared radiation is generated from a souwnd@ch is usually a globar or a Nernst
filament. This generated infrared radiation passés the Michelson interferometer.
The interferometer consists of two mirrors which at 90 degrees to each other. It also
consists of a beam splitter which is at an anglel®fdegrees to both mirrors. One
mirror is fixed, while the other mirror is movahle a direction which is perpendicular

to its front surface at a constant velocity.
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The beam splitter partially transmits and partiadiflects the beam. The transmitted and
the reflected beams are incident normal to the twiwors and after reflection, they
recombine at the beam splitter, and there theyym®dnterference effect. When the
optical path difference is an integral number of/@langths, the reflected beams are in
phase and hence produce constructive interferémamntrast, when the optical path is
an odd number of half wavelengths, then destrudhiterference will occur. This will
result in an oscillalatory pattern or interferogramhich represents the spectral
distribution of the absorption signal. Fouriemstormation derives the true absorption

spectrum from the interferogram [70].

A Thermo Nicolet 5700 FT-IR spectrometer with sexplounce Diamond ATR crystal

was used for this study. KBR discs were used foasugng the infrared spectra of the
uncured Araldite DLS 772 / 4 4DDS and Araldite 15052 / 4 4 DDS epoxy systems

in order to prevent the resin from sticking to #azempling plate. The microwave cured
samples were broken into pieces and a few pieces edracted and placed on the
sampling plate for infrared measurements. Infragpéctroscopy was taken using the
Attenuated Total Reflectance (ATR) method. DSC paese used to conventionally

cure the samples in an oven, and the single peami@hd FT-IR was used to take the
infrared spectra via the ATR method.

3.6 Nuclear Magnetic Resonance Spectroscopy

Nuclear Magnetic Resonance (NMR) spectroscopy verg powerful technique used
for the identification of chemicals. It can also leed to measure chemical sustituents
or mixture components. NMR technique is very imaottin structure analysis because
it is able to obtain signals from specific atomengl the backbone and the side chains of
the polymer molecules. The magnetic environmenthefNMR active nuclei and the
local field that they experience influence the enties of the NMR signal. In this
researchH and *C-NMR were used to study the chemical structure@sfeceived
resins.’H and *C-NMR were also used to determine the chemicalcsira of the
products obtained as a result of the decomposafocured Araldite DLS 772 / 4 &4
DDS epoxy system with amine / epoxy ratio of 0.8.
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3.6.1 Principles of NMR specteroscopy

Nuclear magnetic resonance spectroscopy origiriedas the interaction of the applied
electromagnetic radiation with nuclear spin whére ¢nergy level in the nuclear spin
have been split by an external magnetic field [Atpms or Isotopes with nuclei having
an odd number of proton or neutron have nuclear apd can thus be detected by NMR.
Nuclear spin is defined by a non-zero value of thelear spin quantum numbé. (
This value can either be integral or half integfdle most simple situation of interest in
polymers involve nuclei for which 1=1/2 such &4 and **C. These nuclei carry a
charge and a spin on the nuclear axis, and thegesea magnetic dipole along the axis

as shown in the figure 3.21.

Figure 3.21The spinning charge on the proton generates a etaghpole [70].

The resulting magnetic dipoley is oriented along the axis of the spin and is

proportional to the angular momentum;Thus,

u=yp 3.18

wherey = Proportionality constant. It is also known as thagnetogyric ratio; and it

has a different value for each nucleus [72].

When the magnetic nuclei are brought into an eatemagnetic field B, they are

inclined to orient themselves along the same dorcas the applied field [72]. This
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action is similar to that of a compass needle egggd® a magnetic field. The nuclei
cannot be completely aligned parallel to thgd®]. However, because of the angular
momentum and the thermal motion, the force appbettie magnetic field to the axis of
rotation causes the plane which is perpendiculahé¢ofield direction to move. As a
result, the axis of the rotating particle moves icircular path around the magnetic field

as shown in the figure 3.22.
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Figure 3.22Precession of a rotating particle in a magneéldfiB, [70]
According to the quantum theory, only certain owions of magnetic moment with
respect to the magnetic field are permitted. Thesenitted orientations are given by
the values of the magnetic quantum numbewhich is given by [71];

m=114-2, ............, -l
In instances ofH and**C where I=%, the nuclear quantum number can take only two

values, m% and m= }é . These may be taken to represent instances vihere
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nuclear spins are aligned either in a low energyestparallel) or a high energy state
(anti-parallel) to the magnetic field direction.i3ts shown schematically in the figure
3.23 [26]

The potential energy E of a nucleus in these tmentations is given by equation 2.50
[72]

g= Mg, 3.19
21T

Where h is the Plank’s constant

No field Applied field, B

Energy

Figure 3.23 Magnetic moment and energy levels for a nucleus &ispin quantum

number of}é and }é [72]

An NMR spectrum is obtained by inducing transitidrmsn the lower energy spin state
to the higher energy spin state. This transiti@ueto absorption of energy order to
achieve this, the radivequency passing through the processing frequengcyf the

nuclei at the constant magnetic field strength asied. When the radio frequency
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matchesv,, the energy is absorbed by the nuclei and tramsi induced from the
lower state to the higher state. This condii®known as nuclear magnetic resonance.
In another method, the applied radio frequencyxedf and the B is swept over, until

the resonance condition is satisfied. The energgorded during this transition is
detected, and then amplified by a receiver cothesNMR signal, which subsequently
is transformed into a NMR spectrum. The figure 3t#low shows the schematic

diagram of a NMR spectrometer [70].
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Figure 3.24 Schematic diagram of NMR spectrometer. The tulperpendicular to the

z-axis of the magnet [70].

In figure 3.24, A is the Sample tube, B is the Brariter coil, C is the Sweep coil, D is
the Receiver coil and E is the Magnet.

The precessing frequency) of all nuclei in an applied magnetic fieldjBlepends on
their chemical environment. The field experiencgdtiite nucleus is modified due to
magnetic shielding by the electron orbiting the laus. Induced electric currents
produce a magnetic field [70]. This magnetic fielgposes the applied magnetic field.
The higher the electron density, the greater thergof shielding, and thus lower thg
This effect changes with the chemical environménthe nuclei. The variation, gives

rise to small differences in the absorption posgiorhis results in different positions of
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the peaks in the NMR spectrum. The position of gleak is expressed relative to a

reference peak. This is known as the chemical &)ift70]

B 106 (V sample __ v ref )

ref

4

o 3.20

The resonance frequencies of the sample and teeerefe are denoted @8™andv'™

respectively.

Tetramethylsilane (Si(CHLTMS) is the most widely accepted and widely used
compound used as reference in NMR analysis. Thigdgause it is chemically inert and

it is also soluble in most organic solvents. Thiskes it very advantageous.

Additionally, it gives a single, sharp peak. Al¢e protons are more “shielded” than

almost all other organic protons. Mdst absorptions occur in the range 0-12 ppm,
while **C absorptions occur over the range 0-250 ppm. Aeeslt, *C-NMR

spectroscopy gives a greater resolution fti&MNMR spectroscopy [25].

'H-NMR is the most sensitive to observe and to vseiantitative application. This is
because of the massive abundanchHoih nature (99.98 % of hydrogen atom). Ffi@
isotope unlike the'H has a natural abundance of 1.11 %. This makes @dess
sensitive thariH. [74, 75]. Thus, the intensities of resonancedifor'H are more than
5000 times greater than those f8€. That notwithstanding, if adequate amounts are
used, (100-500mg), a good resolutiti® can be obtained. ThHEC is much more
sensitive to the chemical environment. This males chemical shift range fdrfC
NMR about 20 times larger than the chemical shift'H NMR. Consequently, the
peaks overlap less, and a more detailed informatiorthe chemical structure can be
obtained [71].

3.7 Dynamic Mechanical Analysis

The mechanical properties of a material are a uggide to determine how suitable it
may be for a particular application [42]. It casalshow how the material has been
treated prior to testing [69]. The most importaattor in determining the mechanical

properties of a material is its molecular natura. iRstance, the chemical structure of a
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plastic, its blending and the way it has been tated will greatly influence its
behaviour [69].

In dynamic mechanical analysis, the storage modahg the loss modulus of the
sample are monitored against time, temperaturer@guéncy of oscillation under
oscillating load while the temperature of the sampl a specified atmosphere is
programmed [42]Usually the experiment is carried out in such a wWet the dynamic
strain constant is maintained. Sometimes, constaggs experiments are also used [42].

3.7.1 Mechanical Moduli

If force is applied on a sample, it will behaveaimumber of ways. If the applied force
is large, often times the material will break. Apption of a small force will deform the
material. Depending on their viscostityliquids will flow when subjected to force. The
deformation caused by the application of a smalidamay be elastic, whereby if the
force is taken back, the material will return te firecise shape and size [42]. The
deformation of other materials may be viscoelastind the material will show
characteristics of elastic and flow deformation][@9a force is applied on a material
beyond its elastic limit, the material will beconmmermanently distorted. This
phenomenon is known as plastic deformation. Theamaters which are used for

studying the mechanical properties are explainéoibe

Stress is defined as the force applied per und.arkis may be

A normal stress: o= % 3.21

A tangential, shearing stress T= % 3.22
F

A pressure change op = A 3.23

N/m? or Pa are the units used for the above definitja@k

Application of stress on a material will cause dodmation. This deformation is
measured by the strain. It is defined as the dedtion per unit dimension. Stain has no

units. It may be expressed as
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Tensile strain or elongation €= ?; 3.24
Shear strain Y= X 3.25
y
. N
Volume or bulk strain 0= v 3.26

Hooke’s law states that in an elastic material, gtrain is proportional to stress. Its

constant is the modulus [42].

Modulus= Stre.ss' There are several types of modulus.
Strair

Tensile, or Young’s Modulus =9 3.27
£

Shear Modulus G=L 3.28
4

. Ap

Bulk (or compression) modulus K= 3.29

(Av/v)
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Figure 3.25Schematic of different types of deformation [42]
In the case of an ideal elastic material, the ae&tions are exactly reversible. Should
there be any viscoelasticity, the moduli will be@complex, and it will contain two
parts. In the case of the tensile modulus for m=taone is the storage modulus E’, and
the other is the loss Modulus E” [42, 69].

E*=FE " 3.30

Wherei = V-1

The ratio of the storage and the loss modulusgmik the loss tangent tas) (

tad) = — 3.31
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If an oscillatory sine-wave stress is applied toegfectly elastic solid, the deformation
and the strain will be exactly in phase with thest [42]. When the same oscillatory
stress is applied to a viscoelastic solid, theirsti@ags behind the stress and becomes
out-of-phase by an angke The complex dynamic modulus (E* in extension mode
must be used [12]:

E* =E +IE” 3.32

3.7.2 Glass Transition Temperature

The glass transition temperature of a polymer & tdmperature at which it changes
from a hard and brittle material into a soft antilge one. Below the glass transition
temperature Tg, the polymer segments do not haeeigén energy to rotate or to
rearrange themselves [42]. Such a material iddattd glassy. When heat is applied to
the sample, there is a minor increase in its enargyits volume, the chains become
more mobile and the polymer becomes more rubbetiy atrthe glass transition. If the
sample is heated further, the polymer will crystalland melt [69]. At glass transition
temperature, the chains will have an increasedifn@eof movement. This is as a result
of an increase in the heat capacity of the saniplas, at glass transition, we will notice

a step, an increase in heat capacity and alsorggeha expansion [42].

3.7.3 Applications of DMTA

3.7.3.1 Glass Transition Temperatures

When a polymer passes through its glass translijpthe storage modulus decreases by
two or three orders of magnitude. The decreaseaduhs happens when there is a
main chain molecular motion. The taralso goes through a maximum as the polymer
passes through its glass transition. This occurenwthe frequency of the forced
vibration happens simultaneously with the frequeatyhe diffusional motion of the
main chain. Compared to DSC and other thermal igqales, DMA is a much more
sensitive method of studying the glass transitengeratures.

Tan § is a measure of the ratio of energy dissipatetiesd to the maximum energy

stored in the material during one cycle of osadiat Hence, any two of the quantities

129



G’ G” and tané can describe the stiffness and damping propeofiese material [42,
69].

3.7.3.2 Beta and other transitions

At much lower temperatures, there are secondangitrans occurring in most polymers.
The glass transition temperature is referred tdhasalpha transition. The beta and
gamma transitions are found at much lower temperatuThe alpha transition is

associated with the relaxation of the main chaickbane. The beta transition gives a
tand which is usually broad. This is due to the motwdrthe small groups [42]. Further

below is the gamma peak. This peak is also broddtar as a result of the motion of

small chain segments.

10 ~

GPa

-100 0 100 200 T/°C
Figure 3.26 DMTA of epoxy showing alpha, beta and gamma diffétransitions [42]
3.7.1 Sample preparation and measurement procedure

In this research, the dynamic mechanical analyststwere carried out on the cured
samples using a Pyris Diamond Dynamic Mechanicallyaerin a temperature sweep

mode. This test mode provides a sensitive meamaéasuring glass transitions. During

the test, the glass transition is detected as desudnd an obvious change in the storage
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modulus and consequently a peak in the daurve. The temperature at which this

transition occurs is known as the glass transigonperature, J[42].

Figure 3.27 A Perkin- Elmer Pyris Diamond Dynamic Mechanicalafyser used for
this research.

Conventional and microwave cured samples were pedpasing the technique
described in the earlier section. The samples weteinto dimensions of 50mm x
10mm x 2mm. In order to get a smooth, flat surfabhe, samples were polished with
silicon carbide paper. A minimum of five rectanguspecimens was prepared for each
sample. The specimens were tightly fitted betwa&enfixtures located in a temperature
controlled chamber. The lower fixture was driverostillatory mode by an actuator at
the frequency of 1 Hz. The upper fixture was cotewcto a transducer, which
measured the stress. The specimen was heated I&hto 300C at a heating rate of 5

K min™. The temperature dependence ofda6’, and G” were measured.

3.8 Flexural Testing

3.8.1 Principle of flexural testing
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Flexural stress-strain testing measures the logdined to produce a given level of
strain in a specimen under bending conditions. Borehtally, flexural testing involves
the bending of a long, flat specimen of a rectamgaioss section using either a three-
point or four-point conditions. Three point bendiognditions was utilized for this
research. In three-point bending, the maximum stoesurs in the specimen where the
centre support is. figure 3.28 shows the effedhefload on the test specimen in three

point bending.
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Figure 3.28Effect of load on a test specimen in three poartding [76]

Figure 3.29 illustrates the stresses which areeptesithin a specimen during a three
point bending test. Tensile and compressive stseaseon a specimen undergoing a
three point bending test. Tensile stresses achemwtter surface of the specimen while
compressive stresses usually dominate the inndacgur There is a region in the
specimen which neither experiences tensile nor cesspve stress. This region is

known as the neutral axis [27].
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Figure 3.29Stresses present in a test specimen during apbieebending test [27]

Flexural strength is the maximum stress developleelva test specimen is subjected to
a bending force which is acting perpendicular ® specimen. The load is applied at a

specified crosshead speed. Hence the flexuraksgels given by [27]

of = 3.33

P is the load at a given point on the load-deftectturve (N), L is the support span
(mm), W is the width of the specimen (mm), and This specimen thickness (mm).

The flexural straing;) of the specimen under testing can be obtained fre following

expression;

_6DT
Ef= L2

3.34

D is the deflection under load.

deflection (D)

Figure 3.30The deflection (D) of the test specimen under IB487]

The flexural modulus (E) is a measure of bendiiffnsss, and it can be obtained from

the initial slope of the load-deflection curve.
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3
54;; ;Tg 3.35

3.8.1 Sample preparation and measurement procedure

An Instron Universal Testing machine model 4500 wsed to perform the three point
bending test. The conventional and microwave caegdples were prepared using the
technique described in the earlier section. Thepdesrwere ground using a grinding
machine with a 400 silicon carbide to get a smoftdh surface and then cut into a
dimension of approximately 60 mm x 10 mm x 2.5 mmminimum of five rectangular
specimens was prepared for each sample. The flgxumaerties were determined at a

crosshead speed of 2 mm miwith a support span of 40mm.

Test
specimen

Figure 3.31A specimen undergoing three point bending test

3.9 Microwave Acid Digestion

An Anton — Paar microwave reaction system was tsel@compose the cured epoxy
resin in nitric acid. It consists of sixteen vess@l diagram of the Microwave reaction

system is shown in figure 3.32.
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Figure 3.32An Anton Paar Microwave reaction system.

About 1 — 2 grammes of the specimen were putéh esaction vessel, and 15 ml of

4M Nitric Acid was added into the vessels.

3.10 High Performance Liquid Chromatography (HPLC)
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High Performance Liquid HPLC is a chromatographghteque used to separate a
mixture of compounds. It is used in biochemistrg ananalytical chemistry to identify,

guantify and also purify the individual componeotshe mixture [77].

A schematic diagram of the HPLC pump is showngurie 3.33.

b 4

Figure 3.33Schematic diagram of HPLC pump [77].

Figure 3.33 shows the schematic diagram of HPLC pufie label a is the mobile
phase reservoir, b is the pump which is capablaaivering pulse- free flow at
pressures of up to 6000 psi. ¢ is the injectioveratl is the column. e is the detector;
the most popular of which is the UV absorbances Ehe labelled waste mobile phase

reservoir [77]

With HPLC, a pump is used to provide the pressaedad to impel the mobile phase
and the analyte through the densely packed colUmea.increased density arises from
the smaller particle sizes. This enables a befgarsaittion on columns of shorter lengths
[77].

3.10.1 Mode of Operation

A small volume of the sample which is to be analyseinjected to a stream of mobile
phase. Movement of the injected sample throughctilemn is slowed down by its

interactions (either physical or chemical) with 8tationery phase as it moves through
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the column. The nature of the sample to be analgseldhe composition of the mobile
and stationery phase influence the speed of theplsathrough the column. The
retention time is the time at which a specific gtelcomes out the end of the column.
The use of smaller particle size column packingata® higher back pressure and
consequently increases the linear velocity. Thigegithe components less time to
diffuse within the column, leading to an improvedsolution in the resulting

chromatogram [78].

3.10.2 Types of HPLC

Partition Chromatography It is the first king of chromatography which was
developed by chemists. Partition Chromatographyeeitises a retained solvent on the
surface or within the grains or fibres of an “ifiesblid supporting matrix; or it takes
advantage of some additional hydrogen donor interaavith the solid support. The
molecules balance between a liquid stationery phadethe element. This is known as
Hydrophilic Interaction Chromatography (HILIC) in RFHC, and in this method,
analytes are separated based on their polar diffese One of the advantages of HILIC

is that acidic, basic and neutral solutes can parséed in a single chromatogram [78].

Normal - Phase Chromatography This is also known as Normal Phase HPLC or
adsorption chromatography. In this method, theydeslare separated based on polarity
and by adsorption to a stationery surface chemistB+rHPLC uses a polar stationery
phase and a non — polar, non- agueous mobile phasevery effective in separating

analytes which are readily soluble in non-polavents [78]. The analyte is retained by
the polar stationery phase. As the analtye polanityeases, the adsorption strength.
Also , the interaction of the polar analyte and piodar stationery phase increases the
elution time. The strength of the interaction defsenn both the functional groups in

the analyte molecule and also on the steric fa¢t@k
Displacement Chromatography In Displacement chromatography, a molecule \aith

high affinity for the chromatography matrix will cgpete effectively for binding sites,

and will thus displace all the molecules with less#nities.
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Reverse — Phase ChromatographyReversed phase HPLC has a non-polar stationery
phase and an aqueous , moderately polar mobileep&dlica which has been treated
with RmeSICl, where R is a straight chain alkyl group sashGgHs; or GHi7 is a
commonly used stationery phase. For molecules wdniemon-polar, the retention time

is longer when they pass through stationary phasels as silica. Polar molecules, on
the other hand elute more readily. Addition of muoser to the mobile phase makes
the affinity of the hydrophobic analyte for the hgphobic stationery phase stronger
relative to the mobile phase which has become rhgdeophilic. This increases the
retention time. Adding more organic solvent to #hement decreases the retention time
[78].

lon Exchange Chromatography In ion exchange chromatography, retention of the
analyte is based on the attraction between sabue and charged sites which are bond
to the stationery phase. lons of the same chargeeacluded. The types of ion

exchanges include [78]

) Polyester resins
i) Cellulose ion exchanges

i) Controlled — pore glass or porous silica

Generally, ion exchanges favour the binding of ibigher charge and smaller radius.
With respect to the functional groups in the resiaa increase in counter ion
concentration reduces the retention time. An irsweda PH reduces the retention time
in cation exchange while a decrease in PH reddngeretention time in anion exchange.
lon exchange chromatography is widely used in wateification, higher exchange

chromatography [78].

In this research, 100 mg of the decomposed ressnpariin a small tube and methanol
was used to dissolve the sample. A small syringethvan used to inject about 100
microlitres into a Gilson pump controlled systenotigh the rheodyne. Figure 3.34
shows the diagram of the Gilson pump controlledesys
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Figure 3.34A Gilson Pump Controlled HPLC system.

The Gilson pump controlled system consists of ataleeorder which indicates when

an analyte is being eluted from the column. A puspsed to pump the solvents

(hexane and ethyl acetate) through the column tlamdigh the UV which is connected

to the chart recorder. When the absorbance of Welélector rises, it sends a signal to
the chart recorder. The the sample is injectedutiindhe rheodyne, and it goes through
the column, coming out through the UV. The dynamiger mixes the solvents A and

B.

3.11 Gel Permeation Chromatography

Gel Permeation Chromatography is one of the masfulitechniques used to establish
both the molecular mass distributions and the @eeraolecular masses of polymers.
Gel Permeation Chromatography is a form of ligthdoenatography which involves the
separation of molecules according to their molecglze, or their hydrodynamic
volume in solution. In Gel Permeation Chromatogsapla dilute solution of
polydisperse polymer is injected into a continolasvfof solvents passing through a
column which contains tightly packed microporoud perticles. In order to give
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efficient packing, The sizes of the gel particles mm the range of 5-1@0n. This is in
order to give efficient packing, and it usually leagareity of pore sizes from 0.5¥0n,

which corresponds to effective size range of polymelecules [71]

When the molecules pass through the pores, theyemarated according to their sizes,
with the smaller sized patrticles able to pass thinamore easily than the larger sizes. As
a result, their rate of passage through the colisnslower. This continous flow of
solvents enables the molecules to be separateddangdo the sizes, with the larger
molecules eluted first. The smaller molecules nexuonger elution times. This is
because they penetrate more deeply into the pases result of their small sizes. From
this, it follows thatthe volume of elution is inversely proportionalth@ molecular size.
There would be little or no separation of the moles if the pore size is so small that
the molecules can not penetrate it. Also, if theemze is so large that all the molecules

can pass through easily, there would also be bttleo separation of the molecules [71].

Therefore, it is important for the column packingterial to have the appropriate pore
size distribution, and different columns are usualkeded for polymers which have
widely different molecular mass distributions. Tén@re now an availability of columns
which has gels of mixed pore sizes. These pores siae operate over four decades of
molecular massThe size of a polymer molecule or its hydrodynamaume in
solution will influence its ability to enter a por8olvent and temperature changes can
affect the hydrodynamic volume [71, 79]. This camgequently influence the polymer
molecule’s ability to be retained by the columnff&ent molecular mass fractions are
characterized by the elution volume, or the ped&nteon volume (). This is the
volume of the solution eluted from the time of otjen of the polydisperse sample into
the GPC column to the peak of the chromatogram ther particular fraction.
Empirically, there is a relationship betweemr, \the interstitial volume ) and the
volume of liquid within the pores, |V

RVE Vo + kV,

Wherek is the distribution coefficienK signals the relative ease or otherwise of the
solute molecules into the pore structure. Whes 0, there is no penetration, and when

kis 1, there is total unrestricted penetration.
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Figure 3.35Schematic apparatus of a GPC set-up.

The fundamental requirements for a GPC chromatbgaap

1) Solvent delivery system: capable of maintainingastant linear velocity flow;

2) Column(s) containing suitable microporous gel pid to produce the

necessary size separation; They are typically, 8Bod — 600 mm long and 7.5

mm in diameter. They are constructed of stainléssl and threaded to permit

ready assembly.

3) Injection system: capable of delivering accuratstgall volumes of sample

solutions without disturbing the solvent flow;

4) Detection system to monitor output from the colurand to provide continuous

quantitative and possibly qualitative data on tlaetions being eluted,;

5) Recorder to give continuous output traces.

The ability of GPC to produce molecular mass disiiobn curves directly and to enable

calculation of the average molecular masses makssan invaluable technique for

polymer character

ization.

3.11.1 Applications of Gel Permeation Chromatograph vy
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1) GPC is applied in various areas in polymer sciemceé technology. This is
because GPC is able to separate and identify lol@aalar mass fractions such
as monomers and oligomers. GPC is also able toatepand identify additives
such as plasticizers, and stabilizers [71].

2) GPC is also used increasingly for quality control.

3) Itis also employed in polymer synthesis and polyprecessing.

3.12 Mass Spectrometry

In mass spectral analysis, gaseous ions are fofiraedan analyte (M) and the mass to
charge ratio (m/z) of these ions are measured. Sdmple is either converted to
molecular or quasimolecular ions and their fragmmemhis depends on the method of
ionization used. The molecular ions are generaltijoal cations (M) which are formed
by the removal of electron from M. Nk formed when an electron is added to M, and
this is often used for electromagnetic samples. [@Qjasimolecular ions are formed by
adding or subtracting an ion to M. “Soft” ionizatiomethods basically generate
molecular or quasimolecular ions, while “hard” ipaion methods give rise to
fragment ions. The ions which are generated byzaiion are separated by the mass
spectrometer according to their mass-to-charge)(ratio to give a graph of abundance
vs m/z . Prior to mass spectrometry, the mixturesodten separated by gas or liquid
chromatography. A mass spectrum can be obtainedadn individual component and
thereby make the characterization of the samplierc@o].

The exact value of (m/z) of the molecular or theagjmnolecular ion reveals the
elemental composition of the ion. This enables asralyse the composition of the
sample being studied. If the molecular ions ar¢abie and they decompose completely,
the resulting fragmentation patterns can be usedaa$ingerprint for sample
identification. The fragment ions also provide inpat information about the primary
structure of the sample molecule.

Mass spectrometry has an increasing use in polanalysis because they are very
sensitive. Minor components can be analyzed withimixture. It is also a speedy

process; mass spectrometry data can be acquirkoh\wegconds [80].
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Figure 3.36Schematic representation of an electron ionisatamnce [80].

3.12.1 lonization methods

Gaseous ions can be prepared by three major methods

)] The ionization of volatile materials occurs wheeithvapours interact with
electrons, ions or strong electric fields.

i) Non- volatile materials are ionized by strong eiedields.

i) Liquid solutions of the analyte may be directly eerted to gas phase ions

via spray techniques [80].

3.12.2 lonization of volatile materials

Electron lonization (El):- Here, the sample is thermally vaporised and appravely
10-5 Torr of its vapour enter the ion source voluidere, ionization takes place by
collision with an electron beam of 70eV kinetic &e In electron ionization, an
electron is ejected from the sample molecule, lepdb the production of intact
molecular radical cations MThis process gives a wide distribution of intéeraergies
to the newly formed molecular ions, resulting ie formation of many M+ ions which
are excited enough to yield a number of fragmens ithrough competitive (F, F",

Fs") and consecutive T, f,", f.") decompositions [80].
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Chemical lonization- In chemical ionization, the gaseous analyte emaes are

ionised by ion molecule reactions with reagent jomkich are formed by electron
ionization from the appropriate reagent gas. Thergbal ionization source is similar to
the electron source, but is operated at a highesspre. (0.1- 0.2 Torr). A proton
transfer reaction illustrates the chemical ion@matprocess. This is the most common
ionization mode. The reagent molecules are ionisedlectron impact, and they react
with other reagent molecules to form the reactams,; RH", which protonate the

sample [80].

RHRH — RBF+R (reagent ion formation)
RAM — RH+ MHA  (proton transfer)
RA+M —— [M+ RH2] (electrophilic addition)

Field lonization (FI) : - In Fl, gaseous analyte molecules (M) approacurface of

high curvature that is maintained at a high posifpotential, giving rise to a strong
electric field near the surface (of the order of Yocm™). A M* is created under the
influence of the field by the quantum tunnelling afvalence electron from M to the
anode surface. This can take place in about 10-I+H]* may also form with polar

analytes by hydrogen abstraction from near the enédl produces molecular ions
which have lower energies than molecular ions prediby EIl due to the lower internal

energies possessed by FlI, they fragment less [80].

3.13 RESIN IDENTIFICATION AND CHARACTERISATION

3.14 Introduction

The chemical structures of the epoxy resins Aral@it.S 772 and Araldite LY 5052

used in this research are confirmed. The molecweights of the resins are also

144



investigated. The resins were characterized tormiéte thermal behavioutH-NMR,

13C-NMR and GPC were used to identify and charaehse resins.

3.15 Chemical Structure ldentification

It is important to determine the chemical compositf a resin. This is because it plays
a crucial role in the properties of the final produrhe cure chemistry of the resin can
be studied with the knowledge of its chemical dtritee Also, since microwave energy
is transferred to the material through dipolar pe&tion, the interaction between the
microwave and the material is affected by its cloaincomposition. The reaction can

also be controlled in order to determine its optimproperties.

3.16 Araldite DLS 772

3.16.1 Molecular weight measurement

Gel Permeation Chromatography was used to deterthevx@average molecular weight
of the Araldite DLS 772 epoxy resin. A molecularigie distribution curve for the
resin is shown in figure 4.1 The results show thathumber average molecular weight
(M,) of Araldite DLS 772 was 72460g niolThe weight average molecular weight,(M
was 142100 g mdlThe polydispersity index was 1.96. Polystyrene wsed as the

standard for this measurement.
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Figure 3.37Log weight fraction molar mass distributions farafdite DLS 772 epoxy

resin

3.16.2 Chemical structure determination

'H-NMR and™*C-NMR were used to identify the chemical structoféraldite DLS

772 epoxy resin. Figure 3.38 shows thHeNMR spectrum of Araldite DLS 772. The
peaks at 6.8 ppm and 7.1 ppm correspond to theaioprotons [81-83]. The presence
of these aromatic peaks is due to the bisphenob&iyn[81]. The methyl protons give
rise to a peak at 1.6 ppm. There are five peaksamange of 2.5 — 3.5 ppm which are

characteristic of the glycidyl terminal group [1-3]

A

boe A - AR B
N T L]
Figure 3.38'"H-NMR spectra of Araldite DLS 772 epoxy resin.

The assignment of the peaks for Araldite DLS 772hiswn in the table 3.1 below.

Table 3.1The assignment of the peaks for Araldite DLS 7F@xg resin in théH-
NMR spectrum
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Peak Chemical Shift, ppm Assignment
A 1.70 f|3Hs
s |
iH;
B 2.38 ﬁ
CH; C CH;
C 2.63 /ﬂ\
CH; CH CH;
D 3.04 /0\
CH, CH CH;
E 3.95 D\
CH: C)‘LCHQ
F 4.20 /D\
CH,——CH CH;,
G 6.91 H
7\
H
H 7.19 H
7\
H
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13C-NMR analysis was used to obtain more informagibout the backbone structure of
the Araldite DLS 772 epoxy resin. TRE-NMR spectrum of the Araldite DLS 772
epoxy resin is shown in figure 3.39

Figure 3.39"*C-NMR spectra of Araldite DLS 772 epoxy resin.

The aromatic carbons of DGEBA gave rise to fivekgest 114, 128, 140, 144 and
157.6 ppm [70]. The triplet peak at 69-70 ppm a#dippm are due to the methylene
carbons (CH) of the epoxy resin. The peaks at 30.9 and 424 @@ due to the carbon
atoms present in the methyl (gHnd quaternary carbon in the epoxy resin. Th&pea
around 205 — 207 ppm and 29 - 32 ppm are assignibe tcarbon atoms within the
acetone, the solvent used in the NMR analysis [4].

The peak at 51.9 ppm was assigned to the methatec@bon of the epoxy resin.
Details of the interpretation of tH&C-NMR spectrum of Araldite DLS 772 epoxy resin
are shown in table 3.2 below.

Table 3.2Assignment of the peaks for Araldite DLS 772 epresin in theH-NMR

spectrum

Peak Chemical Assignment
Shift
Ci 44.2 O
Cc2 51.9 : ?
CHy=—CH—CHy;—
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C3 69.4
C4 30.9
C5 47.3
C6 114.9
Cc7 156.9 7
C8 127.7
C9 146.3

3.17 Araldite LY 5052 epoxy resin

3.17.1 Molecular weight measurement

Gel Permeation Chromatography was used to deterthevx@average molecular weight
of the Araldite LY 5052 epoxy resin. A moleculariglet distribution curve for the resin
is shown in figure 4.4 The results show that thenber average molecular weight (M
of Araldite LY 5052 was 72890 g mblThe weight average molecular weight,(M
was 140200 g mdiThe polydispersity index was 1.92. Polystyrene s standard

used for this measurement.
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Figure 3.40Log weight fraction molar mass distributions farafdite DLS 772 epoxy

resin
3.17.2 Chemical structure determination
'H-NMR and™*C-NMR were used to identify the chemical structoféraldite LY

5052 epoxy resin. Figure 3.41 shows tHeNMR spectrum of Araldite LY 5052 epoxy

resin.
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Figure 3.41'H-NMR spectra of Araldite LY 5052 epoxy resin
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Figure 3.42Chemical structure of Araldite LY 5052 epoxy rewiith lettering
indicating the'H-NMR peaks in figure 3.41.

13C-NMR analysis was again used to obtain more inétion about the backbone

structure of Araldite LY 5052 epoxy resin. THE-NMR spectrum of Araldite LY
5052 epoxy resin is shown in figure 3.43
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Figure 3.43 *C-NMR spectra of Araldite LY 5052 epoxy resin
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Figure 3.44Chemical structure of Araldite LY 5052 epoxy rewiith lettering
indicating the*C-NMR peaks in figure 3.43.

3.18 Density Measurement

The pycnometer technique described in section aglwged to determine the density
values of the as-received resins. The resultsadmddted in table 3.3. The values
obtained from the density measurements are in agneewith the values quoted by the

manufacturers [84].

Table 3.3Comparison of manufacturer’s density values wipezgimental density
values for Araldite LY 5052 and DLS 772 epoxy resin

Material Manufacturer Value Density (g/cnT)
(g/cn)
Araldite LY 5052 epoxy 1.17 1.19+2
resin
Araldite DLS 772 epoxy 1.15-1.20 1172
resin
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CHAPTER FOUR

4.0 CURE REACTION STUDY

4.1 Introduction

The curing reactions of two epoxy resin systemArafdite LY 5052, Araldite DLS

772 and the hardener 4’ 4 Diaminodiphenylsulfonesvgtudied “in situ” using
microwave and conventional curing methods. This e@®e by the means of
differential scanning calorimetry (DSC) and a mwave calorimeter. Isothermal and
non-isothermal runs were performed, and the ovéradtional conversion and reaction
rate were determined from the DSC data. Differeethmds were used to calculate the
kinetic parameters of the curing reactions sudh@sate constants, activation energy
E,, reaction orders, and the pre-exponential fad&drKourier-transform infrared
spectroscopy was used to investigate the fractico@version profiles of the epoxy
chemical groups involved in the curing reactionsriBg microwave curing, the
dielectric properties of the samples were measusety perturbation theory from the

changes in resonant frequency and quality factéhemicrowave cavity.

4.2 Determination of Appropriate stoichiometric mol ar ratio

In order to choose the appropriate stoichometrimarhepoxy (A/E) ratio value to be
used for this research, Araldite LY 5052 / 4 4’ DBySxy systems were prepared with
amine / epoxy stoichiometric ratios of 0.5, 0.6,,@.8, 0.9, 1.0, 1.1, 1.2. DSC scans
were carried out on these systems. The systemsheated at 10 K mihfrom 30 to
350°C in order to cure the sample. It was then coolaaktio 0°C, and reheated at a
heating rate of 10 K mihin order to determine the glass transition tempegavalue.
The epoxy amine / epoxy ratio with the highegtis chosen for this research.

Similar samples of Araldite LY 5052 / 4 4’ DDS eposystem with amine / epoxy
ratios of 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2enmepared for microwave curing. A
heating rate of 10 K mihwas used to cure the sample from 30 to %®1,0and allowed
to cool. Pieces of the cured samples were extrdadeuthe microwave sample tube,
and a DSC scan was carried out on the extractee friem 30 to 350C at a heating

rate of 10 K miff in order to determine its glass transition tempeea The glass
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transition values of Araldite LY 5052 / 4 4’ DDSnsples are shown in tables 4.1 and
4.2 and figure 4.1 below.

Table 4.1Glass transition temperatures of different Amikgpbxy ratios after a DSC
run for Araldite LY 5052 / 4 4’ DDS epoxy system

Amine/ | Tgrunl | Tqrun2 | Tgrun 3 | Tgrun 4 | Tgrun 5 | Average | Standard
Epoxy | (°C) (°C) (°C) (°C) (°C) (°C) Deviation
Ratio

0.5 130.1 135.4 135.4 126.1 130.7 130.3 3.4
0.6 169.0 146.7 156.7 148.0 150.8 152.1 9.6
0.7 161.1 160.1 159.9 164.7 164.6 162.6 2.4
0.8 176.9 175.5 164.5 178.0 176.4 174.3 5.5
0.85 183.4 185.3 191.6 195.0 190.7 189.7 4.7
0.9 174.9 177.6 173.7 179.4 175.8 176.3 2.3
1.0 169.2 173.3 175.8 167.5 168.6 170.9 3.5
11 164.5 164.1 165.4 165.3 163.2 164.9 0.9
1.2 155.9 150.5 154.2 149.6 153.8 152.8 2.7

Table 4.2Glass transition temperatures of Araldite LY 50%24’ DDS with different

Amine / Epoxy ratios after curing with a microwadweated calorimeter and

subsequently subjected to a DSC run.

AJE Tgrun 1| Tgrun2 | Tgrun 3 | Tgrun 4 | Tgrun 5 | Average | Standard
Ratio | (°C) (°C) (°C) (°C) (°C) (°C) Deviation
0.5 86.8 77.2 83.9 82.6 84.7 83.0 3.6
0.6 88.8 91.9 96.5 92.4 93.5 92.6 2.8
0.7 115.1 136.4 134.4 128.7 133.1 129.6 8.5
0.8 139.2 125.3 127.2 130.6 136.8 131.8 6.0
0.9 170.5 176.7 175.3 174.0 175.0 174.3 2.3
1.0 194.7 191.2 190.7 193.2 192.9 192.4 1.6
11 156.4 172.0 158.5 165.4 162.3 162.9 6.2
1.2 145.6 154.2 147.6 151.0 148.1 149.3 3.4
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Figure 4.1 Plot of Glass Transition against Molar ratio fdfetent stoichiometric
ratios for both conventional and microwave cured@as of Araldite LY 5052 / 4 4’

DDS epoxy system.

A similar “heat / cool / heat” DSC scan was pearfed on Araldite DLS 772 /4 &4
DDS epoxy system with amine / epoxy stoichiomeatiioos ranging from 0.5 to 1.2 for
conventional cure, and 0.5 to 1.2 for microwaveeciiihe T values for the different
molar ratios are shown in the tables 4.3 and 4c#figare 4.2 below.

Table 4.3Glass transition temperatures of Araldite DLS 7424° DDS with different
Amine / Epoxy ratios after curing with DSC and sdb¢d to a J run.
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Amine/ | Tgrun 1 | Tgrun 2 | Tgrun 3 | Tgrun 4 | Tgrun 5 | Average | Standard
Epoxy | (°C) (°C) (°C) (°C) (°C) (°C) Deviation
Ratio

0.5 107.0 1104 114.11 | 105.2 107.4 108.8 3.5
0.6 128.6 132.5 128.4 127.8 130.2 129.1 2.3
0.7 144.4 146.3 146.7 148.5 145.4 146.2 1.5
0.8 164.6 169.9 168.5 165.9 168.3 167.5 2.1
0.9 150.8 156.1 157.7 159.1 155.4 155.8 3.2
1.0 1511 147.5 152.6 148.6 149.5 149.8 2.0
11 149.7 142.5 150.3 147.3 146.5 147.3 3.1
1.2 140.2 138.4 143.8 139.1 140.6 140.4 2.1

Table 4.4Glass transition temperatures of different Amiggbxy ratios after curing

using microwave calorimetry and subsequently suejeto a DSC run for Araldite
DLS 772/ 4 4 DDS epoxy system

Amine/ | Tgrun 1l | Tgrun 2 | Tqrun 3 | Tgrun 4 | Tgrun S | Average | Standard
Epoxy | (°C) (°C) (°C) (°C) (°C) (°C) Deviation
Ratio

0.5 65.2 67.15 71.0 69.5 66.2 67.8 2.4
0.6 104.9 94.7 102.9 101.4 105.8 101.9 4.4
0.7 121.4 121.1 118.0 122.4 123.8 121.3 2.1
0.8 133.4 144.5 138.0 139.4 138.6 138.8 4.0
0.9 167.1 157.6 166.6 165.3 162.4 163.8 3.9
1.0 172.2 161.59 | 165.8 170.4 168.8 167.5 4.2
11 149.7 142.5 150.3 147.3 146.5 147.3 3.1
1.2 140.2 138.3 143.8 139.1 140.6 140.4 2.1
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Figure 4.2 Plot of Glass Transition against Molar ratio fdfetent stoichiometric
ratios for both conventional and microwave curiagAraldite DLS 772 / 4 4 DDS

epoxy system.

Both plots show a increase ig Values as the Amine / Epoxy ratio increases up to
maximum, and then the, Btarts to decrease. The highegtalues of conventional and
microwave heated samples occur at different storakiric ratios. The highest, Value
of the microwave cured sample occurs at a higheinArhEpoxy Molar ratio than
conventional heating. This is an early indicatibattthe curing mechanisms for
conventional and microwave curing are different. fath epoxy systems, the Amine /
Epoxy ratio with the highestgTor both microwave and conventionally cured sample
were was selected and used for all subsequentimg@s in this research. Table 4.5
below show the selected Amine / Epoxy ratio from ¢bnventionally and microwave

cured samples which were used this research.

Table 4.5Stoichiometric ratios chosen for this research.

Epoxy system Conventional (amine / | Microwave (amine /
epoxy ratio) epoxy ratio)

Araldite LY 5052 /4 4 0.85 1.0

DDS

Araldite DLS 772 /4 4 0.8 1.1

DDS
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4.3.1 Rheology

Figure 4.3 shows the rheology results of Araldit®€3052 / 4 4’ DDS epoxy system

with an amine / epoxy ratio of 0.85.
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Figure 4.3 Viscosity development during cure for Araldite 5052 / 4 4’ DDS epoxy
system with amine / epoxy ration of 0.85 as tempegas ramped from 7% (t=0
min) to 180°C (t = 30 mins).

Figure 4.3 shows the an experimental data for ibeosity of Araldite LY 5052 /4 4’

DDS epoxy system with amine / epoxy ratio of 0.8Feanperature is ramped up with
time. The viscosity decreases as the temperatareases. As the time progresses, the
viscosity starts to increase. This increase inosgy is as a result of the progression of
the curing reaction. The experimental data fontiseosity of Araldite LY 5052 /4 4’
DDS epoxy system with amine / epoxy ratio of 1.6 Amaldite DLS 772/ 4 4’ DDS

with amine / epoxy ratio of 0.8 are shown in figu#e4 and 4.5 below. The curves all
show a similar trend. The viscosity drops as theperature increases, and then starts to

rise as the time increases as a result of the ggegm of the curing reaction.
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Figure 4.4 Viscosity development during cure for Araldite 5052 / 4 4’ DDS epoxy
system with amine / epoxy ratio of 1.0 as tempeeaisiramped from 78 (t = 0 min)
to 180°C (t = 30 mins).
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Figure 4.5 Viscosity develupinient uunng cure for Araldite 59052 / 4 4’ DDS epoxy

system with amine / epoxy ration of 0.8 as tempeeais ramped from 78 (t = 0 min)
to 180°C ('t = 30 mins).
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4.4 Dynamic Conventional Curing

A conventional power compensation DSC was usetuttyghe conventional curing
reactions of all the stoichiometric mixtures. Tipital DSC thermograms for the cure
of the Araldite LY 5052 / 4 4'DDS epoxy system wémine / epoxy ratio of 0.85 at
different heating rates are shown in the figure #.®as observed that the temperature
at which the exothermic peak occurred dependeti@héating rate. The exothermic
peak moved to a slightly higher temperature atdnidieating rates. This is because a
thermal lag increases with heating rate, and asutrof this increase, the material
starts to react at a higher temperature. The testyoerat which the curing reactions
were completed also depended on the heating ratheédheating rate increased, the
curing reactions were completed at a higher tentperaThe total heat of reaction was
calculated by integrating the area under the D®@ribgram. Table 4.6 summarises the
exothermic peak temperature, &nd the total heat of reactiakir. The total heat of
reaction is independent of the heating rates. ddigd be an indication that the reaction

mechanisms remains constant over the range ofnlgeraties used in this research.
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Figure 4.6 Typical DSC thermograms for Araldite LY 5052 /'4ADDS epoxy system

with an amine / epoxy ratio of 0.85 at differenaituieg rates using conventional DSC.
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Table 4.6 Exothermic peak temperature, The total heat of reactionHr, and
fractional conversion at the exothermic peak tempee,o, for Araldite LY 5052 / 4 4’

DDS epoxy system with an amine / epoxy ratio 0.85

Heating Rate (K | T, (°C) AHT (3 gh 0p
min)

2 178 -266 0.38
5 201 -421 0.43
8 212 272 0.44
10 218 -417 0.45
15 230 -240 0.47

Equations 2.30 and 2.29 in page 80 were usedttmotine values of the reaction rate

(ij—c:, and the fractional conversiamfrom the data obtained from the DSC thermogram.

Sections 2.13.6 and 2.13.7 explain how the reacgaantion rate and degree of
conversion were obtained. The thermograms werelatdized for the purpose of

comparison by dividing the calorimetric signal bg tsample weight.
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Figure 4.7 Reaction rates for dynamic cure of Araldite LY 305 4’ DDS epoxy

system with an amine / epoxy ratio of 0.85 usingvemtional heating.
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Figure 4.8 Fractional conversion for dynamic cure of Araldité 5052 / 4 4’ DDS

epoxy system with an amine / epoxy ratio of 0.8&gisonventional heating.

Figure 4.10 shows a plot of reaction rate aganmastional conversion for all the heating
rates. Changes can be observed to occur in théaeaate over the whole range of
conversion. For all the heating rates used, thetimarate increases and reaches a
maximum in the fractional conversion range of 0.8-8Beyond this range, the reaction
rate started to decrease. This decrease is a@tdhiatthe increase in the viscosity of the
reaction medium as the curing material gelled [Fhlere was a significant reduction in
molecular mobility of the reactants at this stagée reaction became diffusion

controlled, and it eventually stopped [37].
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Figure 4.10Plot of Reaction rate against Fractional Conver$oo the curing reaction
of Araldite LY 5052 / 4 4’ DDS epoxy system with amine / epoxy ratio of 0.85 using

conventional heating.

Typical DSC thermograms for the cure of Araldite 5§52 / 4 4’ DDS epoxy system

with an amine / epoxy ratio of 1.0 are shown iufgy4.11 below. As with the Araldite
LY 5052 / 4 4 DDS epoxy system with an amine />gpratio of 0.85, the exothermic
peak temperature was found to increase with theasing rate.
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Figure 4.11 DSC thermograms for Araldite LY5052 / 4 4’ DDgogy system with an

amine / epoxy ratio of 1.0 obtained from converaidDSC at different heating rates.

Table 4.7 Summarises the total heat of reactibfy, the exothermic peak temperature,

Te and the fractional conversion at the exothermakgemperaturey,,.

Table 4.7The exothermic peak,Tthe total heat of reactionH+, and fractional
conversion at the exothermic peak temperatyér Araldite LY 5052 / 4 4’ DDS

epoxy system with an amine epoxy ratio of 1.0 #ieddnt heating rates.

Heating Rate (K | T, (°C) AHTt 3 gh ap
min™)

2 174 -325 0.43
5 194 -403 0.45
8 210 -415 0.42
10 214 -408 0.46
15 225 -476 0.43

The total heat of reaction seems to be indeperaféhe heating rate. This again
suggests that the reaction mechanism remains carostar the range of heating rates
used in this study. The temperature dependendeaktiction rates and the temperature
dependence on the fractional conversion at diftdneating rates of Araldite LY 5052 /

4 4 DDS with amine / epoxy ratio of 1.0 are shawriigures 4.11 and 4.12. The plot

of reaction rate against fractional conversiontlfi@r curing reaction is shown in figure
4.13
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Figure 4.12Reaction rates for dynamic cure of Araldite LY50%R4’ DDS epoxy

system with an amine / epoxy ratio of 1.0 at défdrheating rates using conventional

heating.
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Figure 4.13Fractional conversion for dynamic cure of Araldité 5052 / 4 4 * DDS
epoxy system with an amine / epoxy ratio of 1.@ieierent heating rates using

conventional heating.
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Figure 4.14Rate of reaction against fractional conversiontfiercuring reaction of
Araldite LY 5052 / 4 4’ DDS epoxy system with anias/ epoxy ratio of 1.0 at
different heating rates using conventional heating.

Figure 4.14 shows the typical changes in the rbteartion of Araldite LY5052 /4 4’
DDS epoxy system with an amine / epoxy ratio ofdv@r the whole range of
conversion. For all the heating rates used, theticrarates reached their maximum
values at conversion in the range 0.4 to 0.46 hage¢action proceeded, the viscosity of
the reaction medium increased, allowing diffusionteolled termination process to
take place [51]. This diffusion controlled termiioat process leads to a decrease in the
reaction rate until the curing reaction eventuatypped [37].

The DSC thermograms, reaction rate plots, fractioaaversion plots and plots of
reaction rates against fractional conversion faldite DLS 772/ 4 4’ DDS epoxy
systems with amine / epoxy ratios of 0.8 and lelsaown in figure 5.15 to 5.22 below.
The total heats of reactionHr, the exothermic peak temperaturesamd the

fractional conversions at the exothermic peak teatpee,o, for Araldite DLS 772/ 4

4’ DDS epoxy systems with amine / epoxy ratios .8f&nd 1.1 are summarised in
tables 4.8 and 4.9.
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Figure 4.15 DSC thermograms for Araldite DLS 772 / 4 4’ DBfoxy system with

an amine / epoxy ratio of 0.8 obtained from coniceral DSC at different heating rates.

Table 4.8The exothermic peak,Tthe total heat of reactionH+, and fractional
conversion at the exothermic peak temperaty&r Araldite DLS 772 / 4 4’ DDS

epoxy system with an amine / epoxy ratio of 0.&litierent heating rates.

Heating Rate (K | T, (°C) AHt 3 gh) ap
min™)

2 174 -259 0.41
5 194 -324 0.43
8 210 -194 0.46
10 214 -279 0.45
15 225 -224 0.45

168



0.014
0.012

0.010 —H

0.008 —+

0.006 H

Reaction Rate (s)

0.004

0.002

0.000

T T T T T T T T T T
100 150 200 250 300 350

Temperature (°C)

Figure 4.16Reaction rates for dynamic cure for Araldite DLI27 4 4’ DDS epoxy

system with an amine / epoxy ratio of 0.8 at défdrheating rates using conventional

heating
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Figure 4.17Fractional conversion for dynamic cure of AralditeS 772 / 4 4’ DDS
epoxy system with an amine / epoxy ratio of 0.8ifierent heating rates using

conventional heating
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Figure 4.18Rate of reaction against fractional conversiontfiercuring reaction of
Araldite DLS 772 / 4 4’ DDS epoxy system with aniaeV epoxy ratio of 0.8 at
different heating rates

For all the heating rates used, the reaction ratshed their maximum values at a
conversion in the range of 0.4 to 0.5. As thetieagroceeded, the viscosity of the
medium increased. Cross-linking became controliedifiusion and a drop in the reac-

tion rate occurs until the curing reaction everyustopped [85]
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Figure 4.19 DSC thermograms for Araldite DLS 772 / 4 4’ DBfoxy system with

an amine / epoxy ratio of 1.1 obtained from coniceral DSC at different heating rates.

Table 4.9The exothermic peak,Tthe total heat of reactionH+, and fractional
conversion at the exothermic peak temperaty &r Araldite DLS 772 / 4 4’ DDS

epoxy system with an amine / epoxy ratio of 1.ditierent heating rates.

Heating Rate T, °C) AHt (J/9) ap

2 174 -212 0.40
5 194 -202 0.42
8 210 -225 0.42
10 214 -213 0.44
15 225 -189 0.46
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Figure 4.20Reaction rates for dynamic cure of Araldite DLR 724 4’ DDS epoxy
system with an amine / epoxy ratio of 1.1 at déferheating rates using conventional

heating
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Figure 4.21Fractional conversion for dynamic cure of AralditeS 772 / 4 4’ DDS
epoxy system with an amine / epoxy ratio of 1.ditierent heating rates using

conventional heating
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Figure 4.22Rate of reaction against fractional conversiontiercuring reaction of
Araldite DLS 772 / 4 4’ DDS epoxy system with amirepoxy ratio of 1.1 at different

heating rates using conventional heating.

Figure 4.22 shows the typical changes in the rbteaction of Araldite DLS 772 /4 4

DDS epoxy system with an amine / epoxy ratio ofdvér the whole range of
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conversion. For the heating rates used, the readies reached their maximum values
at a conversion of between 0.4 and 0.5. As thelitmapreceded, the viscosity of the
reaction medium increases, allowing diffusion colt#d termination process to take
place. This diffusion controlled termination prosésd to a decrease in the reaction rate

until the curing reaction eventually stopped [37].

4.5 Microwave Curing

A microwave-heated calorimeter was used to curasaneples with microwave heating.
The curing procedure is described in section 3T38. microwave thermal analysis
measurements were carried out by monitoring theawiave power level as a function
of sample temperature during the controlled hegtnograms.

The measurements of the reaction exotherm for dkeaDLS 772 / 4 4’ DDS epoxy
system with an amine / epoxy ratio of 0.85 curediff¢rent heating rates is shown in
figure 4.23. The values of the exothermic peakpemature, and the fractional
conversion value at the exothermic peak temperatt@summarised in table 4.10
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Figure 4.23Microwave thermograms for Araldite LY 5052 / 4[2DS epoxy system
with an amine / epoxy ratio of 0.85 obtained fronenowave heating at different

heating rates.
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Table 4.10The exothermic peakylthe total heat of reactionHr, and fractional
conversion at the exothermic peak temperaty &r Araldite LY 5052 / 4 4’ DDS
epoxy system with an amine / epoxy ratio of 0.88itierent heating rates using

microwave heating

Heating Rate (K min®) | T, (°C) op

2 173 0.58
5 191 0.49
8 200 0.52
10 203 0.52
15 211 0.49

The total heat of reactiokH+ for the microwave cured sample can not be detexthin
because although it is possible to convert theaniave power to absolute values, it is
extremely time consuming, and it was not within sbepe of my study.

Just like conventional heating, we observe thatehgerature at which the exothermic
peak temperature occurred increased with incredsaging rate. Compared to
conventional heating, the exothermic peak tempezatias slightly lower in samples
cured with microwave heating than samples cured eonventional heating. Also, the
onset temperatures were found to be slightly lawesamples cured in microwave
heating than samples cured in conventional heafingse observations suggest that the

curing reactions under the microwave influence aexlat slightly lower temperatures.

Equations 5.1 and 5.2 were used to determine Hatioa ratec(lj—ct7 and the fractional

conversionp from the data obtained from the filtered data itetd from microwave
heating. The temperature dependence of the fradtcmmversion and the reaction rates

at different heating rates are shown in figuregl42d 4.25.
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Figure 4.24Fractional conversion of dynamic microwave cuigEcton of Araldite LY
5052 / 4 4’ DDS epoxy system with an amine / ep@tip of 0.85 at different heating

rates using microwave heating.

1 1 1 1 1 1
sl
0.04 4 — 2 K min
~ 0.03
o
o
2
]
14
c  0.02
=
5
Q
@
[J]
14
0.01
0.00 . . . . . .
140 160 180 200 220 240 260

Temperature (°C)

Figure 4.25Plot of Reaction rates against temperature foadyn microwave cure
reaction of Araldite LY 5052 / 4 4’ DDS epoxy systavith an amine / epoxy ratio of

0.85 at different heating rates using microwaveihga
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Figure 4.26Plot of reaction rates against fractional conwergor the dynamic
microwave cure reaction of Araldite LY 5052 / 4BIDS epoxy system with an amine /

epoxy ratio of 0.85 at different heating rates.

Figure 4.26 Shows the typical changes in the ratesaction over the whole range of
conversion of microwave cured Araldite LY 5052 A4DDS epoxy system with an

amine / epoxy ratio of 0.85. The reaction ratesled a maximum values and beyond
the maximum points, the reaction rates began toedse. This is because the viscosity
of the reaction medium starts to increase, andéhables the diffusion control of the

termination process to become the controlling facfbese factors initiate a decrease in
the reaction rates until curing eventually stoplsoAthe value of the maximum reaction
rate was found to be at approximately 10% highewveosion, than the corresponding

value observed in thermal curing.
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Figure 4.27DSC thermograms for Araldite LY 5052 / 4 4 DDSo&p system with an

amine / epoxy ratio of 1.0 obtained from microw&eating at different heating rates

Table 4.11 The exothermic peak,lthe total heat of reactiomHy, and fractional
conversion at the exothermic peak temperatusefpr Araldite LY 5052 / 4 4 DDS
epoxy system with an amine / epoxy ratio of 1.0ddterent heating rates using

microwave heating.

Heating Rate (K min") | T, (°C) op

2 170 0.56
5 178 0.48
8 182 0.43
10 200 0.44
15 205 0.61

Figure 4.27 shows the measurements of reactionhexat for the curing of 1.0M

amine/epoxy ratio for Araldite LY 5052 / 4 4 DD$®axy system with an amine /
epoxy ratio of 1.0 at five different heating rategh the microwave-heated calorimetry.
The values of the exothermic peak temperatugeanl the fractional conversioa, at

the exothermic peak temperature are shown in tatile As with the microwave curing
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of Araldite LY 5052 / 4 4’ DDS epoxy system with amine / epoxy ratio of 0.85, the
exothermic peak temperature increased as the Qeadite increases. At the same
heating rate, the exothermic peak temperature W@slg lower in microwave heating

as compared to the conventional heating. Alsogcthieng reaction of Araldite LY 5052

/ 4 4 DDS epoxy system with an amine / epoxy ratidl.O is observed to begin at a
lower temperature in microwave heating. This cosidn was arrived at because the
onset temperature was found to be lower in micr@mMagating than in conventional

heating.

Figures 4.28 and 4.29 show the plots of the tentperalependence of the fractional
conversion and the reaction rates of cured micrenawed samples of Araldite LY
5052 / 4 4’ DDS epoxy system with an amine / ep@iyp of 1.0
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Figure 4.28Fractional conversion for dynamic cure of Araddity 5052 / 4 4’ DDS

epoxy system with an amine / epoxy ratio of 1.@ieierent heating rates using

microwave heating.
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Figure 4.29Reaction rates for dynamic microwave cure of AtaldY 5052 / 4 4’
DDS epoxy system with an amine / epoxy ratio ofdt.@ifferent heating rates using

microwave heating.
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Figure 4.30Plot of reaction rates against fractional conwerdor the dynamic
microwave cure reaction of Araldite LY 5052 / 4BIDS epoxy system with an amine /

epoxy ratio of 1.0 at different heating rates.

At a specific temperature, the fractional conversohigher for microwave curing at a

lower heating rate. The fractional conversion iasexl with increasing heating rate.
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The changes in the rate of reaction over the rarigsnversion of microwave cured
Araldite LY 5052 / 4 4’ DDS epoxy system with aniam/ epoxy ratio of 1.0 is shown
in figure 4.32. The reaction rates reached a mamximticonversion range of 0.4 - 0.55
for all the heating rates used. These values stemgjdbat the same curing reactions
occurred regardless of the heating rates. Alsoyé#hge of the fractional conversion at
the maximum reaction rate was found to be slighigher, about 10% higher than the
corresponding value which was observed in thermahg of Araldite LY 5052 / 4 4’
DDS epoxy system with an amine / epoxy ratio of 1.0

The thermograms for the dynamic microwave cure wldite DLS 772 / 4 4’ DDS
with an amine / epoxy ratio of 0.8 is shown in fig4.31.
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Figure 4.31Thermograms obtained for Araldite DLS 772 / 4 D®epoxy system
with an amine / epoxy ratio of 0.8 obtained frontrmwave heating at different heating
rates.

Figures 4.32 and 4.33 show the plots of fractiaualversion, and reaction rate against

temperature at different heating rates under miax@icuring.
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Figure 4.32Reaction rates for dynamic microwave cure of Atal®LS 772 /4 4

DDS epoxy system with an amine / epoxy ratio ofdl.8ifferent heating rates using

microwave heating
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Figure 4.33Fractional conversion for dynamic microwave curédialdite DLS 772 / 4
4’ DDS epoxy system with an amine / epoxy rati® & at different heating rates using

microwave heating.
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Figure 4.34Rate of reaction against fractional conversiortiercuring reaction of
Araldite DLS 772 / 4 4’ DDS epoxy system with aniae / epoxy ratio of 0.8 at

different heating rates for microwave curing

4.5.1 Comparison of the fractional conversion and r  eaction rate

obtained from DSC and Microwave calorimeter

Some differences can be observed in the curingactastics of samples undergoing

conventional and microwave heating. Some of théerences include

)] The temperature at which the reaction rate begmisthe exothermic peak
temperature are slightly lower in microwave heatimgthod.
i) The fractional conversion at the maximum reactete where the diffusion-

controlled reaction starts are lower for microwaueed samples.

The temperature dependence of the reaction ratéacttbnal conversion for the curing
of Araldite LY 5052 / 4 4’ DDS epoxy system with gr@ / epoxy ratio of 0.85 at
different heating rates are shown below individpalThe blue curve indicates the

conventionally cured sample, while the red cundiaates the microwave cured sample.
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Figure 4.35 Temperature dependence of the reaction rate ,(leftd fractional
conversion (right) for the curing of Araldite LY 5P/ 4 4’ DDS epoxy system with an
amine / epoxy ratio of 0.85 under conventional amciowave curing at heating rates.

Figure 4.35 illustrates the temperature dependehtiee reaction rate and the fraction
conversion at different heating rates using micnevand conventional curing. It shows
the comparison of the temperature dependence ofrédational conversion and the
reaction rates at different heating rates for bodhventional and microwave cured
Araldite LY 5052 / 4 4’ DDS epoxy system with amihepoxy ratio of 0.85. For all the
heating rates, the curing of the Araldite LY 50524’ DDS epoxy system with amine /
epoxy ratio of 0.85 occurred over a smaller temijpeearange during microwave curing.
The microwave heated samples had a higher peakaeaate than the conventionally

184



cured samples for all the heating rates used. \8fe @serve that the reaction rate peak
occurred at a lower temperature using microwaverggnghan in the case of

conventional. When compared to the conventionallyed samples, there was a
significant increase in the reaction rate of therowave cured samples. For all the
heating rates, a higher onset temperature, andteehreaction rate were observed in

microwave cured samples.

These differences are all as a result of an impt@féciency in the transfer of energy
for the microwave heating. Microwave heating inwsthe direct delivery of energy to
the material as a result of an interaction of males with the electromagnetic field.
This interaction causes heat to be generated altgrthroughout the volume of the
material [86], whereas in conventional heating,rgnés transferred from the surface of
the material into the material via conduction onwection. Polymer molecules are
heated in the microwave field directly as a resfltthe relaxation of the dipole
polarization along the electromagnetic field. Mivawes are absorbed selectively by
the reactive polar molecules, and this greatlyaechs the reaction, unlike conventional
heating which requires the entire molecule to fistheated before the reaction can take
place.[57, 87]. The higher fractional conversion tlee microwave cured samples can
be as a result of an increase in the reactant mpohbfter gelation. This is as a result of
the induced polarization of the polymer and monomeiecules along the applied
electromagnetic field [56], enabling more reactdatbe consumed to form a more rigid

network.

Figure 4.36 shows the temperature dependence aé#uation rate (left), and fractional
conversion (right) for the curing of Araldite LY 5B/ 4 4’ DDS epoxy system with an
amine / epoxy ratio of 1.0 under conventional androwave curing, at different
heating rates. The blue curve indicates conventibeating, while the pink curve

indicates microwave heating.
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Figure 4.36 Temperature dependence of the reaction rate ,(leftd fractional

conversion (right) for the curing of Araldite LY 5P/ 4 4’ DDS epoxy system with an
amine / epoxy ratio of 1.0 under conventional androwave curing, at different
heating rates. The blue curve indicates conventibeating, while the pink curve

indicates microwave heating.

Figure 4.36 shows the comparison of the temperatlendence of the fractional
conversion and the reaction rates at differentihgatates for both conventional and
microwave cured 1.0M amine / epoxy ratio for AreddLY 5052 / 4 4’ DDS epoxy
system. The observations of the plots are verylaino those of Araldite LY 5052 / 4
4’ DDS epoxy system with amine / epoxy ratio off).8he curing of Araldite DLS 772
| 4 4 DDS epoxy system with an amine / epoxy ratial.0 occurred over a smaller
temperature range during microwave curing for ladl heating rates. A higher peak of

reaction was observed in the microwave cured sartpi@n the conventionally cured
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samples. The reaction rate peak occurred at a légmaperature using microwave
energy than in the case of conventional heatingrdlwas a significant increase in the
reaction rate of the microwave cured samples inpayeon to the conventionally cured
samples. A higher onset temperature, and a highaction rate were observed in

microwave cured samples at all the heating rates.

As explained above, microwave heating has leadntangroved efficiency in the
transfer of energy. Microwave heating involves theect delivery of energy to the
material as a result of an interaction of molecukl the electromagnetic field; which
causes heat to be generated internally throughHmtvblume of the material [86],
whereas in conventional heating, energy is transfieirom the surface of the material
into the material via conduction or convection. ydoér molecules are heated in the
microwave field directly as a result of the relagatof the dipole polarization along the
electromagnetic field. Microwaves are absorbed ctgkly by the reactive polar
molecules, and this greatly enhances the reactiolike conventional heating which
requires the entire molecule to first be heatedteethe reaction can take place [57, 87].
An increase in the reactant mobility after gelatioiprobably the reason why there is a
higher fractional conversion for the microwave cusamples. This is as a result of the
induced polarization of the polymer and monomer aooles along the applied
electromagnetic field [56], which enables more taiats to be consumed to form a more
rigid network. These same observations were madthé temperature dependence on
the reaction rate curves and the fractional comwersf the curing of Araldite DLS 772

/ 4 4 DDS epoxy system with amine / epoxy ratidD@ and 1.1 in figures 4.37 and
4.38
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Figure 4.37 Temperature dependence of the reaction rate ,(leftd fractional

conversion (right) for the curing of Araldite DLSZ/ 4 4 DDS epoxy system with an
amine / epoxy ratio of 0.8 under conventional angtrowave curing, at heating
different rates. The blue curve indicates converaticheating, while the pink curve

indicates microwave heating.
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Figure 4.38 Temperature dependence of the reaction rate ,(leftd fractional
conversion (right) for the curing of Araldite DLSZ/ 4 4’ DDS epoxy system with an

amine / epoxy ratio of 1.1 under conventional ancrowave curing, at heating rates.

4.6 Modelling of cure kinetics

The autocatalytic model of equation 2.24 was usedhis research. The experimental
data was fitted into equation 2.24. The optimisaid the kinetic parameters {KKp,

m, N was obtained using a non-linear regression aisabysa minimization of the sum
of squares of the weighted difference between xipermental reaction rate profile and

the model prediction.
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Figures 4.39 to 4.42 below compares the reactita peofile of both conventionally

(Left) and microwave cured (Right) Araldite LY 5052 4’° DDS epoxy system with

amine / epoxy ratio of 0.85 obtained experimentalhd the reaction rate profile
predicted by the autocatalytic model. The greeneurdicates experimental rate, while
the black curve indicates the predicted rate.
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Figure 4.39Comparison between temperature dependence ofiergdal reaction rate
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heating of Araldite LY 5052 / 4 4’ DDS epoxy systevith an amine / epoxy ratio of

0.85 on the left, and microwave heating on thetrigh
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Figure 4.40Comparison between temperature dependence ofieqeal reaction rate
curves and the curves predicted by means of aallgtiatadjustment for conventional
heating of Araldite LY 5052 / 4 4’ DDS epoxy systevith an amine / epoxy ratio of
1.0 on the left, and microwave heating on the righhe green curve indicates
experimental rate, while the black curve indicatespredicted rate
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Figure 4.41Comparison between temperature dependence ofiergeal reaction rate
curves and the curves predicted by means of aallgtiatadjustment for conventional
heating of Araldite DLS 772 / 4 4 DDS epoxy systanth an amine / epoxy ratio of

0.8 on the left, and microwave heating on the right
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Figure 4.42Comparison between temperature dependence ofiegdal reaction rate
curves and the curves predicted by means of aallgtiatadjustment for conventional
heating of Araldite DLS 772 / 4 4 DDS epoxy systanth an amine / epoxy ratio of
1.1 on the left, and microwave heating on the right

From the figures 4.39 and 4.42 above, we obseraethe result of the mathematical
simulations compare well with experimental resulise good agreement between the
experimental and the model results enforces th@gsition that the autocatatalytic

model is able to predict the curing path of thexgpsystem.

The kinetic parameters obtained from fitting theedicted reaction rate with the
experimental reaction rate are tabulated below.
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Table 4.12Kinetic parameters for dynamic cure of Araldite B¥52 / 4 4 DDS epoxy

system with an amine / epoxy ratio of 0.85 usingvemtional heating.

Heating | K; K> k—ﬁ m+n
Rate (K K2

min™)

2 0.001202 | 0.03680 | 0.0327 0.499 0.745 1.244
5 0.000545| 0.03402 | 0.01601f 0.678 0.733 1.411
8 0.000523 | 0.02885| 0.01812] 0.648 0.641 1.289
10 0.000782| 0.03291| 0.0238 0.636 0.763 1.399
15 0.000922| 0.0290 0.0318 0.616 0.643 1.259

Table 4.13Kinetic parameters for dynamic cure of Araldite B¥52 / 4 4’ DDS epoxy

system with an amine / epoxy ratio of 0.85 usingrowave heating.

Heating | K; K> k—ﬁ m-+n
Rate (K K2

min™)

2 0.000738 | 0.0937 0.0079 0.698 0.656 1.354
5 0.000757 | 0.06839 | 0.011 0.613 0.679 1.292
8 0.000798 | 0.0601 0.0133 0.718 0.620 1.338
10 0.000972| 0.0628 0.0155 0.810 0.726 1.536
15 0.00113 | 0.0444 0.025 0.777 0.591 1.368

Table 4.14Kinetic parameters for dynamic cure of Araldite B¥52 / 4 4’ DDS epoxy

system with an amine / epoxy ratio of 1.0 usingvemtional heating.
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Heating | K; K> k—ﬁ m n m+n
Rate (K K2

min™)

2 0.0000608 0.0349 0.0017 0.686 0.783 1.469
5 0.00221 | 0.0209 0.106 0.413 0.833 1.246
8 0.0619 0.178 0.348 0.634 0.680 1.314
10 0.01729 | 0.547 0.0316 0.685 0.760 1.445
15 0.000267 | 0.0241 0.0111 0.608 0.685 1.293

Table 4.15Kinetic parameters for dynamic cure of Araldite B¥52 / 4 4 DDS epoxy

system with an amine / epoxy ratio of 1.0 usingrow@ve heating.

Heating | K; K> k—ﬁ m n m-+n
Rate (K K2

min™)

2 0.00261 | 0.0280 0.0932 0.300 0.310 0.61
5 0.000313 | 0.0424 0.0014 0.612 0.679 1.291
8 0.00112 | 0.0479 0.0234 0.561 0.701 1.262
10 0.00238 | 0.0386 0.0617 0.612 0.681 1.293
15 0.002792| 0.0360 0.078 0.673 0.649 1.326

Table 4.16Kinetic parameters for dynamic cure of Araldite P72 / 4 4 DDS epoxy
system with an amine / epoxy ratio of 0.8 usingvemtional heating.

Heating | Ky K> k—ﬁ m n m+n
Rate (K K2

min™)

2 0.00044 | 0.0321 0.014 0.607 0.672 1.297
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5 0.00074 0.0308 0.024 0.628 0.663 1.291

8 0.00070 | 0.0300 0.0233 0.646 0.656 1.302
10 0.00067 0.0284 0.0235 0.605 0.655 1.260
15 0.00013 | 0.0267 0.0049 0.663 0.663 1.326

Table 4.17Kinetic parameters for dynamic cure of Araldite ®L72 / 4 4 DDS epoxy
system with an amine / epoxy ratio of 0.8 usingrow@ve heating.

Heating | Ky K> _K1 m n m+n
Rate (K K2

min™)

2 0.000073 | 0.0679 0.00108; 0.587 0.708 1.295
5 0.000274 | 0.0641 0.0043 0.718 0.612 1.330
8 0.000942 | 0.0369 0.026 0.669 0.485 1.154
10 0.000652| 0.0370 0.0176 0.657 0.471 1.128
15 0.000584| 0.0463 0.0126 0.652 0.548 1.200

Table 4.18Kinetic parameters for dynamic cure of Araldite ®I72 / 4 4’ DDS epoxy
system with an amine / epoxy ratio of 1.1 usingrow@ve heating.

Heating | K; K> k—ﬁ m n m-+n
Rate (K K2

min™)

2 0.0000965 0.0360 0.0268 0.759 0.861 1.62

5 0.000591 | 0.0297 0.0199 0.622 0.654 1.276
8 0.00039 | 0.0288 0.0135 0.649 0.637 1.286
10 0.000495| 0.0299 0.0165 0.663 0.632 1.295

201



15

0.00463

0.0305

0.1518

0.688

0.620

1.308

Table 4.19Kinetic parameters for dynamic cure of Araldite®I72 / 4 4’ DDS epoxy

system with an amine / epoxy ratio of 1.1 usingrow@ve heating.

Heating | K; K> k—ﬁ m-+n
Rate (K K2

min™)

2 0.000073| 0.06789 | 0.00107| 0.587 0.708 1.295
5 0.00027 | 0.0641 0.0042 0.718 0.612 1.330
8 0.00094 | 0.0345 0.0272 0.669 0.485 1.154
10 0.00065 | 0.0369 0.018 0.657 0.471 1.128
15 0.00058 | 0.0462 0.0126 0.652 0.548 1.200

4.7 Ozawa’'s method

Equation 2.59 was used to follow the reaction ken@arameters during the curing
reaction of Araldite LY 5052 / 4 4’ DDS and AraleiDLS 772 / 4 4 DDS epoxy

systems with both conventional and microwave hgatin
The experimental curves of lo§ against T for various fractional conversions for

conventionally and microwave cured Araldite LY 5052 4° DDS epoxy system with

an amine / epoxy ratio of 0.85 are shown in figut&l8 and 4.44 respectively.
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Figure 4.430zawa plots of logarithm of heating rate agaihstitverse of temperature
at constant fractional conversions for the dynacoie of Araldite LY 5052 / 4 4’ DDS
epoxy system with an amine / epoxy ratio of 0.8&gisonventional heating. Fractional
conversions of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.90lare shown.
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Figure 4.440zawa plots of logarithm of heating rate agaihstihverse of temperature
at constant fractional conversions for the dynaooie of Araldite LY 5052 / 4 4’ DDS
epoxy system with an amine / epoxy ratio of 0.8fmgisnicrowave heating. Fractional
conversions of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.90lare shown.
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For both conventionally and microwave cured sampthe activation energy was
determined at fractional conversions of 0.1, 0.3, 0.4, 0.5. 0.6, 0.7, 0.8, 0.9, 1.0. A
plot showing the activation energies as the fraaioconversion increases for
conventionally and microwave cured samples of AraldlY 5052 / 4 4 DDS epoxy

system with an amine / epoxy ratio of 0.85 is shawiigure 4.45.
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Fractional Conversion

Figure 4.45 Dependence of activation energy,da the fractional conversion for both
conventionally and microwave cured samples of AmldyY 5052 / 4 4 DDS epoxy

system with an amine / epoxy ratio of 0.85.

Figure 4.45 shows the values of activation enetgyagious fractional conversions of
microwave and conventionally cured samples. Thwaoin energies and the constants
A’ for conventional and microwave cured Araldite 15052 / 4 4 DDS epoxy system
with an amine / epoxy ratio of 0.85 are summarisadble 4.20 below. In all the cases,

the regression coefficients obtained were betwe@n<Or < 1.00.
Table 4.20 Kinetic Parameters at different degrees of cmsiva for conventionally

and microwave cured Araldite LY 5052 / 4 4’ DDS epcystem with an amine /

epoxy ratio of 0.85 determined by Ozawa’s method.
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Fractional Activation Activation A’ A’
Conversion Energy (Ey) Energy (Ey) Conventional | Microwave
(o) Conventional | Microwave
0.1 47.07 93.11 4.26 7.56
0.2 51.31 82.22 4.30 6.55
0.3 55.51 76.40 4.40 6.01
0.4 59.46 73.01 4.50 5.65
0.5 63.76 70.77 4.63 5.40
0.6 68.73 68.22 4.78 5.15
0.7 74.49 66.19 4.94 4.94
0.8 81.84 64.29 5.13 4.73
0.9 93.02 63.42 5.43 4.56
1.0 109.56 60.38 5.35 4.10
Average 70.475 71.801 4.772 5.465
Std. Dev 19.69 9.93 0.427 1.027

4 <+ 01

12 -

1

o 0.8
g o6 N

0.4

0.2

0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

0.0025 0.003 0.0035 0.004 0.0045 0.005 0.0055 0.006 0.0065 0.007 0.0075

UT (K

Figure 4.46 Ozawa plots of logarithm of heating rate agaihstihverse of temperature
at constant fractional conversions for the dynaooie of Araldite LY 5052 / 4 4’ DDS
epoxy system with an amine / epoxy ratio of 1.0hgsionventional heating. Fractional
conversions of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.90Jare shown.
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Figure 4.470zawa plots of logarithm of heating rate agaihstitverse of temperature
at constant fractional conversions for the dynacoie of Araldite LY 5052 / 4 4’ DDS
epoxy system with an amine / epoxy ratio of 1.(hgsnicrowave heating. Fractional
conversions of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.90lare shown.
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Figure 4.48 Dependence of activation energy, dh the fractional conversion for both
conventionally and microwave cured samples of AmldyY 5052 / 4 4 DDS epoxy

system with an amine / epoxy ratio of 1.0.

Figure 4.48 shows the values of activation enetgyaaous fractional conversions of

microwave and conventionally cured samples. Tab® 4ummarizes the activation
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energies and the constants A’ for conventionalramowave cured Araldite LY 5052 /
4 4 DDS epoxy system with an amine / epoxy ratfold. In all the cases, the

regression coefficients obtained were between 0r874.00 in all the cases.

Table 4.21Kinetic Parameters at different degrees of coneerfor conventionally and
Araldite LY 5052 / 4 4 DDS epoxy system with an iam/ epoxy ratio of 1.0

determined by Ozawa’s method.

Fractional Activation Activation A’ A’
Conversion Energy (Ea) Energy (Ea) | Conventional | Microwave
(o) Conventional | Microwave

0.1 39.39 84.80 3.71 7.55
0.2 43.00 87.49 3.86 7.43
0.3 46.64 89.49 3.94 7.35
0.4 49.42 81.27 3.97 6.56
0.5 52.10 71.28 4.01 5.7
0.6 54.76 67.98 4.03 5.35
0.7 57.69 63.98 4.05 4.96
0.8 60.82 59.84 4.04 4.56
0.9 63.64 56.58 3.96 4.23
1.0 80.81 72.17 4.13 4.62
Average 54.827 73.488 3.97 5.831
Std. Dev 11.92 11.74 0.12 1.29

Figures 4.49 and 4.50 below show the Ozawa plotegzfrithm of heating rate against
the inverse of temperature at constant fractiomalersions for the dynamic cure of
Araldite DLS 772 / 4 4 DDS epoxy system with aniaen/ epoxy ratio of 0.8 using

conventional and microwave heating.
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Figure 4.490zawa plots of logarithm of heating rate agaihstitiverse of temperature
at constant fractional conversions for the dynacoie of Araldite DLS 772 / 4 4 DDS

epoxy system with an amine / epoxy ratio of 0.&igsionventional heating. Fractional
conversions of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.90lare shown.
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Figure 4.500zawa plots of logarithm of heating rate agaihstihverse of temperature
at constant fractional conversions for the dynacoie of Araldite DLS 772/ 4 4 DDS
epoxy system with an amine / epoxy ratio of 0.&xgsnicrowave heating. Fractional
conversions of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.90Jare shown.
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Figure 4.51 Dependence of activation energy, dh the fractional conversion for both
conventionally and microwave cured samples of Ar@I®LS 772 / 4 4 DDS epoxy
system with an amine / epoxy ratio of 0.8.

Table 4.22Kinetic Parameters at different degrees of coneerfor conventionally and
microwave cured Araldite DLS 772 / 4 4 DDS epoxgtem with an amine / epoxy
ratio of 0.8 determined by Ozawa’s method,

Fractional Activation Activation A’ A’
Conversion Energy (Ea) Energy (Ea) Conventional | Microwave
(o) Conventional | Microwave

0.1 46.18 54.53 4.07 4.33
0.2 51.89 52.33 4.22 4.08
0.3 55.83 50.69 4.31 3.89
0.4 59.70 50.08 441 3.78
0.5 63.69 49.52 4.51 3.70
0.6 68.32 49.94 4.64 3.66
0.7 73.30 49.94 4.77 3.60
0.8 72.39 50.95 4.51 3.59
0.9 77.89 52.49 4.58 3.60
1.0 116.58 55.80 6.45 3.61
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Average 68.58 51.63 4.65 3.78

Std. Dev 19.64 4.64 0.67 0.25
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Figure 4.520zawa plots of logarithm of heating rate agaihstihverse of temperature
at constant fractional conversions for the dynacoie of Araldite DLS 772 / 4 4 DDS

epoxy system with an amine / epoxy ratio of 1. hgsionventional heating.
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Figure 4.53 Dependence of activation energy, dh the fractional conversion for both
conventionally and microwave cured samples of Arl®LS 772 / 4 4’ DDS epoxy

system with an amine / epoxy ratio of 1.1.

Table 4.23Kinetic Parameters at different degrees of coneerfor conventionally and

microwave cured Araldite DLS 772 / 4 4’ DDS epoxjtem with an amine / epoxy

ratio of 1.1 determined by Ozawa’s method.

Fractional Activation Activation A’ A’
Conversion Energy (Ea) Energy (Ea) | Conventional | Microwave
(o) Conventional | Microwave

0.1 41.11 88.85 3.98 6.85
0.2 47.47 76.18 4.17 5.73
0.3 52.40 68.36 4.31 5.07
0.4 56.93 63.56 4.45 4.65
0.5 62.02 60.09 4.62 4.34
0.6 68.35 58.34 4.84 4.15
0.7 76.70 56.97 5.15 3.99
0.8 87.84 56.67 5.56 3.89
0.9 97.65 57.31 6.28 3.83
1.0 99.73 58.80 9.27 3.66
Average 69.02 64.51 5.26 4.62
Std. Dev 20.79 10.56 1.57 1.01

Ozawa’s method can also be used to determine thea@an energy through the
exothermic peak temperature. In this method, thethexmic peak temperature can be
obtained directly from the dynamic DSC thermogranhslifferent heating rates. This
procedure gave us a single activation energy ®etiitire reaction process. If we plot a
graph of the logarithm of the heating rate agaihstinverse of peak temperatures, we
can obtain the activation energy and the constaritoin the slope and the intercept
respectively. Plots of log against '51 for Araldite LY 5052 / 4 4' DDS and DLS 772/

4 4 DDS epoxy systems using both conventional @ microwave calorimeter.
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The activation energies and constants A’ for epsystems are shown in the tables

above. In all cases, the regression coefficientsingd were between 0.98< r < 1.00.
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Figure 4.54 Plot of log ® against '51 for conventional and microwave curing of

Araldite LY 5052 / 4 4’ DDS epoxy system with anias/ epoxy ratio of 0.85.
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Figure 4.55 Plot of log ® against ];1 for conventional and microwave curing of
Araldite LY 5052 / 4 4’ DDS epoxy system with aniam/ epoxy ratio of 1.0.
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Figure 4.56 Plot of log ® against '51 for conventional and microwave curing of
Araldite DLS 772 / 4 4’ DDS epoxy system with aniaeV epoxy ratio of 0.8.
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Figure 4.57 Plot of log ® against '51 for conventional and microwave curing of
Araldite DLS 772 / 4 4’ DDS epoxy system with aniaeV epoxy ratio of 0.8.

Table 4.24 Values of Activation energy and pre-exponentiattda for different

stoichiometric ratios of Araldite LY 5052 / 4 4’ 3Dand Araldite DLS 772 / 4 4’ DDS

epoxy systems using conventional and microwavarggat
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Sample Conventional Heating Microwave Heating
A’ (sh Ea (KJ/mol) |A” (s-1) E. (KJ/mol)
LY 5052 | 18.76 64.3 27.97 96.9
0.85M
LY 5052 1.0 M| 7.23 73.8 7.97 77.5
DLS 772 0.8 19.42 67.6 18.85 60.9
M
DLS 772 1.1 19.05 65.1 16.50 57.5
M

From table 4.24, for the Araldite LY 5052 / 4 4’ BDepoxy systems, the activation
energies of all microwave-cured samples were highan those of conventionally
cured samples. While for the Araldite DLS 772 / '4DDS epoxy systems, the
activation energies of the conventionally cured glaswere higher than the activation
energies of the microwave cured samples. Thistresd consistent with those obtained
using Ozawa’s method based on the isoconversionedtoe as well as the results

obtained from the autocatalytic model method.

4.8 Kissinger’'s method

Figures 4.58 to 4.61 show the example of the pbtsin(®/Tp?) against F* for the
Araldite LY 5052 / 4 4 DDS epoxy system cured wgsinonventional DSC and
microwave calorimeter. The values of the activagoergy for the all resins and blends
are summarised in Table 4.25. In all cases, theessgpn coefficients obtained were
between 0.9& r < 1.00. Again, the activation energies of all micame-cured samples
were also found to be higher than those of conweaatly cured sample for Araldite LY
5052 / 4 4 DDS epoxy system, but they were lowantthe activation energy for the
conventionally cured samples of Araldite DLS 7224’ DDS epoxy systems. For both
epoxy systems, the activation energies increaséteastoichiometric ratio increased for
conventionally cured samples, but it decreasedhastoichiometric ratio increased for
microwave cured samples. Interestingly, Kissingersthod gave a value of activation

energy that was similar to the value obtained bawz#s method when applied to the
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exothermic peak. A major difference between Ozana lissinger's method for the
determination of activation energy is that in additto the determination of the
activation energy of the entire reaction proceszav@’s method can be used to
determine the activation energy at any specifiemxbf fractional conversion, while

Kissinger's method can only be used to measureattieation energy for the entire
reaction process.
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Figure 4.58 Plot of —In@®/T) againstTs* for conventional and microwave curing of

Araldite LY 5052 / 4 4’ DDS epoxy system with aniaen/ epoxy ratio of 0.85.
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Figure 4.59 Plot of —In@/Ts?) againstTs* for conventional and microwave curing of

Araldite LY 5052 / 4 4’ DDS epoxy system with aniam/ epoxy ratio of 1.0.
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Figure 4.60 Plot of —In@/Ts?) againstTs* for conventional and microwave curing of

Araldite DLS 772 / 4 4’ DDS epoxy system with aniaeV epoxy ratio of 0.8.
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Figure 4.61Plot of —In@/T:?) againstTs* for conventional and microwave curing of

Araldite DLS 772 / 4 4’ DDS epoxy system with aniaeV epoxy ratio of 1.1.

Table 4.25 Values of Activation energy and pre-exponentiattda for different

stoichiometric ratios of Araldite LY 5052 / 4 4’ BDand Araldite DLS 772 / 4 4’ DDS
epoxy systems using conventional and microwavarggat
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Sample Conventional Heating Microwave Heating
A’ (sh E.(KImol?) [A”(sh Ea (KJ mol™)

Araladite LY |4.42 59.7 13.67 94.1

5052 0.85M

AralditeLY 21.53 69.8 22.25 71.1

5052

1.0M

DLS 772 5.50 63.1 4.49 59.3

0.8 M

DLS 772 9.76 60.6 12.76 52.3

1.1 M

The activation energies of conventionally and mi@ee cured samples of Araldite LY
5052 / 4 4’ DDS and Araldite DLS 772 / 4 4 DDS epasystems fall within the range
of activation energies of chemical reactions (32@6 Kj mol*) [16]

4.9 Dielectric Properties measurement

The cavity perturbation technique was used to nreathe dielectric properties of the
epoxy systems as the microwave curing reactioncegaed. The experimental
procedure is described in section 3.4 The changeseiectric properties of samples
undergoing microwave cure were monitored situ with the cavity perturbation
technique. We could not obtain any data for théedtec properties for conventionally
cured samples. A method for thresitu monitoring for changes in dielectric properties
of samples undergoing thermal cure using cavitytuypeation technique has been
developed, but this technique is a specialisednigole and expensive to purchase. The
curing mechanism of the samples during microwave @an be explained with the
knowledge of the dielectric properties of the sasplluring microwave curing. It is
important to know the dielectric properties sinbe tate of heating when exposed to

microwave radiation depends on the loss factor atenmal being heated.

The dielectric constant’ and dielectric loss factog”, indicate the ability of the
molecular dipole moments in the materials to folltve oscillations of an applied
electric field [57, 66, 85, 88]. The dielectric cbant represents the component of
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immediate alignment of the dipole moments in thedtion of the electric field, while
the dielectric loss factor shows the retardaticzuired in the arrangement. Thus, the
changes in the dielectric properties would not aelyresent the alternation in molecular
dipole moments as a result of the chemical rea¢tikimg place but also show the rapid
decrease in molecular mobility that occurs durihg formation of a cross-linked
network. [11].

Figure 4.62 shows the dielectric constant and dieteloss factor as a function of
reaction temperature for microwave curing of AreddLY 5052 / 4 4 DDS epoxy

system with an amine / epoxy ratio of 0.85. Thdedieic constant and dielectric loss
factor exhibited similar trends as the curing peste. The dielectric properties
increased as the curing temperature increasedthatilreached a maximum value and
then gradually decreased with increasing tempegatline dielectric constant and
dielectric loss factor reached the maximum values similar temperature. Figure 4.63
shows a plot of the dielectric loss factor andriection exotherm of microwave-cured
Araldite LY 5052 / 4 4’ DDS epoxy system with aniam/ epoxy ratio of 0.85 against

temperature.
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Figure 4.62PIlot of dielectric constant and dielectric losstda as a function of reaction
temperature for microwave-cured Araldite LY 5052 4’ DDS epoxy system with an
amine / epoxy ratio of 0.85 at a heating rate Kffsin™
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Figure 4.63 A plot of dielectric loss factor and reaction éh@im as a function of
reaction temperature for microwave cured Araldi¥e 3052 / 4 4’ DDS epoxy system

with an amine / epoxy ratio of 0.85 at a heatirtg &f 5 K min’

From figure 4.63, the cure process can be diviaded three stages. The first stage
(Stage 1) is the liquid prepolymer heating stagde. this stage the dipoles can rotate
freely. This leads to an increase in dielectris lfactor as the temperature increases. As
a result of the curing reaction and subsequentedser in the number of both the
functional polar groups and also in the moleculability, there will be a significant
decrease in the dielectric loss factor [21]. Tleisshown in stage II. A highly cross-
linked structure is formed in stage lll. The forioatof this crosslinked structure leads
to a further decrease in the dielectric propertdesvet al made a similar observation
[89]. It is also observed from figure 4.63 that tamperature at the maximum value of
dielectric loss factor corresponded to the onsaptrature of the exothermic peak.

The dielectric constant’ and dielectric loss factor”, as a function of reaction
temperature for microwave curing Araldite LY 5052 4’ DDS epoxy system with an
amine / epoxy ratio of 1.0 is shown in figure 4.8&ain, the dielectric properties
increased with temperature to the maximum value dedreased with increasing

temperature.
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Figure 4.64PIlot of dielectric constant and dielectric losstda as a function of reaction
temperature for microwave-cured Araldite LY 5052 4’ DDS epoxy system with an
amine / epoxy ratio of 1.0 at a heating rate of BiK™
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Figure 4.65 A plot of dielectric loss factor and reaction éh@im as a function of
reaction temperature for microwave cured AralditeSI¥72 / 4 4’ DDS epoxy system

with an amine / epoxy ratio of 1.0 at a heating @ft5 K min®
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Figure 4.66PIlot of dielectric constant and dielectric losstda as a function of reaction
temperature for microwave-cured Araldite DLS 7724 DDS epoxy system with an
amine / epoxy ratio of 0.8 at a heating rate of Bi™
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Figure 4.67 A plot of dielectric loss factor and reaction éx@im as a function of
reaction temperature for microwave cured AralditeSI¥72 / 4 4’ DDS epoxy system
with an amine / epoxy ratio of 1.1 at a heating ®@t5 K min'

In accordance to the dielectric loss factor, jusirathe microwave curing of Araldite
LY 5052 / 4 4 DDS epoxy system, the microwave egrof Araldite DLS 772 / 4
4'DDS epoxy systems can be divided into three stagethe temperature which curing

of the epoxy system began, the dielectric lossofastarted to deplete. As explained
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above, this decrease is attributed to the formatibra cross-linked network which
occurs as a result of the decrease in the numbiemofional polar groups as well as a

decrease in molecular mobility [57]

The dielectric properties measurements of the epysyems at different heating rates
are shown in figure 4.68 — 4.71 All the resultswglasimilar trend whereby there was
an increase in the dielectric properties as thegésature increased up to a maximum,
and as the temperature kept increasing, the diglgobperties started to decrease.
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Figure 4.68Dielectric constant E’ and Dielectric loss fadiras a function of reaction
temperature for microwave cured Araldite LY 50524’ DDS epoxy system with an

amine / epoxy ratio of 0.85 at different heatintpsa
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Figure 4.69 Dielectric constant E’ and Dielectric loss fadij as a function of

reaction temperature for microwave cured Araldi¥e3052 / 4 4’ DDS epoxy system

with an amine / epoxy ratio of 1.0 at different theg rates.
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Figure 4.70Dielectric constant E’ and Dielectric loss fadiras a function of reaction

temperature for microwave cured Araldite DLS 7424/ DDS epoxy system with an

amine / epoxy ratio of 0.8 at different heatingesat

225

2K min * £k min
2.1 - -+ 0.25 min -
g Y= 2.1 +0.30
005 | 2 R Y
.ﬂ - 0.20 2.05 | O ' |se| Lo2s
2 -1 2 ”‘m 0.20
1.95 ': T 015 ] g 7
b Wi p1es | e . - 0.15,
: 1010 - ¢
1851 ¢ 191 e == (10
g 1 0.05
P’ . ¢
1.8 - 1.85 4 .0 + 0.05
175 T T T 000 18 . OOO
0 100 200 300 0 100 200 300
Temperature ( °C) Temperature ( °C)
10K min 1 8K min 1
2.15 - -+ 0.25 2.1 - 025
.
2.1 1 . 0
ﬁ”.. “Ell 020 2.05 | ’ss =sE| | 020
2.05 1 B o000 e
e 1015 2
2 | e 1 Al 1015
L C e | |wios | e fu
1.95 - ' R 1010 " . 1 0.10
| 1.9 4 .
1.9 . o
10.05 +0.05
1851 & 1.85 | * :
X4
1.8 . . . 0.00 1.8 : . . 0.00
0 100 200 300 0 100 200 300
Temeperature ( °C) Temperature ( °C)
15K min *
2.2 - —-0.30
o E
2.15 _-!". ,, 0.25
*
2.1 e ': 10.20
1] e ] il
2.05 1 v +0.15
RS *y
2 +0.10
.
1.95 - N 1005
1.9 ‘ ‘ ‘ 0.00
0 100 200 300
Temperature ( °C)




Figure 4.71Dielectric constant E’ and dielectric loss fadijras a function of reaction
temperature for microwave cured Araldite DLS 7424/ DDS epoxy system with an

amine / epoxy ratio of 1.1 at different heatingegat

4.10 Isothermal Curing

4.11 Isothermal Conventional Curing

The DSC machine was used to cure samples of botlyegystems at a heating rate of
100 K min* up to temperatures of 170, 180, 190 and 00rhe samples were held at
these temperatures for 300, 240, 200 and 200 namagpectively. At the end of each
cure cycle, another DSC scan was carried out omtterial at a heating rate of 10K
min™ to 350°C. The results of the dynamic DSC scan showeglaifive and no
exotherm. This was taken as an indication thasémeple fully cured under the above

isothermal curing conditions.
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Figure 4.72DSC thermograms of conventional isothermal clet)(and subsequent
DSC run to test for exotherm for Araldite LY 5052 4’ DDS epoxy system with an
amine / epoxy ratio of 0.85.
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Figure 4.73Typical DSC thermograms for Araldite LY 5052 /'4ADDS epoxy system
system with an amine / epoxy ratio of 0.85 at défg heating rates using conventional
DSC.
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Figure 4.74Reaction rates for isothermal cure of Araldite 8052 / 4 4’ DDS epoxy
system system with an amine / epoxy ratio of 0. &iigiconventional heating.
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Figure 4.75Fractional conversion for isothermal cure of Ar@d.Y 5052 / 4 4 DDS
epoxy system with an amine / epoxy ratio of 0.8&@ conventional heating at
different isothermal temperatures.

Figure 4.74 shows the reaction rate increasing@asdaction temperature increases. The
increase in the reaction temperature causes adististribution of molecular speeds

and energies followed by an increase in the averalye of energy from the reactant
molecules. As a result, a larger number of molexchbeve enough activation energy to
surpass the activation barrier, and this leads timerease in the reaction rate [16, 90,
91].

A plot of fractional conversion against reactiotertor all the heating rates is shown in
the figure 4.76 below. Typical changes are founddour in the reaction rate over the
whole range of conversion. For isothermal cure, iba&ction rate increases and it
quickly reaches a maximum at the early stages ef rémction, in the fractional
conversion range of 0 — 0.15. Beyond this range,réaction rate started to decrease.
This decrease is ascribed to the increase in #$wosity of the reaction medium as the
curing material gelled [57]. There was a significeeduction in molecular mobility of
the reactants at this stage. The reaction becaffuesidn controlled, and it eventually
stopped. It was also observed that the reacti@inareased as the curing temperature

increased. Also, at higher temperatures, the takert to attain full cure becomes lower.
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Figure 4.76Plot of Reaction rate against Fractional Conver$io the curing reaction
of Araldite LY 5052 / 4 4’ DDS epoxy system systeith an amine / epoxy ratio of
0.85 at different isothermal temperatures.

Typical DSC thermograms for the cure of Araldite B§52 / 4 4’ DDS epoxy system

with amine / epoxy ratio of 1.0 are shown in figdt81 below.
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Figure 4.77DSC thermograms for isothermal cure of Araldite 8052 / 4 4’ DDS
epoxy system with an amine / epoxy ratio of 1.Caot#d from conventional DSC at

different heating rates.
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Figure 4.78Fractional conversion for isothermal cure of Ar@d.Y 5052 / 4 4’ DDS
epoxy system with an amine / epoxy ratio of 1.@itierent heating rates using

conventional heating.
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Figure 4.79Reaction rates for isothermal cure of Araldite 8052 / 4 4’ DDS epoxy
system with an amine / epoxy ratio of 1.0 at déferheating rates using conventional
heating.
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Figure 4.80 Rate of reaction against fractional conversiontliercuring reaction of
Araldite LY 5052 / 4 4’ DDS epoxy system with anias/ epoxy ratio of 1.0 at
different heating rates.
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Figure 4.81DSC thermograms for Araldite DLS 772 / 4 4’ DDS®xgyp system system
with an amine / epoxy ratio of 0.8 obtained frormeentional DSC at a range of

isothermal temperatures.
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Figure 4.82Fractional conversion for isothermal cure of Ar@ddLS 772/ 4 4 DDS
epoxy system with an amine / epoxy ratio of O.8itierent isothermal temperatures

using conventional heating.
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Figure 4.83Reaction rates for isothermal cure of Araldite DIZ2 / 4 4 DDS epoxy
system with an amine / epoxy ratio of 0.8 at défdrisothermal temperatures using

conventional heating.
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Figure 4.84Rate of reaction against fractional conversionfierisothermal curing
reaction of Araldite DLS 772 / 4 4’ DDS epoxy systaith an amine / epoxy ratio of
0.8 at different heating rates.
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Figure 4.85DSC thermograms for Araldite DLS 772 / 4 4’ DD gy system with an
amine / epoxy ratio of 1.1 obtained from converaidDSC at different isothermal

temperatures.
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Figure 4.86Fractional conversion for isothermal cure of Ar@ddDLS 772 / 4 4 DDS
epoxy system with an amine / epoxy ratio of 1.dlitierent isothermal temperatures

using conventional heating.
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Figure 4.87Reaction rates for isothermal cure of Araldite 8052 / 4 4’ DDS epoxy
system with an amine / epoxy ratio of 1.1 at défdrisothermal temperatures using

conventional heating.
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Figure 4.88Rate of reaction against fractional conversionfierisothermal curing
reaction of Araldite DLS 772 / 4 4’ DDS epoxy systaith an amine / epoxy ratio of
1.1 at different isothermal temperatures.

The results from the reaction rate plots and mbtgaction rates against fractional
conversion for Araldite LY 5052 / 4 4’ DDS epoxystem system with an amine /
epoxy ratio of 1.0 and Araldite DLS 772 / 4 4 DBBoxy system system with an
amine / epoxy ratios of 0.8 and 1.1 all follow m#ar path. Higher reaction rates are
observed at higher cure temperatures. For allunegtemperatures, the reaction rates
reached a maximum value at the start of the rea¢fio15), after which the reaction

rate began to decrease.

4.11 Isothermal Microwave Curing

A microwave-heated calorimeter was used to cursaneples with microwave heating

using the same isothermal conditions as for conwealt heating.

After each isothermal cure, the pieces of the ceeedple were extracted from the glass
tube and a DSC run was carried on the samplegiar to ensure they were fully cured.
The figures below show the microwave thermogramgherieft side, and the

corresponding Jrun on the right side for each epoxy system.
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Figure 4.891sothermal thermograms of microwave isothermag ¢left) and
subsequent DSC run 10 K riifrom 30 to 300C (right) to test for exotherm for
Araldite LY 5052 / 4 4’ DDS epoxy system with aniamepoxy ratio of 0.85

The temperature dependence of the fractional ceroreand the reaction rates at

different heating rates are shown in figures 4199 4100 below.
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Figure 4.90Fractional conversion of dynamic cure of Araldité 5052 / 4 4’ DDS
epoxy system with an amine / epoxy ratio of 0.88itierent isothermal temperatures

using microwave heating.

238



0.06 ~

0.05 +

—180°C

0.03 -
190°C
0.02 - 200°C
" N
=

0 : e e,

159 209 259 309
Time (Mins)

Reaction Rate (S %)

(o]
al
©
[y
o
(o]

Figure 4.91Plot of Reaction rates against temperature foadyao cure of Araldite LY
5052 / 4 4’ DDS epoxy system with an amine / ep@tip of 0.85 at different

iIsothermal temperatures using microwave heating.
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Figure 4.92Plot of reaction rates against fractional conwergor the microwave cure
reaction of Araldite LY 5052 / 4 4’ DDS epoxy systavith an amine / epoxy ratio of
0.85 at different isothermal temperatures.
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Figure 4.92 shows a plot of fractional conversigqaiast reaction rate for all the
isothermal temperatures. Typical changes are fooiogcur in the reaction rate over the
whole range of conversion. Just as in conventionaing, the reaction rate increases
and it quickly reaches a maximum at the early stagke the reaction within the
fractional conversion range of 0 — 0.15 after whtioh reaction rate started to decrease.
This decrease is ascribed to the increase in #$wosity of the reaction medium as the
curing material gelled [57]. The reaction rate @aged as the curing temperature
increased.. The curing times are lower at highaptratures.

Figures 4.93 and 4.94 shows the plots of the teatpesr dependence of the fractional
conversion and the reaction rates of cured micrenawed samples of Araldite LY
5052/ 4 4’ DDS epoxy system with an amine / ep@tip of 1.0.
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Figure 4.93Fractional conversion for isothermal cure of Ar@d.Y 5052 / 4 4’ DDS
epoxy system with an amine / epoxy ratio of 1.@ieierent isothermal temperatures

using microwave heating.
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Figure 4.94Reaction rates for isothermal cure of Araldite 8052 / 4 4’ DDS epoxy

system with an amine / epoxy ratio of 1.0 at déferisothermal temperatures using
microwave heating.
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Figure 4.95Plot of reaction rates against fractional conwergor the microwave cure
reaction of Araldite LY 5052 / 4 4’ DDS epoxy systavith an amine / epoxy ratio of
1.0 at different isothermal temperatures.
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Figure 4.96Fractional conversion for isothermal cure of 0.8Mine / epoxy ratio for
Araldite DLS 772 / 4 4’ DDS epoxy system at difierésothermal temperatures using

microwave heating.
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Figure 4.97Reaction rates for dynamic cure of Araldite DLR 774 4' DDS epoxy
system with an amine / epoxy ratio of 0.8 at défdrisothermal temperatures using

microwave heating.
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Figure 4.98Plot of reaction rates against fractional conwergor the microwave cure
reaction of Araldite DLS 772 / 4 4’ DDS epoxy systaith an amine / epoxy ratio of
0.8 at different isothermal temperatures.

Plots of the time dependence of fractional coneersand reaction rate for the
microwave and conventional curing of Araldite LYS20/ 4 4 DDS epoxy system are

shown in the figures 4.99 and 4.100 below
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Figure 4.99 Time dependence of the fractional conversion {yighd the reaction rate
(right) for Araldite LY 5052 / 4 4’ DDS epoxy systewith an amine / epoxy ratio of

0.85 under conventional and microwave curing, fiédint isothermal temperatures.
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Figure 4.100 Time dependence of the fractional conversion )(lefhd reaction rate
(right) for the curing of Araldite LY 5052 / 4 4'IDS epoxy system with an amine /
epoxy ratio of 1.0 under conventional and microwaueng, at different isothermal
temperatures.

Figures 4.99 and 4.100 show the comparison ofithe tlependence of the fractional
conversion and the reaction rates at differentihgattes for both conventional and
microwave cured Araldite LY 5052 / 4 4’ DDS epoxystem. The microwave heated
samples had a higher peak rate of reaction thaodheentionally cured samples. When
compared to the conventionally cured samples, the® a significant increase in the
reaction rate of the microwave cured samples. Fdha heating rates, higher reaction

rates were observed in microwave cured samples.

As explained earlier during the dynamic curing afthb epoxy systems, These
differences between the conventional and microveaved systems are all as a result of
an improved efficiency in the transfer of energy the microwave heating because
microwave heating involves a direct interaction hwithe molecules with the

electromagnetic field causing heat to be generatiednally throughout the volume of

the material [26], unlike conventional heating whemnergy is transferred from the
surface of the material into the material via caridun or convection. Polymer

molecules are heated in the microwave field diyeal a result of the relaxation of the
dipole polarization along the electromagnetic fidMhile conventional heating requires
the entire molecule to first be heated, Microwawating enable the reactive polar

molecules to selectively absorb the microwave, tairglenhances the reaction [26]. The
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higher fractional conversion for the microwave cusamples can be as a result of an
increase in the reactant mobility after gelatiomisTis as a result of the induced
polarization of the polymer and monomer molecules@the applied electromagnetic

field [13], enabling more reactants to be consuteddrm a more rigid network.

4.12 Modelling of cure kinetics

The reaction rate profile obtained from both thevamtional and microwave isothermal
cured samples were fitted to a kinetic model (Egua2.24). The figures 4.101 to 4.104
below compares the reaction rate profile of botmvemtionally cured (Left) and

microwave cured (Right) Araldite LY 5052 / 4 4’ DOgpoxy system with an amine /

epoxy ratio of 0.85 obtained experimentally and rda&ction rate profile predicted by
the autocatalytic model.
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Figure 4.101 Comparison between time dependence of experimeatadtion rate
curves and the curves predicted by means of aallgtiatadjustment for conventional
heating of Araldite LY 5052 / 4 4’ DDS epoxy systevith an amine / epoxy ratio of
0.85 on the left, and microwave heating on thetrigh
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Figure 4.102 Comparison between time dependence of experimeatadtion rate
curves and the curves predicted by means of aagtiatadjustment for conventional
heating of Araldite LY 5052 / 4 4’ DDS epoxy systevith an amine / epoxy ratio of
1.0 on the left, and microwave heating on the right
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Figure 4.103 Comparison between time dependence of experimeatation rate
curves and the curves predicted by means of aagtiatadjustment for conventional

heating of Araldite DLS 772 / 4 4 DDS epoxy systenth an amine / epoxy ratio of

0.8 on the left, and microwave heating on the right
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Figure 4.104 Comparison between time dependence of experimeatation rate
curves and the curves predicted by means of aallgtiatadjustment for conventional
heating of Araldite DLS 772 / 4 4 DDS epoxy systenth an amine / epoxy ratio of
1.1 on the left, and microwave heating on the right

From the figures 4.101 to 4.104 above, we obsdraethe result of the mathematical
simulations compare well with experimental resulfhere are good agreements
between the experimental and the model resultyjmydhat the autocatalytic model is

able to predict the curing path of the epoxy system

The kinetic parameters obtained from fitting thetoaatalytic model with the

experimental reaction rate are tabulated in tadbl26 to 4.32 below.

Table 4.26 Kinetic parameters for isothermal cure of Araldité 5052 / 4 4 DDS

epoxy system with an amine epoxy ratio of 0.85 gisonventional heating.

Temperature K1 K> :E m n m+n

(°C) K2

170 0.001592| 0.0125 0.127 0.867 0.381 1.248
180 0.001849| 0.0147 0.125 0.723 0.413 1.136
190 0.003665| 0.03151| 0.116 1.09 0.805 1.895
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200 0.00659 0.0658 0.100 1.227 0.656 1.883

Table 4.27 Kinetic parameters for isothermal cure of Araldité 5052 / 4 4 DDS

epoxy system with an amine / epoxy ratio of 0.8&gisnicrowave heating.

Temperature K; K> kzﬁ m n m+n

(°C) K2

170 0.0014 0.00607 | 0.096 0.575 0.933 1.508
180 0.00367 0.0137 0.108 0.701 0.863 1.564
190 0.00445 | 0.041 0.096 1.865 0.661 2.526
200 0.00553 | 0.083 0.066 1.049 1.03 2.079

Table 4.28Kinetic parameters for isothermal cure of Araldifé 5052 / 4 4 DDS

epoxy system with an amine / epoxy ratio of 1.G\gsionventional heating.

Temperature K; K2 kzﬁ m n m+n

(°C) K2

170 0.001213| 0.0160 0.1011 1.06 0.465 1.525
180 0.00255 | 0.0289 0.088 1.17 0.484 1.654
190 0.00328 0.0305 0.107 1.11 0.645 1.755
200 0.00595 | 0.0578 0.103 1.00 0.814 1.814

Table 4.29 Kinetic parameters for isothermal cure of Araldité 5052 / 4 4 DDS

epoxy system with an amine / epoxy ratio of 1.\gsnicrowave heating.

Temperature K K2 k—ﬁ m n m+n
(°C) K2
170 0.04097 | 0.043 0.09527| 0.775 0.895 1.67
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180 0.445 0.061 0.0729 1.312 0.741 2.053
190 0.0516 0.0715 0.07216] 0.979 0.887 1.363
200 0.072 0.0892 0.0876 1.121 0.955 2.076

Table 4.30Kinetic parameters for isothermal cure of AralddéeS 772 / 4 4 DDS

epoxy system with an amine / epoxy ratio of 0.&gsnhicrowave heating.

Temperature K1 K> kzﬁ m+n

(°C) K2

170 0.023705| 0.0317 0.0747 1.025 0.673 1.698
180 0.03848 | 0.0526 0.073 1.294 0.589 1.883
190 0.04185 0.0617 0.0678 1.163 0.769 1.932
200 0.00595 0.0779 0.0763 0.924 0.995 1.919

Table 4.31Kinetic parameters for isothermal cure of AralddeS 772 / 4 4 DDS

epoxy system with an amine / epoxy ratio of 1.hgsionventional heating

Temperature K K2 kzﬁ m+n

(°C) K2

170 0.002053| 0.0153 0.1341 1.036 0.677 1.713
180 0.003548| 0.0376 0.09436 0.853 0.822 1.675
190 0.007876| 0.0883 0.0891 0.678 0.759 1.437
200 0.009325| 0.09339| 0.09985 1.074 0.488 1.562

Table 4.32Kinetic parameters for isothermal cure of AralddeS 772 / 4 4 DDS

epoxy system with an amine / epoxy ratio of 1.hgsnicrowave heating.
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Temperature K; K2 kzﬁ m n m+n

(°C) K2

170 0.00436 | 0.0441 0.0988 0.724 0.769 1.493
180 0.005678| 0.0592 0.082 0.914 0.883 1.797
190 0.00854 0.0986 0.086 0.697 0.913 1.61
200 0.00946 | 0.124 0.0763 0.973 0.828 1.801

Tables 4.26 to 4.32 display the kinetic paramedbtained for the isothermal curing of
both the microwave and the conventional curing ddlédite LY 5052 / 4 4 DDS and
Araldite DLS 772 / 4 4'DDS epoxy systems. It is ebh&d that K and K values
increased with increasing temperature. The absohitees of K and K are greater in
microwave cure than the values of &d K obtained from conventional cure. For all
the systems, the Xalues are much larger than the\alues. The ratio of K/ K, was
larger in conventional curing than in microwaveirgr Miyalovic et al attributed the
lower values of K/ K, in the microwave cure to the enhancement of thalyte
reaction of the epoxy system more than the nonlyt&Etareaction by microwave
radiation [28]. This phenomenon was explained leyhtgh activity of the [OH] group
in the microwave field.

The reaction orders m and n are independent ofeeatyre for both conventional and
microwave heating. However, for all the epoxy systethe microwave cured samples
have a higher reaction orden{n) than conventionally cured samples. This meanis tha
the microwave cured samples have a higher reaciter|16]

The values of k = K/ K for both conventional and microwave cured sampie® less
than unity for both Araldite LY 5052 / 4 4 DDS aWAdaldite DLS 772 / 4 4 DDS
epoxy systems. This is an indication that bothesyistwere characterized by a negative
substitution effect. There was a higher rate ottiea of the primary amine with the

epoxy group compared to the reaction of the seagrataine with the epoxy group [4].
Plots of rate constant (Kand k) against temperature for both microwave and

conventional curing of both epoxy systems are digd in figures 4.105 to 4.112.
Activation energy values obtained are tabulatetine 4.33
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Figure 4.105Rate constants of curing reaction against tempesdor isothermal cure
of Araldite LY 5052 / 4 4’ DDS epoxy system with amine / epoxy ratio of 0.85 under

conventional curing.

Microwave

7 y = 7330.4x - 10.709

6 R® = 0.9663

5 | = v

—
X 44 o K1
Z
_Il 3 i [ ] KZ
y = 10243x - 19.17

21 R? = 0.9967

1 -

O T T T T T T T T 1

0.0021 0.00212 0.00214 0.00216 0.00218 0.0022 0.00222 0.00224 0.00226 0.00228

UT (K-1)

Figure 4.106Rate constants of curing reaction against tempesdor isothermal cure
of Araldite LY 5052 / 4 4’ DDS epoxy system with amine / epoxy ratio of 0.85 under

microwave curing.
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Figure 4.107Rate constants of curing reaction against tempesdor isothermal cure
of Araldite LY 5052 / 4 4’ DDS epoxy system with amine / epoxy ratio of 1.0 under

conventional curing.
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Figure 4.108Rate constants of curing reaction against tempesdor isothermal cure
of Araldite LY 5052 / 4 4’ DDS epoxy system with amine / epoxy ratio of 1.0 under

microwave curing.
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Figure 4.109Rate constants of curing reaction against tempesdor isothermal cure

of Araldite DLS 772 / 4 4 DDS epoxy system with amine / epoxy ratio of 0.8 under

conventional curing.
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Figure 4.110Rate constants of curing reaction against tempesdor isothermal cure
of Araldite DLS 772 / 4 4 DDS epoxy system with @amine / epoxy ratio of 0.8 under

microwave curing.
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Figure 4.111Rate constants of curing reaction against tempesdor isothermal cure
of Araldite DLS 772 / 4 4 DDS epoxy system with iam/ epoxy ratio of 1.1 under

conventional curing.
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Figure 4.112Rate constants of curing reaction against tempesdor isothermal cure
of Araldite DLS 772 / 4 4’ DDS epoxy system with @amine / epoxy ratio of 0.85 under

microwave curing.

Table 4.33 K; and K activation energy values obtained from figures bmth
conventional and microwave heating for both Aradiy 5052 / 4 4’ DDS and Araldite
DLS 772/ 4 4 DDS epoxy systems.
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Epoxy System | Conventional Heating Microwave Heating

Ki Ea (KJ|Kz Ea (KJ|K: Es (KI|K; Ea (KJ

mol™) mol™) mol™) /mol™)

Araldite LY | 85.8 99.6 60.9 91.8
5052 / 4 &4
DDS with A/E
ratio of 0.85

Araldite LY | 95.9 77.1 35.0 46.1
5052 / 4 &4
DDS with A/E
ratio of 1.0

Araldite DLS| 71.3 101.2 49.6 69.7
772 | 4 4DDS
with A/E ratio
of 0.8

Araldite DLS| 93.2 104.8 47.0 76.6
772 | 4 4DDS
with A/E ratio
of 1.1

4.13 Summary

The results of the experiments show that for bstithermal and dynamic curing, there
was a significant increase in the fractional cosmar of the microwave cured samples
compared to the conventionally cured samples. Thieg reactions for the microwave
cured samples took place over a smaller temperatunge; and Higher reaction rates
were observed in the samples cured using microWwasaéng.

During the non-isothermal curing of the sample® thicrowave cured samples of
Araldite LY 5052 / 4 4 DDS epoxy system had higlaativation energy than the

conventionally cured samples , while for Araldite 772 / 4 4’ DDS epoxy system,
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the microwave cured samples had a lower activatioergy than the conventionally

cured samples.

During the isothermal curing, higher, Kand K kinetic parameters were observed in
microwave cured samples. A lower KK, ratio was observed in microwave curing
than in conventional curing. This is attributed ttee enhancement of the catalytic
reaction over the non-catalytic reaction by therowave radiation which occurs as a

result of the high activity of the [OH] group.
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CHAPTER FIVE

5.0 FOURIER TRANSFORM INFRARED
SPECTROSCOPY

5.1 Introduction

Fourier Transform Infrared Spectroscopy has beeatelyiused to study crosslinked
systems. It can provide detailed information ondhemical structure of the molecules.
Fourier Transform Infrared spectroscopy also presid quick and accurate means of
determining the extent of conversion. For an epeygtem, the use of Fourier
Transform Infrared Spectroscopy has mainly beeritduinto the investigation of the
disappearance of epoxy and amine groups [92-95¢. rBlason for this limitation is
because of several factors such as the complexitthe reactions, the difficulties
associated with the characterization of the praddciring network formation, and the
superimposition of the characteristic bands whichken peak identification very
difficult [1-4].

5.2 Araldite LY 5052 / 4 4’ DDS and Araldite DLS 77 2/ 4 4 epoxy
systems.

For this research, FT-IR was used to study the gain the epoxy peaks which occur
when the reaction took place. The spectrum of aunad mixture of Araldite LY 5052
/ 4 4 'DDS epoxy system with an amine / epoxy ratid).85 is shown in figure 5.1

below.
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Figure 5.1 FT-IR Spectra of uncured Araldite LY 5052 / 4 BDS epoxy system with

an amine / epoxy ratio of 0.85.
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Figure 5.2 Expanded view of FT-IR Spectra of uncured 0.85Mn&ni epoxy ratio for
Araldite LY 5052 / 4 4 * DDS epoxy system .

The spectrum in figure 5.2 shows a noticeable oeirdng (epoxy) peak at 916 &m
This is the asymmetric ring stretching band ofébexy ring [70, 96-98]. The spectrum
also shows the symmetric stretching of the eporg rat 1250cil. The bands at
1510cm* and 833 crit are assigned to the p-phenylene groups [70, 9. aliphatic
stretching vibration of —CH groups is shown as a peak at 2928¢i#0]. The stretching
vibration of the primary amino group (-NHwhich is from the hardener (4 4° DDS)
shows an absorption peak at 1610c[ii0].The peaks at 1250¢trand 1150 ci are

the strong asymmetric and symmetric,S®etching [70].

Figures 5.3 to 5.6 show the overlaid FT-IR speofrAraldite LY 5052 / 4 4 DDS and
Araldite DLS 772 / 4 4’ DDS epoxy systems afterwamtional and microwave heating
at 180°C for 240 minutes
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Figure 5.3 Overlaid FT-IR Spectra of Araldite LY 5052 / 4 BDS with an amine /

epoxy ratio of 0.85 after conventional and microv&eating at 18C for 240 minutes.
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Figure 5.4 Expanded view of Overlaid FT-IR Spectra of Araddity 5052 / 4 4 DDS
with an amine / epoxy ratio of 0.85 after conveméilband microwave heating at 13D

for 240 minutes
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Figure 5.5 Overlaid FT-IR Spectra of Araldite DLS 772 / 4@DS with an amine /
epoxy ratio of 0.8 after conventional and microwheating at 186C for 240 minutes.
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Figure 5.6 Expanded view of Overlaid FT-IR Spectra of Araddi?LS 772 / 4 4’ DDS
with an amine / epoxy ratio of 0.8 after convendéilband microwave heating at 180

for 240 minutes.

For both epoxy systems (Araldite LY 5052 and Ar@dDbLS 772 / 4 4 DDS), the
spectra of the specimen after they had been curetB&C for 240 minutes was

noticeably different from the spectra of the unduspecimen. The prominent features
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that occur during polymerization are the decreasimg) almost complete disappearance
of the epoxy ring at 915 c¢hmand 862 cril[96, 98]. The N-H stretch band at 1610tm
also decreases in size. The decrease in the epotyna amine bonds is an indication of
the consumption of the epoxy and the amine bandmglihe reaction. The curing
reaction occurs by the reaction of the end epoxygs with the hardener. The epoxy
rings open out and the molecules become linkedthree dimensional network. New
absorptions were formed around 3400crfihis was as a result of the formation of the
secondary amine and the hydroxyl groups during.cine bands at 833 and 1510tm
were unaffected during cure and thus remained aoh$®6-98]. The almost complete
disappearance of the epoxy and the amine peak® and of the spectra showed that
most of the epoxy and the amine group reacted guhe curing process. This is a

pointer to the argument that a crosslinked netwegak formed.

Several samples of Araldite LY 5052 / 4 4 DDS wi&h amine / epoxy ratio of 0.85
and Araldite DLS 772 / 4 4’ DDS with an amine / gpoatio of 0.8 were prepared and
were cured using both a DSC and a microwave heateitly at 180°C. At intervals of

30 minutes up to 240 minutes, a specimen was rethoMee reaction was quickly
stopped by dipping it into liquid nitrogen for athden minutes. An infrared spectrum

was then taken.

The overlaid spectra for both the conventionallgeduand microwave cured samples of

both epoxy systems at different times at 18Gre shown in figures 5.7 to 5.12 below.
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Figure 5.7 Overlaid spectra for conventionally cured Araldifé 5052 / 4 4’ DDS an

amine / epoxy ratio of 0.85
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Figure 5.8 Overlaid spectra for microwave cured Araldite LY52 / 4 4’ DDS an

amine / epoxy ratio of 0.85
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Figure 5.9 Overlaid spectra for conventionally cured Araldifé 5052 / 4 4 DDS an

amine / epoxy ratio of 1.0
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Figure 5.10 Overlaid spectra for microwave cured Araldite L¥52 / 4 4 DDS an

amine / epoxy ratio of 1.0
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Figure 5.11 Overlaid spectra for conventional cured AralditeD772 / 4 4’ DDS an

amine / epoxy ratio of 0.8.
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Figure 5.12 Overlaid spectra for microwave cured Araldite DL®2 / 4 4 DDS an

amine / epoxy ratio of 0.8.

The epoxide bands can be used to estimate theadegfgolymerization. The rate of
polymerization can be estimated by following theslof epoxide as the isothermal cure
time increases. In order to estimate the changdke epoxide concentrations during
polymerization, the absorbance at 916cim divided by the absorbance at 1510cm
which was used as an internal standard [92, 99, T0@ infrared spectra data used was
in absorbance because as stated in Beer's Lavabgmbance is linearly proportional to

concentration [101].
A comparison of polymerization rates is shown igufe 6.13 for conventional and

microwave curing of Araldite LY 5052 / 4 4 DDS amiae/epoxy ratio of 0.8 at

different times at an isothermal temperature of 480
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Figure 5.13 Epoxide absorbance normalised against the abswebtor phenyl for
Araldite LY 5052 /4 4DDS an amine / epoxy ratio@B5 at different times at 18C

during conventional and microwave heating.

It can be observed that there was an increaseercansumption of epoxide as the
reaction time proceeded. Also, the rate of consionpif the epoxide was much faster
in the microwave curing than in conventional curetgeach measured time. Overall,
there was a higher consumption of epoxy in the owawe curing than in the

conventional curing. This enhancement in polyméiorain the microwave region is

very much anticipated because microwave heatirectiyr heats the polymer molecules
as a result of the relaxation of the polarized pwy dipoles along the electric field [9].

This allows more epoxy to be reacted with the ammrtbe curing reaction.

Epoxide absorbance ratios for Araldite LY 50524’ £DDS with an amine / epoxy ratio
of 1.0 and Araldite DLS 772 / 4 4 DDS with an amih epoxy ratio of 0.8 epoxy
systems are shown 5.14 — 5.16 below. The resulshalv that a higher rate of epoxy
was consumed in microwave heating than in convealibeating, and a higher rate of
polymerization for microwave. As explained, thidbecause of the ability of microwave
energy to selectively heat the localised hotspod imolecule unlike the conventional

heating which requires the entire material to begtéduak first.
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Figure 5.14 Epoxide absorbance normalised against the abswebtor phenyl for
Araldite LY 5052 / 4 4'DDS with an amine / epoxyicaof 1.0 at different times at 180

°C during conventional and microwave heating.
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Figure 5.15 Epoxide absorbance normalised against the abswmbfor phenyl for
Araldite DLS 772 / 4 4’DDS with an amine / epoxyioeof 0.8 at different times at 180

°C during conventional and microwave heating.
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Figure 5.16 Epoxide absorbance normalised against the abswebtor phenyl for
Araldite DLS 772 / 4 4’DDS with an amine / epoxyioeof 1.1 at different times at 180

°C during conventional and microwave heating.

The amine bands can be used to estimate the degrpef/merization. The loss of the
amine band can also be used to follow the rateolyinperization as the isothermal cure
time increases. In order to estimate the changefanamine concentrations during
polymerization, the absorbance at 1610'dmdivided by the internal standard, which
is the absorbance at 151092, 99, 100].

A comparison of polymerization rates using the arband is shown in figure 5.17 for

conventional and microwave curing of Araldite LYS20/ 4 4 DDS an amine / epoxy

ratio of 0.85 at different times at an isotherneahperature of 18€C.
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Figure 5.17 Amine absorbance normalised against the absorbforce@henyl for
Araldite LY 5052 / 4 4DDS with an amine / epoxyticaof 0.85 at different times at

180°C during conventional and microwave heating.

It can be observed from figure 5.17 that the réteoasumption of the amine was much
faster in the microwave curing than in conventiooaling at each measured time. A
higher consumption of amine in the microwave cutimgn in the conventional curing
was observed. As explained earlier, this enhancenmenpolymerization in the

microwave region is very much anticipated becauggawave heating directly heats
the polymer molecules as a result of the relaxatibthe polarized polymer dipoles
along the electric field [26], allowing more amite be consumed during the curing

reaction.

The amine absorbance ratios Araldite LY 5052 / £B'S with an amine / epoxy ratio
of 1.0 and Araldite DLS 772 / 4 4’ DDS epoxy systeuth an amine / epoxy ratio of
0.8 are shown in figures 5.18 to 5.20 below. Adiite figures 5.14 to 5.16, the results
all show that a higher rate of amine was consunmedhicrowave heating than in
conventional heating, and a higher rate of polynaion for microwave. This is
because of the ability of microwave energy to selety heat the localised hotspot in a
molecule unlike the conventional heating which iezgithe entire material to be heated

first.
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Figure 5.18 Amine absorbance normalised against the absorbforce@henyl for
Araldite LY 5052 / 4 4'DDS with an amine / epoxyicaof 1.0 at different times at 180

°C during conventional and microwave heating.
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Figure 5.19 Amine absorbance normalised against the absorbforc@henyl for
Araldite DLS 772 / 4 4’'DDS with an amine / epoxyioeof 0.8 at different times at 180

°C during conventional and microwave heating.
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Figure 5.20 Amine absorbance normalised against the absorbforce@henyl for
Araldite DLS 772 / 4 4’DDS with an amine / epoxyioeof 1.1 at different times at 180

°C during conventional and microwave heating.

5. 3 Summary

The similarity of the infrared spectra for both neMvave and conventional curing of
both epoxy systems is an indication that the cureagtions follows the same reaction
pathway. For both Araldite LY 5052 / 4 4 DDS andabdite DLS 772 / 4 4 DDS

epoxy systems, the rate of consumption of the ey amine groups was higher

during the microwave curing reactions.
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CHAPTER SIX

6.0 EFFECT OF CURING METHOD ON PHYSICAL AND
MECHANICAL PROPERTIES

6.1 Introduction

During the curing of thermoset polymers, low molacweight liquid monomers are
transformed into a three-dimensional thermoset oktwy the means of chemical
reactions. Hence, the structure of the network &atris affected by the way the resin
reacts during polymerisation. The way the resinctealuring polymerisation also
influences the physical and the mechanical progertif the polymer produced. The
mechanical behaviour of the polymer materials imtipalar is important for the
practical applications of these materials. The raeatal properties usually dictates
when a given polymer material can be used for éiqudar purpose. Thus, the study
these mechanical properties are vital so as tagirgee performance of the polymer.
Different network structures are anticipated fompées cured using conventional and
microwave heating. This is because conventionalmamtowave samples are heated in

different ways.

6.2 Effect of curing on Polymer density
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Figure 6.0 Fully cured sample of Araldite LY 5052 / 4 4’ D[2poxy system with an

amine / epoxy ratio of 0.85 with microwave heatind 80°C for 240 minutes.

The density gives us an indication of how tighthyansely packed the molecules are in
the network structure. The difference in the netwmacking between the samples cured
using conventional and microwave heating can bestigated through this method. A
pycnometer was used to measure the density ofulhe dured samples prepared as
described in the previous section. Plots of averdgasity as a function of the
stoichiometric ratio content for the fully curedgales prepared using conventional and

microwave curing for Araldite LY 5052 and DLS 772 g&hown in the figures below.
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Figure 6.1Plot of Average Density for conventionally and riwave cured samples of

Araldite LY 5052 / 4 4’ DDS epoxy system with aniae/ epoxy ratio of 0.85.
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Figure 6.2 Plot of Average Density for conventionally and riwave cured samples of
Araldite LY 5052 / 4 4’ DDS epoxy system with anias/ epoxy ratio of 0.8
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Figure 6.3 Plot of Average Density for conventionally and riwave cured samples of
Araldite DLS 772 / 4 4’ DDS epoxy system with aniaeV epoxy ratio of 1.0
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Figure 6.4 Plot of Average Density for conventionally and roiwave cured samples of
Araldite DLS 772 / 4 4’ DDS epoxy system with aniaeV epoxy ratio of 1.1.

Table 6.1 Table of abbreviations used for amine / epoxyogafor both Araldite LY
5052 /4 4 DDS and Araldite DLS 772 / 4 4’ DDS a&g®ystems.

CA85 Conventional cured Araldite LY 5052 /4
4 DDS epoxy system with an amine /

epoxy ratio of 0.85

MAS85 Microwave cured Araldite LY 5052 /4 4
DDS epoxy system an amine / epgxy
ratio of 0.85

CA 100 Conventional cured Araldite LY 5052 /4
4 DDS epoxy system an amine / epoxy
ratio of 1.0

MA100 Microwave cured Araldite LY 5052 /4 |4
DDS epoxy system an amine / epaxy
ratio of 100

CD80 Conventional cured Araldite DLS 772|/4
4 DDS epoxy system an amine / epaxy
ratio of 0.8

MD80 Microwave cured Araldite DLS 772 /4|4
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DDS epoxy system an amine / epaxy

ratio of 0.8

CD110 Conventional cured Araldite DLS 772|/4
4 DDS epoxy system an amine / epaxy
ratio of 1.1

MD110 Microwave cured Araldite DLS 772 /4|4
DDS epoxy system an amine / epaxy
ratio of 1.1

Table 6.2 shows the density values of fully curathgles of Araldite LY 5052 / 4 4’
DDS and Araldite DLS 772 / 4 4DDS epoxy systems.

Table 6.2 Density values of fully cured samples of Araldité 5052 / 4 4 DDS and
Araldite DLS 772 / 4 4'DDS epoxy systems.

Density | Density | Density | Density | Density | Average | St. Dev

1(gcem|2 (gecm |3 (gem |4 (gem |5 (gcm | (g cm®)

°) °) %) %) %)
CA85 1.25 1.29 1.21 1.24 1.26 1.25 0.029
MAS85 1.35 1.35 1.32 1.37 1.34 1.35 0.018
CA100 | 1.24 1.29 1.26 1.30 1.31 1.28 0.029
MA100 | 1.37 1.42 1.43 1.38 1.43 1.41 0.028
CD80 1.21 1.17 1.18 1.16 1.22 1.19 0.026
MD80 1.24 1.25 1.28 1.26 1.29 1.26 0.022
CD110 | 1.26 1.20 1.25 1.27 1.28 1.25 0.031
MD110 | 1.39 1.35 1.37 1.36 1.38 1.36 0.018

From figures 6.1 and 6.2 above, the density ofrthierowave cured samples for the
epoxy system Araldite LY 5052 / 4 4 DDS were stighhigher than the densities of
the conventionally cured samples, meaning thantbkecules are more tightly packed.

This reveals that the network structure in the ovw@ve-cured samples were more
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compact than the conventionally cured samples. $hggests a different morphology
in microwave compared to conventionally preparecidas. A different morphology
was also observed in the samples of Araldite DL3 /7Z 4’ DDS epoxy system. The
densities of the microwave cured samples for AtaldLS 772 / 4 4 DDS epoxy
system with amine / epoxy ratios of 0.8 and 1.1lewmigher than the conventionally
cured samples, indicating a more compact netwatlctire for the microwave cured

samples.

6.3 Effect of curing on Dynamic Mechanical Properti  es

Dynamic Mechanical Thermal Analysis was used tadytthe morphology of the
network structure of the polymer materials. Theetfiof curing method on the dynamic
mechanical properties such as the loss tangent)tand the storage modulus (G’) of
the microwave and conventionally cured samplesdessrmined and compared.
Figures 6.5 to 6.8 show the typical DMA results émnventionally and microwave-
cured samples of Araldite LY 5052 / 4 4’ DDS ep@ygtem.
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Figure 6.5 Dependence of storage modulus (G’), Loss modu&iy &nd tand with
temperature for a fully cured sample of Araldite 852 / 4 4’ DDS epoxy system with
an amine / epoxy ratio of 0.85 prepared using nieke heating at 18Q for 240 mins
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Figure 6.6 Dependence of storage modulus (G’), Loss moduBi3 &nd tans with
temperature for a fully cured sample of Araldite b852 / 4 4’ DDS epoxy system with
an amine / epoxy ratio of 0.85 prepared using cotiweal heating at 18C for 240

mins.
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Figure 6.7 Dependence of storage modulus (G’), Loss moduBi3 &nd tans with
temperature for a fully cured sample of Araldite B852 / 4 4’ DDS epoxy system with
an amine / epoxy ratio of 1.0 prepared using cotiweal heating at 186C for 240

mins.
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Figure 6.8 Dependence of storage modulus (G’), Loss moduBi3 &nd tans with
temperature for a fully cured sample of Araldite b852 / 4 4’ DDS epoxy system with
an amine / epoxy ratio of 1.0 prepared using mienmheating at 18T for 240 mins.

From the figures 6.5 to 6.8 above, we notice thattemperature dependence of the
dynamic mechanic thermal analysis properties fer ¢bnventional and microwave
cured Araldite LY 5052 / 4 4 DDS epoxy system ¢o¥l the same course. The shear
modulus (G’) decreased as the temperature incre@deithe point where the storage
modulus decreased sharply, the damping curved{tavent through a maximum. The
loss modulus also went through a maximum, but @akpwas not as striking as the
damping curve peak. The peak in the loss modulugecaccurred at a temperature

slightly lower than the peak in the tamcurve.

Usually, the tard is the most sensitive indicator of the moleculastions which are
occurring in the material. The tanpeak is associated with the main glass-to-rubber
transition. The temperature at the maximum of thisé peak is known as the glass
transition temperature ¢ Df the material.

Two peaks were observed in the taaurve in both conventional and microwave-cured
epoxy systems as shown in figures 6.5 to 6.8. Allsmpeak was observed belowO

in all the plots. The presence of two peaks melaaisa secondary transition occurred in
the samples during the thermal analysis. The sesgnmansition is attributed to the

crankshaft motion of the hydroxyl-ether group [LOBhe crankshaft motion is usually
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found in amine crosslinked systems [102]. The widththe tans peaks for all the
figures appeared to be similar. However, the dgmeak temperature was found to be
higher in the microwave cured samples. The diffeeeim the | values was attributed
by Wei et al[56] to the existence of different network struet and cross-links within
the conventional and microwave cured samples. Tgigeh Ty in the microwave cured
samples also suggested that the cross-link denség probably higher in the

microwave cured samples than conventionally cuagaides.

The DMTA plots for conventionally and microwave edrAraldite DLS 772 / 4 &4
DDS epoxy systems are shown in the figures belogt ds with the Araldite LY 5052 /

4 4’ DDS epoxy system, higher tarpeak temperatures were observed for microwave
cured samples, also indicating that there are réifie network structures in the
microwave and conventionally cured samples. Durthg analysis, a secondary
transition occurred in the material as evidencethleytwo peaks in the tancurve. The

width of the tard peak was also found to be similar for all the male.
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Figure 6.9 Dependence of storage modulus (G’), Loss modu&i3y &nd tand with
temperature for a fully cured sample of Araldite P72 / 4 4 DDS epoxy system
with an amine / epoxy ratio of 0.8 prepared usingrowave heating at 18 for 240

mins.
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Figure 6.10 Dependence of storage modulus (G’), Loss moduBi$ &nd tand with
temperature for a fully cured sample of Araldite P72 / 4 4 DDS epoxy system
with an amine / epoxy ratio of 0.8 prepared usingventional heating at 18T for
240 mins.
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Figure 6.11 Dependence of storage modulus (G’), Loss moduBi$ &nd tand with
temperature for a fully cured sample of Araldite DEL72 / 4 4’ DDS epoxy system an
amine / epoxy ratio of 1.1 prepared using microwasating at 186C for 240 mins.
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Figure 6.12 Dependence of storage modulus (G’), Loss moduBi} &nd tans with
temperature for a fully cured sample of Araldite PEL72 / 4 4’ DDS epoxy system an
amine / epoxy ratio of 1.1 prepared using conveibieating at 188C for 240 mins.

Table 6.3 Glass transition values for fully cured samplesAddildite LY 5052 / 4 &4
DDS and Araldite DLS 772 / 4 4’ DDS epoxy systerndiierent stoichiometric ratios.

Epoxy |Tg 1| Tg 2| Tg 3| Tg 4| Tg 5| Average | Standard
System | (°C) (°C) (°C) (°C) (°C) Tg °C) | Deviation

CA85 153.4 148.3 154.6 155.7 154.9 153.4 2.96

MA85 169.9 170.5 172.8 171.4 172.7 17146 1.29

CA100 | 187.7 188.0 185.4 186.3 188.8 187.24  1.37

MA100 | 188.2 190.9 195.2 194.9 193.9 192.6 2.68

CD80 146.2 143.3 144.5 146.2 143.1 144.6 1.50

MD80 149.1 151.8 156.4 154.6 155.8 153.5 2.73

CD110 | 178.6 179.2 177.5 175.6 172.8 177.1 1.57

MD110 | 197.3 194.1 192.3 195.7 197.6 195.4 2.30

286



175 ~
170 +
165 +
160 -

155 - T

150 +

Temperature ( °C)

145 +

140 A

135

conventional microwave

Figure 6.13 Bar chart of Average gl'values of conventional and microwave cured
samples of Araldite LY 5052 / 4 4’ DDS epoxy systeuith an amine / epoxy ratio of
0.85.
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Figure 6.14 Bar chart of Average Tg values of conventional amdrowave cured
samples of Araldite LY 5052 / 4 4’ DDS epoxy systeuith an amine / epoxy ratio of
1.0.
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Figure 6.15 Bar chart of Average Tg values of conventional amdrowave cured
samples of Araldite DLS 772 / 4 4 DDS epoxy systeith an amine / epoxy ratio of
0.8.
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Figure 6.16 Bar chart of Average Tg values of conventional amdrowave cured
samples of Araldite DLS 772 / 4 4 DDS epoxy systeith an amine / epoxy ratio of
1.1.
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6.4 Cross- Link density

It is necessary to determine the cross-link derdtghe fully cured samples. This will
enable us to investigate the variations in thecttne of the materials produced by

microwave and conventional heating.

The Cross-link densitw] is defined as the number of moles of cross-lin&eains per
cubic centimetre of polymer [109]. The cross-linkndity can be determined by
modulus measurements in the rubbery plateau. Tletiomship between rubbery
plateau modulus and the crosslink density is glwefll47]

G

v=—— A7
RT

G’ is the shear storage modulus which is obtaimethé rubbery plateau. R is the gas
constant, while T is the temperature in Kelvin whicorresponds to the storage
modulus value. The shear storage modulus is definetthe rubbery region at the

temperature of Tg + 50 [103]

Bar chart plots of the cross-link density for batimventionally and microwave cured
samples for both epoxy systems are shown in thadgbelow. The overall results
reveal that microwave cured samples have a highessdink density than
conventionally cured samples. This is an indicatmiha more compact network

structure within the microwave cured samples.
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Figure 6.17 Plot of Bar chart of cross-link density values adnventional and
microwave cured samples of Araldite LY 5052 / DDS epoxy system with an amine
/ epoxy ratio of 0.85.
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Figure 6.18 Plot of Bar chart of cross-link density values adnventional and
microwave cured samples of Araldite LY 5052 / DDS epoxy system with an amine
/ epoxy ratio of 1.0.

290



6 _
5§57
°
S
<« 4 - T
S L
R
237
(%]
c
(]
o 2
X
=
O

0

Conwventional Microwave

Figure 6.19 Plot of Bar chart of cross-link density values @dnventional and
microwave cured samples of 0.8M amine / epoxy ratidraldite DLS 772 / 4 4 DDS
epoxy system.
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Figure 6.20 Plot of Bar chart of cross-link density values @dnventional and
microwave cured samples of Araldite DLS 772 /| DIDS epoxy system with an amine
/ epoxy system of 1.1.

Table 6.4Cross-link density values for fully cured microweaand conventionally cured
samples of Araldite LY 5052 / 4 4’ DDS and Araldiid.S 772 / 4 4 DDS epoxy

systems.
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Valuel | Value2| Value3 Value4 Valuels Averdge. [Biv

CA85 9.54 9.31 9.63 9.86 9.71 9.61 0.20

MA8S 10.24 10.34 10.13 11.35 10.67 10.55 0.49

CA100 | 11.48 11.32 11.56 12.57 13.68 12.12 0.89

MA100 | 17.44 15.67 16.68 17.98 14.98 16.55 1.23

CD80 3.82 3.76 3.56 3.87 3.09 3.62 0.32

MD80 4.75 4.56 4.44 5.08 4.86 4.74 0.25

CAl110 | 3.89 4.56 3.79 3.54 4.01 3.96 0.38

MA110 | 4.27 5.31 4.21 4.63 4.50 4.58 0.44

6.5 Average molecular weight between cross-links

The difference in the network structure formed bywentional and microwave heating
can be investigated from the average molecularhwéigtween cross-link$/;) of each
sample. As the cross-link density represents igbthess’ of the network structure, the
average molecular weight between cross-links cherige the ‘looseness’ of the
network.

The average molecular weight between cross-lihkg (s defined as the total sample
weight that contains one mole of effective netwolniains. The determination bf; is

based on the simple rubber elasticity theory amdoeacalculated from [104, 105];

M, =—- 7.2

wherep is the densityR is the gas constaril,is the temperature in Kelvin al is the
shear storage modulus in the rubbery region. Tiié af M. is the same as for

molecular weight, g/mol.

Comparison of Equations 6.1 and 6.2 shows Mais the proportional to cross-link

density and can be expressed as follows.

292



M. =

C

7.3

< o

Nielsen, however, claimed the equations of thetldrtbeory of rubber predict moduli

far too small for extremely highly cross-linked ex@ls [104]. He has proposed an
empirical equation that agrees much better tharatemu 7.2 with the experimental

results at very high degrees of cross-linking.

logG' =7.0+ 29% 7.4
IvIC

The average molecular weight between cross-linksdmventionally and microwave-
cured samples were calculated using equationsnd 3 &. The results both suggest that
the M. value of conventionally cured samples was genehagjher than of microwave-
cured samples. Bar chart plots of the average mlaegveight between cross-links of
microwave and conventionally cured samples of beploxy systems are shown in
figures 7.21 to 7.24. These results suggest thatesdionally cured samples had larger
‘free volume’ between polymer chains. This ressltonsistent with the lower density

observed in the conventionally cured samples.
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Figure 6.21Plot of average molecular weight between crodssliivlc) of conventional
and microwave cured samples of Araldite LY 50524’ DDS epoxy system with an
amine / epoxy ratio of 0.85 using Nielsen’s equatio
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Figure 6.22Plot of average molecular weight between crodssliivl;) of conventional
and microwave cured samples of Araldite LY 50524 HDS epoxy system with an
amine / epoxy ratio of 0.85 using Nielsen’s equatio
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Figure 6.23Plot of averagenolecular weight between cross-linkdJ of conventional
and microwave cured samples of Araldite LY 50524’ DDS epoxy system with an

amine / epoxy ratio of 1.0 using Nielsen’s equation
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Figure 6.24Plot of average molecular weight between crodssliivl;) of conventional
and microwave cured samples of Araldite DLS 772 4/ DDS epoxy system with an
amine / epoxy ratio of 0.8 using Nielsen’s equation
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Figure 6.25Plot of average molecular weight between crodssliivl;) of conventional
and microwave cured samples of Araldite LY 50524’ DDS epoxy system with an

amine / epoxy ratio of 1.1 using Nielsen’s equation
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6.6 Effect of curing on flexural properties

A 3-point bending test was used to determine tieuflal mechanical properties of the
fully cured samples. The 3 point bending test isti@ss-strain test whereby the
specimen is deformed under bending conditions.tiisrresearch, fully cured samples
of Araldite LY 5052 / 4 4’ DDS and Araldite DLS 7724 4’ DDS epoxy systems were
subjected to three point bending tests. The figlrelew show flexural stress-strain
curves obtained from conventional and microwaveedwamples. The flexural load-
displacement plots for the conventionally and mi@ee cured samples show similar
patterns.

—— Conventional

0.12 —___ Microwave

Displacement (mm)

Figure 6.26 Load vs Displacement plot for conventional and miave cured samples
of Araldite LY 5052 / 4 4’ DDS epoxy system with amine / epoxy ratio of 0.85.
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Figure 6.27Load vs Displacement plot for conventional androwave cured samples
of Araldite LY 5052 / 4 4’ DDS epoxy system with amine / epoxy ratio of 1.0.
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Figure 6.28Load vs Displacement plot for conventional androwave cured samples

of Araldite DLS 772/ 4 4’ DDS epoxy system with @amine / epoxy ratio of 0.8.

Table 6.5Flexural Strength values for fully cured sampléf\mldite LY 5052 / 4 4’
DDS and Araldite DLS 772 / 4 4’ DDS epoxy systerndiierent stoichiometric ratios.
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Flexural | Flexural | Flexural | Flexural | Flexural| Average| St.Dev
Strength | Strength | Strength | Strength | Strength
1 2 3 4 5
CA85 98.5 96.3 100.8 101.9 90.4 97.6 4.55
MAS85 129.6 133.5 136.5 124.7 139.4 132.7 5.77
CA100 | 1145 121.3 110.1 115.0 107.7 113.8 5.1%
MA100 | 144.1 152.4 143.1 148.7 145.9 146.8 3.78
CD80 107.3 113.6 117.9 105.3 110.6 110.9 5.01
MD80 | 147.6 140.7 139.7 143.8 134.6 144.2 4.85
CD110 | 121.5 117.3 129.7 127.1 115.7 122.3 6.06
MD110 | 155.0 163.3 157.4 152.1 155.3 156.3 419
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Figure 6.29 Bar chat of Average flexural strength values oihwanmtional and

microwave cured samples of Araldite LY 5052 / DDS epoxy system with an amine
/ epoxy ratio of 0.85.
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Figure 6.30 Bar chat of Average flexural strength values ofhwanmtional and
microwave cured samples of Araldite LY 5052 / DDS epoxy system with an amine
/ epoxy ratio of 1.0.
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Figure 6.31 Bar chat of Average flexural strength values ofemntional and
microwave cured samples of Araldite DLS 772 / DIDS epoxy system with an amine
/ epoxy ratio of 0.8.
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Figure 6.32 Bar chat of Average flexural strength values ofhvantional and
microwave cured samples of Araldite DLS 772 /| DIDS epoxy system with an amine
/ epoxy ratio of 1.1.

The results showed that the microwave cured sanfldsigher flexural strengths and
modulus than conventionally cured samples. Thisgesity that microwave cured
samples are stronger and stiffer than conventiomad samples, giving more credence
to the argument that the molecular network strgctmre more packed in microwave
cured samples. These results are in good agreemtérthe higher Tg and higher cross-
link density. Singeret al [106] attributed their findings to a better aligamh of the
molecules exposed to the electric field. This alignt may produce a higher molecular
packing with lower free volume and higher densgguiting in a higher modulus for
microwave-cured samples. Bat al [107] suggested that the differences in tensile
properties could be attributed to a greater homegef the microwave cured resin.
Navabnoutet al [54, 55] observed a fifteen percent increase anfligxural modulus and
the flexural strength of microwave cured samplaggesting that this enhancement was
as a result of a reduction in the residual stressethe microwave cured samples
brought upon as a result of a better temperaturgraloassociated with microwave
heating.
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6.7 Summary

In this chapter, we observed that for both Araldi¥ 5052 / 4 4 DDS and Araldite
DLS 772/ 4 4’ DDS epoxy systems,

) The density of the fully cured microwave samples waher than
the density of the conventionally cured samples.

i) The glass transition temperature for the microwaneed samples
were higher than the glass transition temperatfireonventionally
cured samples.

i) The microwave cured samples had higher cross-lmksities and
lower average molecular weight between crosslinkant the
conventionally cured samples. This indicated theg tnicrowave
cured samples were more compact.

V) The microwave cured samples had a higher flexurangth and

modulus than conventionally cured samples.
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CHAPTER SEVEN

7.0 DECOMPOSITION AND CHEMICAL ANALYSIS OF
CURED EPOXY SYSTEM USING MICROWAVE
REACTION SYSTEM

7.1 Introduction

Fully cured epoxy samples of conventional and mienee cured Araldite DLS 772/ 4
4’ DDS with an amine to epoxy ratio of 0.8M weresgblved in 4M nitric acid in a
microwave reaction system at a temperature of °@for a total of 75 minutes. The
dissolved compound was collected and dried. HighrfoReance Liquid
Chromatography was used to analyse and separatertif@onents in the compound.
Infrared spectroscopy, nuclear magnetic resonamExt®scopy and electrospray

ionization mass spectrometry was used to idertiéydissolved product.

7.2 Decomposition of fully cured Araldite DLS 772/ 4 4 DDS
with amine / epoxy ratio of 0.8

Fully cured samples of Araldite DLS 772 / 4 4’ D&h an amine / epoxy ratio of 0.8
were cut into small rectangular pieces of between 2 grammes. They were put in
reaction vessels described in section 3.18. 20 mdM HNO; was added to each
reaction vessel. The vessels were then placedeimilsrowave reaction system. The
samples were heated in the reaction vessels tmpetature of 126C and held at this
temperature for about 25 minutes. This experimea vepeated three times. It took a

total of 75 minutes for the sample to be completiggolved in the nitric acid.
Figures 7.1 and 7.2 show the fully cured samplesiofowave cured Araldite DLS 772

/ 4 4 DDS with amine / epoxy ratio of 0.8 at 18D for 240 minutes before and after

decomposition in the microwave reaction system.
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Figure 7.1 Fully cured sample of Araldite DLS 772 / 4 4 D#h an amine / epoxy
ratio of 0.8 before decomposition in Microwave ReatSystem

Figure 7.2 Product obtained after decomposition of fully cusamples of Araldite
DLS 772 / 4 4 DDS with an amine / epoxy ratio 08 Gfter decomposition at 12C
for a total of 75 minutes in Microwave Reaction 8ys.
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The compounds which made up the decomposed epatgnsywere determined. High
Performance Liquid Chromatography HPLC was usedefmarate the peaks. Infrared
spectroscopy, nuclear magnetic resonance spectpmmetl mass spectrometry were

used to identify the decomposed compound.

10 micro-litres of 10mg / mol concentration of tthecomposed product was injected
through the HPLC analytical system to test for fyuaind the constituents in the product.
The analytical results for the dissolved epoxy ayst are shown in the figures 7.3 and
7.4.
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Figure 7.3 HPLC trace results of decomposed product of fathypventionally cured
Araldite DLS 772 [/ 4 4'DDS epoxy system with aniaen/ epoxy ratio of 0.8 passed
through a silica column using 50 : 50 Hexane /yE#itetate as solvents and detected at
254 nm.

304



70 ~

60 -

50 -

40 +

mVolts

30 -

20

10 A

O T T T T 1
0 5 10 15 20 25

Time (mins)

Figure 7.4 HPLC trace results of decomposed product of futlicrowave cured
Araldite DLS 772 [/ 4 4'DDS epoxy system with aniaen/ epoxy ratio of 0.8 passed
through a silica column using 50 : 50 Hexane / Efltgtate as solvents and detected at
254nm.

The figures 7.3 and 7.4 above show a broad peak.bFbad peak suggests that a range
of similar compounds were probably eluted. The 8ness of the peak also occurs
when the compound is strongly absorbed on theasdaumn. This is usually the case
when the compound is polar. Some of the end grofipse compound stuck longer to
the silica as it was being forced through the puRgdar compounds attach themselves
chemically to the silica column

In order to collect and analyse the major peakuahrstronger concentration of about
100 mg / mol was prepared. 100 microlitres waedtgd into the pump controlled
HPLC system. The chart recorder was used to motheelution of the sample to be
collected.

The collected sample was rerun by analytical HPbCconfirm the purity of the

collected peak.

The results of the rerun analytical HPLC test farify for each epoxy system are

shown in the figures 7.5 and 7.6 below.
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Figure 7.5 Analytical HPLC trace results of collected isothteompound of
decomposed conventional cured Araldite DLS 7724'13DS epoxy system with an
amine / epoxy ratio of 0.8.
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Figure 7.6 Analytical HPLC trace results of collected isothteompound of
decomposed conventional cured Araldite DLS 7724'13DS epoxy system with an

amine / epoxy ratio of 0.8.

The figure above shows two peaks. The first pedkassolvent front. It usually comes
out about two minutes after the sample is injeatethe HPLC instrument machine

using 50 : 50 hexane/ethyl acetate solvent mixflings solvent front is probably ethyl
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acetate. It absorbs at about the same UV at 254Thm.second peak also shows that
isolated compound seem to consist of a range oilasimmompounds in the solvent

collected from the HPLC pump system.
A rotary evaporator was used to dry the collecmimound, leaving the just the residue.
7.3 Fourier Transform Infrared Spectroscopy

Infra red spectra were taken of the residue samflee spectra of the samples are

shown in figures 7.7 and 7.8 below.
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Figure 7.7 Infrared spectra of dried isolated compound ctdéieédrom the decomposed
product of cured Araldite DLS 772 / 4 4 DDS with amine / epoxy ratio of 0.8
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Figure 7.8 Expanded view of Infrared spectra of dried isolatetnpound collected
from the decomposed product of cured Araldite DI/2 74 4 DDS with an amine /

epoxy ratio of 0.8

Figure 7.8 above shows the infrared spectra foigblkated compound of the dissolved
microwave cured Araldite DLS 772 / 4 4 DDS. Thekseat 709 cnf and 788 cnt
correspond to the monosubstituted benzene and dmethstituted benzene bands
respectively. The peak at 1430 ¢nis the aromatic C=C bond [70, 108, 109]. The
absorption peaks at 1020 ¢nand 1080 cm correspond to the aliphatic amine band.
The aromatic ethers C-O bond is represented bgtikerption peak at 1260&mwhile
there is also an aromatic nitro bond N-O at 1320' ¢irl0, 111]. A tertiary alcohol
which is represented in the band 1160'cffihe absorption peak at 1730 trsignifies

an ester or a carboxylic acid C=0 bond [70, 108k FT-IR spectrum reveals that the
compound contains some benzene rings, aromatiaseaamd an ester or carboxylic

acid.

7.4 Nuclear Magnetic Resonance

! H-NMR and’*C-NMR spectroscopy were used to determine the atarstructure of
the unknown compound. THel-NMR and**C-NMR spectroscopy measurements are
described in section 3.19. THE nucleus is the most commonly observed nucleus in
NMR spectroscopy. This is because hydrogen is fotimdughout most organic
molecules. The proton has high intrinsic sensitiyit12, 113]. It is also almost 100%
abundant in nature. These factors make it a falbeinaucleus to observe. The proton
spectrum contains a wealth of chemical shifts aadptng information. This is a
starting point for most structure determinationd4jL The'H-NMR spectra of the

unknown compound is shown in figure 8.9 below
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Figure 7.9'"H-NMR spectra of dried isolated compound colledtech the decomposed
product of cured Araldite DLS 772 / 4 4 DDS with amine / epoxy ratio of 0.8

The H-NMR spectrum of the unknown compound is shownfigure 7.9. The
compound was dissolved in dueterated acetone beafoee NMR analysis. The
dueterated acetone solvent gave rise to a pealOatgarts per million (ppm). Two
triplet absorbances at areas of 1.38 and 1.45 pera attributed to the methyl groups
present in the compour]jd0, 113, 115].Two quartet absorbances at areas of 3.40 and
3.85 ppm due to the presence of methylene groupthencompound which are
separately connected with nitrogen and oxy{gé€n 75] There is a quartet as a result of
spin-spin splitting which creates one more peak tih& number of hydrogens adjacent
to it. The quartet means that they are next toddgens or a terminal GHyroup. One
methylene quartet is attached to a nitrogen atohlewthe other methylene quartet at
3.85ppm is directly bonded to the strongly deslmgjd, or a carbonyl atorfiLl16]. The
more electronegative an atom is, the more elediroe it will draw away from the
nucleus. This will make the atom more deshieldedking the chemical shift move
further downfield [74, 113]There is a single sharp peak at 8.71 ppm. This jeak
generated from the resonance of the aromatic psofbime presence of this single peak
is an indication that the aromatic ring is symneetfinother reason for this single peak
is because the proton is next to no other hydrodmme to an absence of other

hydrogens, the local magnetic field induced by tineleus of other protons will not
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cause a multiplet of peaks. Rather, there is jushgle peak [70, 113]The downfield
shift of the aromatic peak is as a result of theation of the aromatic ring during the
decomposition of the cured resin causes a downwaifl in the aromatic peak.
Nitrogen, being an electronegative atom, withdralestron density. This consequently
reduces the magnitude of the local magnetic figlde nitrogen atom desheilds the
aromatic proton from the applied magnetic field.aAsesult of this, the aromatic proton

experiences a slightly weaker magnetic field arshmance occurs at a higher ppm [116]

7.5 '3C-NMR and Distortion Enhancement by Polarization
Transfer (DEPT)

3C-NMR and DEPT were used to obtain more informatatout the backbone
structure of the unknown compound. THE-NMR spectrum of the compound is
shown in figure 7.10. Thé°C-NMR spectrum is usually recorded with broadband
decoupling of all protons. This removes multiplicib carbon resonances. As a result,
the doublet, triplet and quartet patterns which iadicative of CH, CHand CH
groups are not seen, and each carbon resonancarapae a singlet, increasing
sensitivity[117, 118]. Each peak identifies a carkaiom in a different environment
within the molecule. There are different rangeslémical shifts for different carbon

environments.
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Figure 7.10 *C-NMR spectra of dried isolated compound collectedm the
decomposed product of microwave cured Araldite OIS / 4 4 DDS with an amine /

epoxy ratio of 0.8

Each chemically distinct carbon atom gave rise single peak in its normafC NMR
spectrum. The peaks at 47.6 and 60 ppm arose esult of different carbons singly
bonded to an oxygen atom. The external magnetld Bgperienced by the carbon
nuclei is affected by the electronegativity of etems attached to them. The effect of
this is that the chemical shift of the carbon iases if an atom like oxygen is attached
to it [74, 119]. This is because the electronegatixygen pulls electrons away from the
carbon nucleus thereby leaving it more exposednto external magnetic field. This
means that a smaller external magnetic field valhieeded to bring the nucleus into the
resonance condition than if it was attached to ésstronegative atoms [119, 120]. The
peak at 170 ppm is a carbonyl resonance whichestala carbon in a carbon — oxygen
double bond in an acid or ester. The peaks at 12@3.9, 139.5, and 153 ppm are
typical for carbons in an aromatic benzene ring [ZI07, 121]. The triplet peak around
30 and 206 ppm are as a result of the carbon gboesent in the solvent.

7.6 Distortion Enhancement Polarisation Transfer

There are four possible types of carbon atoms. Tdrey methyl (Ch), methylene
(CH,), methane (CH) and quaternary carbon (C) [116¢ ddrbon type depends on the
number of hydrogens directly attached to a pasicaarbon atom. THEC NMR does

not dive any information as to the types of carpoesent in the spectrum [116].

Distortion Enhancement by Polarization Transfer FDIE is used to differentiate the
carbon types. In DEPT with = 9¢° spectrum, only CH carbons appear as positive
signals. In DEPT witl) = 135 spectrum, CH and Gdtarbons produce positive peaks
while CH, carbons produce negative peaks. Quaternary carbmmst appear in the
DEPT spectra. Any extra peaks found in the norff@Ispectrum are due to quaternary
carbons. The DEPT with = 90° and DEPT withd = 135 spectrum of the unknown

compound are shown in figures 7.11 and 7.12 below
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Figure 7.11DEPT with6 = 90 spectra of dried isolated compound collected ftbm
decomposed product of microwave cured Araldite OIS / 4 4 DDS with an amine /

epoxy ratio of 0.8.
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Figure 7.12DEPT with® = 135 spectra of dried isolated compound collected ftben
decomposed product of microwave cured Araldite OIS / 4 4 DDS with an amine /

epoxy ratio of 0.8.

The DEPT withd = 9C° spectra in figure 7.11 identifies CH resonancek7at9, 126.3,
60.57, 20.82 and 14.5 ppm. The DEPT with 135 spectra in figure 7.12 identifies the
CH; resonance as negative peaks at 126.3, 20.8, ahgadd. Since the DEPT with=
135 spectra shows both GHind CHs as positive peaks, the peaks at 47.6 dred 8
ppm can be quickly identified as @lesonances by comparing it to figure 7.11 which
only shows CHs as positive peaks. The absenceeopdlaks 153 and 139 ppm in the
DEPT spectra indicates that they are quaternabyooar The peaks 29-31 ppm and 206
ppm arise from the carbon atoms present in theesbl{acetone) used for the NMR

analysis.

7.7 Heteronuclear Multiple-Quantum Correlation

In Heteronuclear Multiple-Quantum Correlation expemt, two different types of
nuclei ¢H and*C) are correlated into a 2-dimensional experimgrthie evolution and
transfer of single quantum coherence [122, 123jfférs a means of identifying 1-bond
H-C activities within a molecule. One dimensionresents théH chemical shift, while
the other represents tH&C chemical shift. Crosspeaks indicate a one-btd>C
connectivity. The HSQC technique relies on magagta transfer from the proton to
its directly attached atom, and back on to thegroAs a result of this magnetisation
transfer, no responses are expected for non-pr@omarbons, or for protons bound to
other heteroatoms [122-124].
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Figure 7.13HSQC spectra of dried isolated compound colle@tech the decomposed
product of microwave cured Araldite DLS 772 / 4DDS with an amine / epoxy ratio
of 0.8.

Figure 7.13 shows the HSQC spectra for the unknoswmpound. Here th&H protons
from the'H-NMR spectra are related to the carbon atoms fiwer>C-NMR spectra.
From the figure above, the aromatic proton indidatepeak 8.7 ppm is directly bonded
to the aromatic carbon atom at about 126 ppm. Tieals at 3.85 ppm which are
characteristic for the methylene protons attacle@;tis directly bonded to the carbon
atoms of the methylene group at 60 ppm in {@&NMR spectra. The methylene
quartet at 3.4 ppm is bonded to the carbon atonmethylene at 47 ppm. The signals
appearing at 1.38 and 1.45 ppm which indicate nieffoups are bonded to the carbon
atoms of the methyl groups at 9.1 ppm and 11 ppm.

From the aboveH-NMR, *C-NMR, DEPT withe = 9¢°, DEPT with§ = 135 and the
infrared spectra of the isolated compound, it isesked that there are two ethyl ester
groups and an amine bound to the benzene ring.ahhg/sis suggests the unknown
compound is identified as 1, 3 — di(ethyl estegithyl amino)-2-hydroxybenzene. Its

chemical structure is shown in the figure 7.14 elo
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Figure 7.14 Structure of 1, 3 — di(ethyl ester)-5-(diethyl am)-2-hydroxybenzene.

The assignment of the peaks of th&NMR spectrum of 1, 3 — di(ethyl ester)-5-

(diethyl amino)-2-hydroxybenzene from figure 7.9abulated in table 7.1 below.

Table 7.1 Assignment of peaks of th#l-NMR spectrum of 1, 3 — di(ethyl ester)-5-
(diethyl amino)-2-hydroxybenzene

Peak Chemical Shift, ppm Assignment
e
1.38 CH;—CH,—N
A CH,
Methyl CHs |
CH4
1.45 CHz3—CH,—O 0
\\‘c#
B
Methyl CHs |
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3.41 CH;—CH,—N
c |
CH,
Methylene CH |
CH,
CH;—CH,— D\\“‘“c”/D
3.85
° |
Methylene CH
H
8.71
E
Benzene
H

Table 7.2 below shows the assignment of peaksedn3h NMR spectrum of 1, 3 —
di(ethyl ester)-5-(diethyl amino)-2-hydroxybenzdram figure 8.10.

Table 7.2 Assignment of peaks of th#l-NMR spectrum of 1, 3 — di(ethyl ester)-5-
(diethyl amino)-2-hydroxybenzene

Assignment Peak Chemical shift (ppm)

CHy3—CH,—0 5]
3 2 x\\c/f' Cl 9.1
1 2 3 C2 59.0
| C3 170.9
/ C4 115
CHy—Chy—H C5 47.6
4% th e C6 47.6
C7 115

CHy 7
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0 C8 170.9

,fﬁ
\ 9 10 C9 47.6
8
O——CH,——CH, C10 9.1
OH Ci1 126.3
11
X c12 153.9
12
‘ C13 126.3
s Z 1s 16 Cl4 138.0
14 C15 139.5
C16 138.0

7.8 Electrospray lonization Mass Spectroscopy

Electrospray lonization was used to confirm the enolar weight of the compound
which was identified as 1, 3 — di(ethyl ester)-tefdyl amino)-2-hydroxybenzene. The
electrospray ionization spectrum is shown in figuré5. A base peak of 332 is
identified.

8

Figure 7.15Electrospray ionization spectra of 1, 3 — di(etbsfler)-5-(diethyl amino)-2-
hydroxybenzene.
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The molecular formular of 1, 3 — di(ethyl esterjebethyl amino)-2-hydroxybenzene is

C16H230sN. This gives a molecular mass of 309 g Thdlhere is a presence of sodium
ion in the electrospray chamber. This sodium ionsad unit mass of 23 to the

molecular ion of the compound. Adding 23 to the ecalar mass of 1, 3 — di(ethyl

ester)-5-(diethyl amino)-2-hydroxybenzene gives3828. This value corresponds to the
molecular ion peak at m/z 332 which also correspotwl the base peak of the

electrospray ionization spectra in figure 7.15. Bhectrospray ionization mass spectra
confirms the molecular mass of 1, 3 — di(ethyl ©sbe(diethyl amino)-2-

hydroxybenzene.

7.9 Summary

Conventional and Microwave cured samples of Araldi.S 772 / 4 4 DDS were
successfully decomposed by a microwave reactioteisysThe chemical structure of

the decomposed product was determined.
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CHAPTER EIGHT

8.0 CONCLUSIONS AND SUGGESTIONS FOR FUTHER
WORK

The aims of this study were to compare the curingtics, the reaction pathways, the
physical and mechanical properties of two epoxyesys prepared by conventional and
microwave heating; and also to explore the possilaf the use of microwave energy
to decompose fully cured epoxy materials and idietie decomposed products with a

view to then exploring potential reuses of theséenmls.

8.1 Conclusions

Araldite LY 5052 and DLS 772 epoxy resins (supplgdHuntsman, UK) were used
for this research. 4 4’ Diaminodiphenyl sulfone wiasd as a hardener for this study.
The curing kinetics of Araldite LY 5052 / 4 4’ DD#id Araldite DLS 772 /4 4’ DDS
epoxy systems were studied “in situ” by means fiéeéntial scanning calorimetry
(DSC) and a microwave calorimeter under non-isaotlaéand isothermal conditions.
The differences in the curing characteristics efshmples undergoing microwave and

conventional heating were observed.

During the non-isothermal curing, the samples cwigd conventional heating had a
higher onset temperature and a higher exothernaik fgnperature than the samples
cured using microwave heating. Curing during micxe heating occurred over a
smaller temperature range. The reaction rate ofawiave-cured samples was higher
than the reaction rate of conventionally cured damf his was indicated by a higher
slope of the fractional conversion curve. It tookharter time for the microwave cured
samples to reach the maximum final conversion, ssiygg that the curing reaction
occurred at a lower temperature. These resultbeascribed to a better efficiency in
the energy transfer for microwave heating. An inseewas observed in the fractional
conversion for microwave-cured samples. This wastduhe increase in the mobility
of the reactants after gelation. This is causethbynduced polarization of the polymer
and monomer molecules along the applied electrostagfield, causing the

consumption of more reactants leading to the fawmaif a more rigid network.
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Kinetic analysis was carried out on the samplesauising conventional and
microwave energy. Ozawa’s method was used to deterthe activation energy for a
given fractional conversion, which shows the déferstages through which the curing
reaction proceeds. The activation energy of thezeotionally and the microwave cured
samples showed different patterns. For samplesiaigsi@ag conventional heating, the
activation energy had a minimum value at the bagmof the reaction, and then
increased as the reaction proceeded to a maxinmarthan showed a tendency to
decrease. The samples cured using microwave ehatyg maximum value at the
beginning of the reaction, which then decreasdbeaseaction proceeded until it

reached a minimum value after which it began toxshdendency to increase.

Ozawa’s method was also applied to the exotherend fior the determination of
activation energy. The results show that for AaldiY 5052 / 4 4’ DDS epoxy system,
the activation energy of the microwave-cured samplere higher than the
conventionally cured samples, while for the Araddity 5052 / 4 4’ DDS epoxy system,
the activation energy of the conventionally curachples were higher than the

activation energies of the microwave cured samples.

Kissinger's method was also used to study the kiragtalysis in this research. As with
the Ozawa method, the activation energies of alhticrowave-cured samples were
found to be higher than the activation energiesooiventionally cured samples for the
Araldite LY 5052 / 4 4’ DDS epoxy system, while taetivation energies for the
microwave cured samples were lower than thoseeotdimventionally cured samples
for Araldite DLS 772 / 4 4’ DDS epoxy system.

A cavity perturbation technique was used to folltw dielectric properties of the
microwave cured samples“situ” as the curing reactions proceeded. It was fouad th
the dielectric properties increased as the cuengperature increased until they reached
a maximum value, after which it started to decre@bes pattern suggests that the
microwave curing reactions of the epoxy systemsioccthree phases. The dipoles
rotate freely in the initial phase. This rotatie@adls to an increase in dielectric properties
as the temperature increases. In the second phase,s a decrease in the dielectric

properties. This decrease occurs as a result dothetion of a cross-linked network.
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This is as a consequence of the reduction in tHecular mobility and the functional
polar group during the curing reaction. The formatof a highly cross-linked structure

occurs in the third phase, leading to a furtheucéidn in the dielectric properties.

The curing kinetics was also studied for the cotieeal and microwave curing of
Araldite LY 5052 / 4 4’ DDS and Araldite DLS 772 /4’ DDS epoxy systems under
isothermal conditions. Higher rates of reactioneveserved for samples cured with
microwave heating. The microwave cured samplestasioa steeper slope of fractional

conversion than the conventionally cured samples.

The kinetic parameters of the isothermal curingtieas of Araldite LY 5052 / 4 4’
DDS and Araldite DLS 772 / 4 4 DDS epoxy systeramg conventional and
microwave heating was determined. The rate corstarand K increased with
temperature for both conventional and microwavedwamples. The values of &nd

K, were greater in the microwave cured samples. Hewelre ratio of K/ K, was

found to be lower in microwave curing than in comv@nal curing. These lower values
have been attributed to the enhancement of thé/tiateeaction over the non-catalytic
reaction by microwave radiation which occurs asslit of the high activity of the [OH]

group in the microwave field [26].

The activation energies of the rate constants wks@determined. For Araldite LY
5052 /4 4 DDS and Araldite DLS 772 / 4 4’ DDS a&p®ystems, it was found that the
microwave cured samples had lower activation eneaflyes compared to

conventionally cured samples.

The infrared spectra of microwave and conventignmalired samples were found to be
similar. This suggested that the curing reactiorcémventional and microwave heating
follow the same reaction pathway. More epoxide amihe were consumed during the

microwave curing than during the conventional ogurin
The density of fully cured microwave samples ofrbataldite LY 5052 / 4 4’ DDS and

Araldite DLS 772 / 4 4’ DDS epoxy systems were leigthan the density of

conventionally cured samples. This indicated thatrtetwork structure of microwave
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cured samples was more packed than conventionaigdcsamples. This suggested

different morphologies in the network structures.

The morphologies of the network structures were stadied with dynamic mechanical
thermal analysis. The glass transition temperdturthe microwave cured samples was
found to be higher than the glass transition teatpee of the conventionally cured
samples for both Araldite LY 5052 / 4 4’ DDS anchhlite DLS 772 / 4 4’ DDS epoxy
systems. The microwave cured samples also hadrhigbss-link densities and lower
molecular weight between cross-links than the cotieeally cured samples. This
meant that the network structure in the conventiprmared samples was more loosely

packed than the network structure in microwave @samples.

The results of the flexural tests for the fully edrsamples show that the microwave
cured samples of Araldite LY 5052 / 4 4’ DDS andldite DLS 772 / 4 4’ DDS epoxy
resins have a higher flexural strength and modihias conventionally cured samples,
suggesting a better stiffness and strength in tlseomave cured samples. This
improved stiffness is ascribed to a better molecalignment and a greater

homogeneity which is found in the microwave curamhgles.

A microwave reaction system was used to succegsfigsolve conventional and
microwave cured samples of Araldite DLS 772 / DBS epoxy system. The chemical

structure of the decomposed product was determined.

8.2 Suggestions for further work

1. Although the TM1o microwave was designed so the maximum strengtheof
electromagnetic field was at the centre of thetgatie presence of PTFE
mould affected the distribution of the electromagnizeld in the TMy10
microwave cavity, reducing the strength of the tetenagnetic field at the
centre of the cavity. This had an effect on thearation of plaques for
mechanical and physical testing because the efeatypetic field strength in the
centre of the cavity, leaving the centre of the gl@mot fully cured. However,
this problem was overcome by the use of very loatihg rates (1-2 K mif).
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The cavity should be redesigned or modified sottapresence of the PTFE

mould would not affect the distribution of the d@femagnetic field.

. A technique which can make dielectric measuremauntisig conventional

curing needs to be purchased. This will enable @ratjve data to be obtained.

. Studies should be carried out on the possibliltgafverting 1,3 di(ethylester)-
5-(diethylamino)-2-hydroxybenzene into an epoxyalak resin, or a compound

with epoxide or ethylene oxide groups for reusmaterials processing.

. Attempts should be made on incorporating 1,3 dylesiter)-5-(diethylamino)-
2-hydroxybenzene in the formulation of new epoxstesns. Cure kinetics
reaction study should be carried out on these epgstems and the kinetic
parameters should be explored. The physical anthamézal properties of the

epoxy systems should be studied.
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Appendix 1 Figure DSC thermograms of conventional isotherroa (left) and
subsequent DSC run to test for exotherm for 0.8Nhamepoxy ratio for Araldite DLS
77214 4 DDS epoxy system
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Appendix 4 DSC thermograms of isothermal cure (left) and sghent DSC run (right)
to test for exotherm for Araldite DLS 772 / 4 4DB epoxy system with an amine /

epoxy ratio of 1.1
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Appendix 5 Temperature dependence of the fractional conver8edt), and reaction
rate (right) for the curing of Araldite DLS 772 /4’ DDS epoxy system with an amine

/ epoxy ratio of 0.8 under conventional and micregvauring, at different isothermal

temperatures.
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Appendix 6 Temperature dependence of the fractional convergedt), and reaction

rate (right) for the curing of Araldite DLS 772 AADDS epoxy system with an amine /
epoxy ratio of 1.1 under conventional and microwaueng, at different isothermal
temperatures.
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Appendix 7 FT-IR Spectra of Araldite LY 5052 / 4 4' DDS wiéim amine / epoxy ratio

of 0.85M after conventional heating at 28Cfor 240 minutes
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Appendix 8 Expanded view of FT-IR Spectra of Araldite LY 5052 4' DDS with an
amine / epoxy ratio of 0.85M after conventionaltivepat 186C for 240 minutes.
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Appendix 9 FT-IR Spectra of Araldite LY 5052 / 4 4 * DDS wiln amine / epoxy

ratio of 0.85M after microwave heating at i8dor 240 minutes.
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Appendix 10 Expanded view of FT-IR Spectra of Araldite LY 5052 4’ DDS with an
amine / epoxy ratio of 0.85M after microwave hegti 186C for 240 minutes.
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Appendix 11 FT-IR Spectra of Araldite DLS 772 / 4 4’ DDS wi#tm amine / epoxy
ratio of 0.8 after conventional heating at 4G®or 240 mins
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Appendix 12 Expanded view of FT-IR Spectra of Araldite DLS 744’ DDS with an

amine / epoxy ratio of 0.8 after conventional hegat 186C for 240 minutes.
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Appendix 13 FT-IR Spectra of Araldite DLS 772 / 4 4 DDS wiém amine / epoxy

ratio of 0.8 after microwave heating at ¥8Gor 240 minutes.
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Appendix 14 Expanded view of FT-IR Spectra of Araldite DLS 744’ DDS with an

amine / epoxy ratio of 0.8 after microwave heatihd80C for 240 minutes.
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