
  

 

 

 

Synthesis, Characterization and Development  

of Some New Epoxy Polymers and their 

Composites 

 

 

A dissertation submitted to the Department of Chemistry, 

Quaid-I-Azam University, Islamabad, Pakistan, in partial fulfillment 

of the requirements for the degree of 

Doctor of Philosophy 

 

In 

 

Organic Chemistry 

 

By 

 

Muhammad Fida ul Mustafa 

 

Department of Chemistry 

Quaid-I-Azam University 

Islamabad 

 

 

2015 



   

B 

 

 

 

 

 

 

 

 

 



   

C 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

D 

 

 

 

 

 

 

 

 

 

 

Dedicated to my loving parents, wife, children, 

brothers & sisters



  

 

 

 

Table of content 

 
Preamble ............................................................................................... v 

Acknowledgements ............................................................................vii 

Abstract ............................................................................................... ix 

Index of Tables .................................................................................... xi 

Index of schemes .............................................................................. xiii 

Index of Figures ................................................................................ xiv 

List of Abbreviations ........................................................................ xix 

Chapter 1       INTRODUCTION ..................................................... 2 

1.1 Epoxy polymers............................................................................................... 2 

1.2 Curing of epoxy resins .................................................................................... 3 

1.3 Diamine curing agents (Literature review) ..................................................... 4 

1.4 Mechanism of epoxy /amines curing reaction............................................... 11 

1.5 Curing kinetics of epoxy amine reaction....................................................... 13 

1.5.1 Methods of kinetic analysis.............................................................................. 14 

1.5.1.1 Isothermal DSC method........................................................................................... 14 

1.5.1.2 Non Isothermal DSC method ................................................................................... 14 

1.5.2 Kinetic modeling .............................................................................................. 15 

1.6 Thermo mechanical and flame behavior of cured Resins ............................. 20 

1.7 Relationship between LOI and Char residue................................................. 23 

1.8 Epoxy Sepiolite Nano composites ................................................................ 24 

1.9 Scope and objectives of the present work ..................................................... 26 

1.10 Plan of work .................................................................................................. 27 

1.10.1 Part 1 ................................................................................................................ 28 

1.10.2 Part 2 ................................................................................................................ 29 



   

ii 

 

1.10.3 Part 3 ................................................................................................................ 29 

 Chapter 2      EXPERIMENTAL .................................................. 32 

2.1 Materials ........................................................................................................ 32 

2.2 Drying of solvents ......................................................................................... 32 

2.3 Characterization Techniques ......................................................................... 33 

2.3.1 Thin Layer Chromatography (TLC) ................................................................ 33 

2.3.2 Fourier transform infrared spectroscopy (FTIR).............................................. 33 

2.3.3 Nuclear magnetic resonance (NMR) spectroscopy .......................................... 33 

2.3.4 Differential Scanning Calorimetry (DSC) ....................................................... 33 

2.3.5 Thermogravimetric analysis (TGA) ................................................................. 34 

2.3.6 Dynamic Mechanical Thermal Analysis (DMTA) .......................................... 34 

2.3.7 X-Ray Diffraction (XRD) ................................................................................ 34 

2.3.8 Scanning Electron Microscopy (SEM) ............................................................ 34 

2.4 Synthesis of diamine:- ................................................................................... 34 

2.4.1 4,4′-[Pyridine-2,6-diylbis(oxy)]dianiline (PDD) ............................................. 35 

2.4.2 1,3-bis(p-Aminophenoxy)propane(APP) ......................................................... 35 

2.4.2.1 1, 3-bis(p-Nitrophenoxy)propane (NPP):- ............................................................... 36 

2.4.2.2 1,3-bis(p-Aminophenoxy)propane(APP) ................................................................. 36 

2.5 Surface Modification of Sepiolite Clay ......................................................... 37 

2.5.1 Purification of Sepiolite clay............................................................................ 37 

2.5.2 Surface Modification of Sepiolite .................................................................... 37 

2.6 Sample preparation ........................................................................................ 37 

2.6.1 Samples based upon PDD ................................................................................ 38 

2.6.1.1 TGDDM/PDD system ............................................................................................. 38 

2.6.1.2 TGAP/PDD systems ................................................................................................ 39 

2.6.1.3 DGEBA/PDD systems ............................................................................................. 39 

2.6.2 Samples based upon APP ................................................................................. 40 

2.6.2.1 TGDDM/APP .......................................................................................................... 40 

2.6.2.2 TGAP /APP ............................................................................................................. 40 

2.6.2.3 DGEBA/APP ........................................................................................................... 40 

2.6.3 Sepiolite Reinforced Epoxy Resins .................................................................. 45 

2.6.3.1 Sample preparation .................................................................................................. 45 

 Chapter 3                             RESULTS AND DISCUSSIONS ... 47 



   

iii 

 

3.1 PDD based epoxy systems ............................................................................ 47 

3.1.1 TGDDM/PDD system ...................................................................................... 48 

3.1.1.1 Reactivity of PDD towards epoxy group ................................................................. 48 

3.1.1.2 Curing Kinetic ......................................................................................................... 50 

3.1.1.3 Dynamic thermo mechanical behaviour .................................................................. 55 

3.1.1.4 Thermal Stability ..................................................................................................... 59 

3.1.2 TGAP/PDD system .......................................................................................... 63 

3.1.2.1 Curing Kinetic ......................................................................................................... 63 

3.1.2.2 Dynamic thermo mechanical behaviour .................................................................. 68 

3.1.2.3 Thermal Stability ..................................................................................................... 72 

3.1.3 DGEBA/PDD system ....................................................................................... 75 

3.1.3.1 Curing Kinetic ......................................................................................................... 75 

3.1.3.2 Dynamic thermo mechanical behaviour .................................................................. 81 

3.1.3.3 Thermal Stability ..................................................................................................... 85 

3.2 APP based epoxy systems ............................................................................. 88 

3.2.1 TGDDM/APP system ...................................................................................... 88 

3.2.1.1 Reactivity of APP towards epoxy group .................................................................. 88 

3.2.1.2 Curing Kinetics ........................................................................................................ 89 

3.2.1.3 Dynamic thermo mechanical behaviour .................................................................. 94 

3.2.1.4 Thermal Stability ..................................................................................................... 96 

3.2.2 TGAP/APP system ........................................................................................... 98 

3.2.2.1 Curing Kinetics ........................................................................................................ 98 

3.2.2.2 Dynamic thermo mechanical behaviour ................................................................ 102 

3.2.2.3 Thermal Stability ................................................................................................... 103 

3.2.3 DGEBA/APP system ..................................................................................... 105 

3.2.3.1 Curing Kinetics ...................................................................................................... 105 

3.2.3.2 Dynamic thermo mechanical behaviour ................................................................ 109 

3.2.3.3 Thermal Stability ................................................................................................... 111 

3.3 Sepiolite based polymer nano composites .................................................. 113 

3.3.1 Sepiolite based DGEBA nano composites ..................................................... 113 

3.3.2 Surface modification of sepiolite ................................................................... 113 

3.3.3 Curing kinetics ............................................................................................... 115 

3.3.4 Morphological characterization ..................................................................... 123 



   

iv 

 

3.3.5 Dynamic thermo mechanical behaviour ........................................................ 125 

3.3.6 Thermal Gravimetric Analysis (TGA) ........................................................... 127 

Conclusion ........................................................................................ 129 

Future Suggestions .......................................................................... 131 

References ......................................................................................... 132 

List of publications .......................................................................... 151 

 

 



   

v 

 

              Preamble 

Epoxy resins are enlisted among the important thermosetting polymers because of 

their tremendous physical and chemical properties and also their easy processing and 

handling. However, due to inherent flammability of these materials, the development 

of flame retardant epoxy thermosets remained the main area of research during past 

few decades.  

The main objective of the present work has been the development of some new 

epoxy polymers with chemically incorporated pyridine and propylene moieties into 

the three dimensional network of cured epoxy resin and to study their curing 

behaviour, thermal stability and viscoelastic performance. Moreover, the sepiolite 

clay either in organically modified form or otherwise has also been used as filler with 

selected epoxy systems to study its effect on curing kinetics, thermal and viscoelastic 

responses of the epoxy system.   

The thesis has been partitioned into three chapters. The literature survey including 

brief introduction, preparation of epoxy thermosets, curing kinetics, thermal and 

viscoelastic behaviour have been described in chapter 1.  

Chapter 2 explains the experimental details along with synthesis schemes, sample 

preparations and instrumentation. 

 Chapter 3 has been segregated in 3 sections. Section 3.1 deals with results and 

discussions of pyridine containing diamine (PDD) based epoxy systems. The 

chemical reactivity of PDD and the chemical kinetics of its reaction with TGDDM, 

TGAP and DGEBA have been discussed in this section. Moreover the thermal and 

viscoelastic behaviours of above mentioned epoxy resins cured with PDD/DDM and 

PDD/DDS with varying weight percent have also been made part of the section.  

Section 3.2 has been devoted to propylene containing diamine (APP) based epoxy 

systems. In this section, the chemical reactivity of APP and the kinetic studies of its 

reaction with TGDDM, TGAP and DGEBA have been reported.  In addition, the 

thermal and viscoelastic characterization of cured resins have also been discussed. 

Section 3.3 describes the curing of DGEBA with PDD in the presence of 

organically modified and unmodified sepiolite clay, and also the TGA and DMTA 

analysis of cured epoxy thermosets.  

The APP was proved to be more reactive towards TGDDM, TGAP and DGEBA 

than PDD, DDM and DDS, whereas PDD was found more reactive than DDS, but 
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less reactive than DDM. The glass transition temperatures of PDD cured systems 

were found to be higher than their APP counterparts. The % char at the end of TG 

analysis under argon environment were higher for PDD cured systems in comparison 

with those in which APP was used as curing agent. The DGEBA/PDD systems 

containing 3% unmodified sepiolite showed higher energy of activation than the 

systems containing 3% organically modified sepiolite as filler. 
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   Abstract 

A pyridine-containing diamine, 4,4-[pyridine-2,6-diylbis(oxy)]dianiline (PDD) 

and propylene containing diamine, 1,3-bis(p-aminophenoxy)propane (APP) were 

synthesized and used as curing agents to cure N,N,N′,N′-tetraglycidyl-4,4′-

diaminodiphenylmethane (TGDDM), triglycidyl-p-aminophenol (TGAP) and 

diglycidyl ether of bisphenol A (DGEBA). The chemical reactivity of PDD and APP 

towards epoxy groups was evaluated by 
1
H NMR and compared with traditional 

diamine curing agents i.e. 4,4′-diaminodiphenylmethane (DDM) and 

diaminodiphenylsulphone (DDS). The structural features rendered PDD to be more 

reactive towards the epoxy groups of TGDDM, TGAP and DGEBA than DDS but 

less reactive than DDM.  

PDD or APP based neat epoxy systems (TGDDM/PDD or APP, TGAP/PDD or 

APP and DGEBA/PDD or APP) were developed and their curing kinetics was studied 

by applying non isothermal differential scanning calorimetry (DSC). The kinetic 

parameters and appropriate kinetic models which can best describe the curing 

reactions of above mentioned systems were determined. It was found that the epoxy 

systems with either PDD or APP followed autocatalytic Šesták–Berggren (SB(m,n)) 

kinetic model.The copolymers of TGDDM, TGAP and DGEBA were developed by 

curing them with varying weight percent of PDD, DDS and DDM. The dynamic 

thermo-mechanical properties of these copolymers were investigated by DMT 

analysis. The glass transition temperatures of all the formulations were found to 

decrease linearly with an increase in PDD content due to the flexible structure of 

PDD. The thermal stability of these systems was determined with thermal gravimetric 

analysis (TGA) under argon/oxidative environment. The char residue at the end was 

increased with increase in PDD content, which indicates that the PDD had improved 

flame resistance as compared to DDM and DDS. The dynamic thermo mechanical 

properties of TGDDM/APP, TGAP/APP and DGEBA/APP showed lower glass 

transition temperatures and thermal stability as compared to their PDD counterparts. 

Due to more exfoliation tendency of DGEBA as compared to other multi 

functional epoxy pre polymers, the sepiolite reinforced DGEBA/PDD nano 

composites were developed. In addition the sepiolite was also functionalised by (3-
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aminopropyl)trimethoxysilane (APTMS). Thus both the modified and the unmodified 

clays were employed as filler while, DGEBA/PDD was used as matrix. The curing 

kinetics of these systems was also studied by non isothermal DSC experiments. The 

curing reactions of DGEBA in the presence of organically modified sepiolite and 

unmodified sepiolite were found to be autocatalytic in nature. The Tg for organically 

modified sepiolite system was decreased as compared to the systems in which 

unmodified sepiolite was used.  
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MCDEA  4,4′-Methylene-bis[3-chloro-2,6-diethylanilime] 

MDEA  4,4’-Methylene-bis[2,6-diethylaniline] 

m-PDA  m-Phenylenediamine 

PMS  Unmodified Sepiolite DGEBA epoxy system 

PN   Neat DGEBA/PDD system 

PUS   Unmodified Sepiolite DGEBA epoxy system 

SEM   Scanning Electron Microscopy 

Tf   Final curing temperature 

Tg   Glass transition temperature 

TGA   Thermal gravimetric analysis 

TGAP  Triglycidyl-p-aminophenol 

TGDDM  Tetraglycidyl diaminodiphenyl methane 

THFA  Tetrahydrofurfuryl amine 

Ti   Initial curing temperature 

TMBP  4,4’-Diglycidyl(3,3’,5,5’-tetramethylbiphenyl) epoxy resin 

TMBP  Tetramethyl biphenyl 

 Tp   Peak curing temperature 

XRD     X-Ray diffraction analysis 
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Chapter 1       INTRODUCTION 

1.1 Epoxy polymers 

Epoxy polymers have been widely employed in various industrial applications for 

the last 50 years. They are good to chemical and corrosion resistance, exhibit 

excellent dimensional stability and adhesive properties. The term epoxy resins refers 

to the molecules possessing two or more oxirane (or epoxy) groups (Figure 1.1.1) 

which can be transformed into thermosetting polymers
1-2

. The properties of cured 

epoxy resins depend upon the structure of epoxy prepolymer, curing agent and the 

applied curing cycle
3
. 

 

Figure 1.1.1 Oxirane group 

Some representative epoxy resins for various applications in different industries have 

been mentioned in Figure 1.1.2
4
. 

 

 

Figure 1.1.2 Some representative epoxy resins 
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1.2 Curing of epoxy resins 

The conversion of epoxy resins into three dimensional network structures is known as 

curing or cross linking
5
. The three membered oxirane ring present in epoxy prepolymer is 

highly reactive towards many compounds, identified as curing agents, hardeners or 

curatives
6
. These curing agents can be either (i) co-reactive or (ii) catalytic in nature. The 

co-reactive curing agents function as co-monomer and become part of cross linked 

network structure, while the catalytic curing agents only initiate the curing process (homo-

polymerization) without being part of the thermosets
7
. 

Co-reactive curing agents can be further classified on the basis of their acidic or basic 

nature. Lewis acids, carboxylic acid anhydrides, polybasic organic acids and phenols are 

acidic curing agents, while  Lewis bases , inorganic bases and primary and secondary 

amines are included in basic curing agents
1
. Some commonly used diamine curing agents 

have been depicted in Figure 1.2.1
8
. While tertiary amines and boron trifluoride 

complexes are the examples of catalytic curing agents
9-10

. 

 

Figure 1.2.1 Some commonly used Diamine curing agents 
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1.3 Diamine curing agents (Literature review) 

Diamines have been extensively reported as a potential candidate for curing of epoxy 

resins. Both aromatic and aliphatic diamines have been applied to obtain a cured, three 

dimensional epoxy network structure. The choice of diamine depends upon the application 

of the finished product, as the properties of cured materials depend upon both the structure 

of epoxy as well as curing agent.  

To achieve high heat resistance some aromatic diamines such as 4,4′-diaminodiphenyl 

methane (DDM), 4, 4′- diaminodiphenyl sulphone (DDS) and m-phenylene diamine (m-

PDA) are major commercial aromatic amine curing agents. Among them DDS is more 

heat resistant due to rigid sulphone group; however its chemical reactivity towards oxirane 

rings is less as compared to DDM and m-PDA. 

The sulfone groups are considered more stable towards oxidation, heat and hydrolysis 

along with their better mechanical properties. These properties were further confirmed by  

Ratna et al.
11

 they synthesized amine terminated poly (amide sulfone) (APTS) by using 

DDS and used it in epoxy matrix as modifier. Thermo mechanical analysis showed 

improved thermal and mechanical properties of the resins.  

A combination of 2,4-diamino-3,5-diethyltoluene and  2,6-diamino-3,5diethyltoluene  

were used as curing agent with DGEBA. The chemical reactivity of this combination was 

reduced as compared to DDM. The decrease in chemical reactivity was attributed to the 

steric hindrance caused by the alkyl group attached with toluene
12

.  

Bis(4-aminophenoxy)phenylphosphine oxide (I), bis(3-aminophenyl)phenylphosphine 

oxide (II) were reported by Liu et al.
13

 The chemical reactivity of these diamines towards 

epoxies was found to be same; however they were more reactive as compared to DDS and 

less reactive than DDM. The TG analysis of the cured resins revealed that they exhibit 

better flame retardancy.  
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In another work Liu et al.
14

 employed bis(4-aminophenoxy)phenylphosphonate (I)  in 

various ratios in combination with, 3,5-diethyltoluene-2,4-diamine(III) and 3,5-

diethyltoluene-2,6-diamine (IV) to cure TGDDM and DGEBA and the effect of increasing 

phosphorus on the thermal and mechanical properties was studied. It was concluded that 

the initial degradation temperature was decreased upon increasing the phosphorus content 

in the resins, however the char yield was improved both in nitrogen and oxidative 

environment.  

 

A phosphorus-containing diamine, 1,4-bis(3-aminobenzoyloxy)-2-(6-oxido-6H-dibenz  

‹c,e›‹1,2›oxaphosphorin-6-yl)phenylene  (V) was reported by Wang and Lin
15

. The 

curing kinetics of these diamines was studied by Kamal, Kissinger and Ozawa methods. 

The phosphorus-containing diamine curing agent was found to impart flame retardancy to 

the cured epoxy resin.  
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The mixture of tetraglycidyl4,4′-diaminodiphenylmethane (TGDDM) and 

diglycidylether of bisphenol A (DGEBA), in a 1:1 ratio was cured with bis(m-

aminophenyl)methylphosphine oxide (VI) or 3,3′,5,5′-tetraethyl-4,4′-

diaminodiphenylmethane (VII)  or with mixtures of  VI & VII by Levchik et al.
16

. They 

found that the phosphorous-containing hardener VI, causes a considerable amount of 

stable char and this was thought to be a reason for the fire-retardant action of VI. 

 

Saraf et al. synthesized diamines which contained phosphorous and polyimide to 

improve thermal stability of the DGEBA epoxy resins, however the enthalpy of 

polymerization was decreased than the other aromatic amine curing agents
17

.  

Phosphorous containing triamine, tris(m-aminophenyl)phosphine oxide (VIII) was 

synthesized by Wang and his co-workers
18

 and was used as imide resins end capped with 

oxirane rings to improve the fire resistance of cured resins. 
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Phosphorus-containing guanamines IX & X,
19

 and a spirocyclic bisphosphonate XI
20

 

were used as curing agents for DGEBA resin. The cured resins showed good fire 

resistance. 

 

Xiadun et al.
21

 introduced a new class of amine curing agent that is furfuryl amine 

(FA), tetrahydrofurfuryl amine (THFA) and 5, 5′- methylene- bis-2- furan methanamine 

(XII) and used them as epoxy curing agent. However, the volatility of FA and THFA at 

curing temperature make their use very limited, on the other hand XII proved as effective 

curing agent having curing ability similar to diethyl triamine (DETA) 

 

The Inherently flame retardant epoxy resins were developed by Zhang et al.
22

 in this 

work 4,4′-diglycidyl (3,3′,5,5′-tetramethylbiphenyl) epoxy resin (TMBP), was used as 

epoxy prepolymer while 1,2-dihydro-2-(4-aminophenyl)-4-[4-(4-
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aminophenoxy)phenyl](2H) phthalazin-1-one (XIII) was applied as curing agent. The cure 

kinetics of TMBP/XIII was investigated by non isothermal DSC method. The decrease in 

the activation energy with increase in the extent of conversion was recorded. It was also 

found that the cured epoxy resin exhibited very high glass transition temperature, and 

excellent thermal stability with high char yield. 

 

Hsiue et al.
23

 synthesized silicon containing curing agents i.e. amino terminated poly 

(tetramethyl siloxane) (XIV), bis(p-aminophenoxy)dimethylsilane (XV), and 1,3-bis(3-

aminopropyl)-1,1,3,3-tetramethyldisilane (XVI). These diamines were used as curing 

agents to cure dicyclopentadiene-containing epoxy resin. The curing studies revealed that 

curing reactions of all curing agents were first order. High char yield and higher weight 

loss temperature was found for silicone containing resins in comparison with silicon free 

resins.  
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Huang and his co-workers
24

 synthesized benzobisoxazole-containing diamine, 2, 6-

di(p-aminophenyl)benzo[1.2.5.4]bis-oxazole (XVII) and used as curing agent for 

DGEBA. The studies of the curing reaction were carried out with non isothermal DSC.  

The glass transition temperatures of cured system, DGEBA/XVII, DGEBA/XVII/DDS 

and DGEBA/DDS, were 213 °C, 193 °C and 175 °C, respectively. The char yields at 

572 °C were 39.82, 24.66 and 21.57%, respectively.  

 

A series of biphenyl bearing amine curing agents with n-methylene units (n = 2, 4 and 

6) (XVIII) were reported in literature
25

. The curing behaviour of XVIII with DGEBA was 

investigated and compared with biphenyl type curing agent 4,4′-diaminobiphenyl (XIX) 

by dynamic DSC. The XVIII curing systems were found to be high in chemical reactivity 

and lower glass transition temperatures than XIX system.  

 

The aromatic diamines having aryl–ether, aryl–ether–carbonyl, and aryl–ether–sulfone 

linkages were synthesized by Gupta and Verma
26

.  These diamines include  1,3-bis 

(aminophenoxy)benzene (XXV) , 1,4-bis(aminophenoxy)benzene (XXIV) , 2,2′-bis[4-(4-

aminophenoxy)phenyl]propane (XXII) , 4,4′bis(4-aminophenoxy)benzophenone (XXI) , 

and bis[4-(4-aminophenoxy)phenyl]sulfone (XXII). DGEBA was cured with these 

diamines. The glass transition temperature of the epoxy network was higher when XXI 

and XXII were used in comparison to XXV, XXIV, and XXIII. The cured resins were 

stable up to 300 °C, and maximum char yield (i.e., 32% at 600 °C) was obtained in 

DGEBA cured with diamine XXII. 
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9,9-Bis-(4-aminophenyl)fluorene (XXVI) and 9,9-bis(3-methyl-4-aminophenyl)-

fluorene (XXVII) were reported by Liuet al.
27

. These diamines were used as curing agents 

for diglycidyl ether of bisphenol fluorene (DGEBF), to introduce more aromatic structures 

into different epoxy systems. It was observed that the curing reactivity of epoxy system is 

restrained by the introduction of rigid fluorene into chain backbone and flexible methyl 

into side groups. The cured DGEBF/fluorenyl diamine systems showed higher glass 

transition temperature, improved thermal stability and lesser moisture absorption 

compared to those of DGEBA/fluorenyl diamine systems. 

 



 

11 

 

 

 

1.4 Mechanism of epoxy /amines curing reaction 

The curing mechanism of epoxy resins has been extensively reported in literature
28-31

 

and it is established that the chemical transformation of epoxy resins into rigid, highly 

cross-linked structure takes place by three major reactions
32

. 

1. The reaction between primary amine and epoxy group is the initial step, which 

results in the formation of secondary amine and –OH groups. 

2.  The attack of secondary amine (generated in the first step) on the oxirane ring is 

the second step which gives tertiary amine and also –OH groups. 

3. The etherification reaction between un-reacted epoxy groups and –OH groups 

(generated in above two steps) can take place. These reactions can be represented 

by scheme 1.4.1. 

 

Scheme 1.4.1 Reactions involved in curing epoxy with diamines 
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Epoxy amine reactions possibly proceed by two competitive mechanisms. One is 

autocatalytic and other one is non catalytic.    ,  are the rate constants for autocatalytic 

reactions of primary and secondary amine respectively while  
 

,    
  represent the rate 

constants for non catalytic primary and secondary amine reaction with epoxy.  

The reactivity ratio    
  

  
   gives the difference in chemical reactivity of primary 

and secondary amines towards oxirane rings and has considerable effect on the curing 

process, however there is no consensus found over the value of reactivity ratio (r) in 

literature
33

 Pascault et al. reported the reactivity order of some aromatic diamines with 

DGEBA) as follows
34

: DDM > 
a 
MDEA> DDS  > 

b
MCDEA. 

The above mentioned reactivity trend suggests that the more basic diamine is more 

reactive and reactivity ratio    
  

  
  increases with basicity of amine

34-36
.  

The nature of substituted groups present on the phenyl ring of aromatic 1° and 2° 

amines determines its chemical reactivity towards epoxy or oxirane group
37

. The electron 

donating group enhances the nucleophilic character of amines, while reverse is observed 

for electron withdrawing groups
38

. 

Etherification is another reaction which takes place during the curing process (scheme 

1.4.1). In this reaction, newly originated –OH reacts with oxirane group and an ether 

linkage is developed. This is an important step in amine curing mechanism
39

 (scheme 

1.4.2). 

 

Scheme 1.4.2 Etherification Process 

However, it is important to note that this process is only considerable either at high 

temperature or when most of the primary amine has reacted
28

. The reaction becomes less 

important at the start of the curing process or if the amine is taken either in excess or in 

stoichiometric amount. However with the surplus amount of epoxy or curing at high 

temperature this reaction cannot be ignored
40-41

.  

________________________________________________________________________ 

a
4,4′-Methylene-bis-[2,6-diethylaniline], 

b
4′-Methylenebis[3-chloro-2,6-di ethylanilime         
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The–OH groups formed during the amine/epoxy reaction or already present in epoxy 

oligomers act as catalyst and increase the rate of curing process. The ring opening reaction 

is preceded through the formation of a ter-molecular complex intermediate. This 

intermediate is stabilized by hydrogen bonding between –OH, amines and oxirane ring
42

 

(scheme 1.4.3).The hydrogen-bonding enhances the electrophilic character of α carbon of 

epoxide ring which renders the incoming amino group more liable for nucleophilic attack.  

 

Scheme 1.4.3 Catalytic effect of –OH group in epoxy amine reaction 

1.5 Curing kinetics of epoxy amine reaction 

The curing of epoxy with amines is a two step exothermic process which is initiated 

by reaction of small molecules of epoxy oligomers with amine curing agent. In next step 

the bulky molecules formed, are cross linked into three dimensional, rigid network 

structure
8, 43

.  

The physical, mechanical and thermal properties of cured  network depend upon the 

structure of resins and curing agents
44

 as well as on curing temperature, curing time and 

fractional conversion
45-46

. It is therefore necessary to establish the relationship between 

the processing conditions and properties of the thermosets under investigation to optimize 
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the curing parameters
47

. For this purpose, a sound knowledge about the curing kinetics of 

epoxy/ amine reaction is required
46, 48-50

. The prime objective of curing kinetics can be 

summarized as to understand mathematical relationships between kinetic triplet i.e. 

Activation energy (E), Arrhenius constant (A) and fractional conversion ( ( )f a ). These 

values are helpful to predict the process and materials life time and to understand the 

reaction and its mechanism
43

.  

The curing kinetics of epoxy resins can be followed by using a number of various 

techniques including dielectric
51

, Dynamic mechanical analysis
52

, dilatometry,  ultrasonic 

measurements
53

, Infrared
54

, Raman
55

 , Nuclear magnetic resonance
54

,  and differential 

scanning calorimeter (DSC). 

To study the rate of exothermic reaction, the DSC has been used more often than any 

other technique due to its ability to measure the rate of reaction in situ
52

. The basic 

assumption of this technique is that the rate of exothermic curing process of epoxy resins  

depends upon the rate of heat released during the reaction
56

. This technique gained 

popularity as a useful method to study the curing reaction after the pioneering work of 

Fava
57

.  

1.5.1 Methods of kinetic analysis 

Various DSC methods for evaluating reaction kinetics of epoxy/amine reaction have been 

reported in literature. These methods include: 

1. Isothermal DSC method 

2. Non-isothermal DSC method  

1.5.1.1 Isothermal DSC method 

The isothermal method involves the heating of sample as function of time at particular 

temperature. By using this method, both the rate and the extent of curing reaction can be 

monitored throughout the curing process. This method also provides valuable data about 

the vitrificaton which occurs when the glass transition temperature (Tg) becomes equal to 

the curing temperature (Tc).  

1.5.1.2 Non Isothermal DSC method 

In the non isothermal method the sample is heated as a function of temperature with 

different heating rates
58

. This method is very commonly employed 
59

 because curing can 
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be studied at wide range of temperature in short period of time. Moreover by this method 

the estimation of lost area in the beginning of isothermal method can be avoided
59

.  

According to the recommendation of international confederation for thermal analysis and 

calorimetry (ICTAC) the multiple heating rate methods are reliable for determination of 

kinetic parameters, in comparison with the single heating rate program (or, single 

temperature program)
60

. These methods are based upon isoconversional principle, 

according to which the rate of reaction is a function of temperature and not degree of 

conversion
61

. Several models have been proposed to relate the isoconversion temperatures 

to scanning rate. Most models use the peak in curing exotherms in scan as an 

isoconversional point. 

1.5.2 Kinetic modeling 

The curing kinetics of epoxy based materials can be modelled to understand the 

effect of processing conditions, raw material properties and equipment size on process 

behaviour. These models also help in optimizing the process conditions without 

conducting extensive experimentations. Furthermore the relationships between process 

conditions, structures and properties of final product can be predicted by using these 

models. Above all the most important application of kinetics models is to predict 

accurately the kinetics of curing process. Kinetic models can be either phenomenological 

or mechanistic. The former determines only the prominent features of the curing process, 

while the later one describes the details of individual reactions taking part in the curing 

process
62-63

. Since the curing of epoxy is a complex process and hence the mechanistic 

models are not always favoured to understand these processes
64-65

. At the other hand 

phenomenological models are more popular models and can be used effectively even if 

exact mechanism of reaction may not be known
66-68

. The process of cuing can be 

described by two prime variables i.e. the temperature (T) and the extent of conversion (α) 

which are related by the following equation1
69-70

. 

  

  
                                 1 

Where
  

  
 is the rate of reaction,      is rate constant that describes the dependence of 

process rate on temperature and       is a kinetic model function that describes the 

dependence of the rate of reaction on fractional conversion (α). The value of k (T) can be 
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obtained by Arrhenius relationship given in equation 2. 

                                                                     
 

   
               2 

Where Aand E are pre-exponential factor and activation energy respectively. 

Thermosets commonly used non isothermal method is the one in which there is a 

linear change in temperature with time and can be represented by equation 3. 

  
  

  
                         3 

Where β is the heating rate. By combining equation 1 and 2 another relationship can 

be obtained which is represented as equation 4 

  

  
       

 

  
                      4 

Where 
 

  
 is the reduced activation energy.The function of fractional conversion 

    of the curing process can be expressed by using a large variety of reaction models 

given in literature
71

. Table 1.5.1 describes some of them
43, 61

. 

Table 1.5.1Various kinetic models. 

                  

Šesták–Berggren SB (m,n)          

Johnson –Mehl- Avrami JMA(n)                       

Reaction order RO(n)        

2D diffusion D2              

Jander equation D3  

 
                

 

     

Ginstling-Brounshtein D4  

 
                

Power law Pn   
   

   

 

A wide number of reaction models can be classified as: 

a) Accelerating,  

b) Decelerating 

c) Sigmoidal (sometimes also called autocatalytic).  

These models can be identified by their specific reaction profile. The curing reaction 
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whose rate increases continuously with increase in the extent of conversion (α) and 

reaches its maximum at the end of the reaction follow the accelerating model. The 

example of such models is a power law (table 1.5.1) that is: 

       
   

                             5 

Where n is constant. The decelerating models correspond to the processes whose rate 

decreases continuously as the extent of conversion increases. The most common example 

of these models is a reaction-order model: 

                                       6 

Where n is the order of reaction. Sigmoidal models stand for the processes whose initial 

and final stages display accelerating and decelerating behaviour respectively and the 

process rate reaches its maximum at some middle values of the extent of conversion. The 

Johnson –Mehl- Avrami models (table 1.5.1) gives the example of these models, that is: 

                                          7 

Another example of autocatalytic model is represented by Šesták and Berggren  model
72

 

(table 1.5.1), which depends upon the combination of m and n and given as equation 8. 

                                          8 

The determination of kinetic model for a curing process which can give the best 

description of the curing process is the aim of kinetic analysis under selected thermal 

environment. The integration of equation 4 yields following equation. 

      
  

    

 

 
        

  

  

 

 
              9 

Where,      is the integral form of the reaction model. Equation 9 is applicable for 

isothermal methods; however for non isothermal DSC method the integral with respect to 

time is replaced with respect to temperature and can be written as equation 10. 

     
 

 
      

  

  

 

 
                                 10 

It is necessary to mention that the reduced activation energy and the pre-exponential 

factor in equations 4 and 10 are mutually correlated
61

. Therefore the reliable kinetic 
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results can be obtained if the activation energy is known. The calculation of activation 

energy is based on a multiple-scan method in which several measurements at different 

heating rates are needed.  

The equation11 also known as the Friedman method
73

 obtained from equation 4 gives 

a method for determining the activation energy. This is an iso-conversional method and 

based upon isoconversional principle. This principle states that conversion at (peak 

temperature) Tp is independent of heating rate and that the reaction mechanism does not 

change with curing temperature and thus heating rate
74-76,77

.  

   
  

  
                                             11 

Activation energies (Eα) at several fractional conversions (α) can be calculated from the 

plot of ln      vs.  
  , where   corresponds to isoconversional temperature at different 

values of α. The invariance of activation energy which is fundamental assumption for 

validity of equation 4 can be calculated by equation 11. 

Another iso-conversional method was proposed by Kissinger (Equation 12), which relates 

the exothermic peak temperature to the scanning rate
77-78

. 
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Where β is the heating rate, Tp is the peak temperature, E is the activation energy, R is the 

gas constant and A is the frequency (or pre-exponential) factor. From the slope of straight 

line obtained from    
 

  
   versus 1/Tp, E can be calculated while the intercept gives the 

Arrhenius constant (A). A different isoconversional method was reported in literature 

which is based upon the work of Ozawa and Flynn and Wall
79

. The Ozawa-Flynn-Wall 

equation has been shown as equation 13. 

      
        

   
                                 13 

Where C is a constant while the other variables are same as in equation 12. A plot of log β 

vs. 1/Tp should yield a straight line from its slope, E can be found. Once the activation 

energy has been determined the appropriate kinetic model for curing reaction can be 

determined. Jiří M lek proposed two special functions y (α) and z(α) that can be obtained 
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by simple transformation of experimental data 
80

. These functions can be represented by 

equations14 and 15 respectively. These functions are diagnostic tools for determining  the 

appropriate kinetics models for the curing process of epoxy and amines
43, 81

. 

     
  

  
   

 

   
                                           14 

      
  

  
    

                                               15 

Where E is the average activation energy obtained by isoconversional method 

(Equation 11) at several fractional conversions (α),       is the rate of reaction and    is 

temperature corresponding to each value of fractional conversion (α).   

The value of fractional conversion (α) corresponding to the maximum of z (α) and y 

(α) are represented by  
  and   respectively. The importance of      and      lies in the 

fact that they are commensurate with     (see Table 1.5.1). The shape of f (α) can be 

obtained by finding y (α) and because of that reason it can be said that these functions are 

indicative tool to envisage the kinetic model of curing process
80

.  

The scheme given in Fig 1.5.1 can be used to predict the suitable kinetic model 
61

 .  If 

  
  ((maximum of z(α)) ≠ 0.632 and    (maximum of            then the studied 

curing process can be described by the two parameter autocatalytic kinetic model Šesták–

Berggren (SB(m,n)) equation 8
43, 61

. 

                                       8 

Where m and n are kinetic exponents. The kinetic parameter n can be found as the 

slope of the linear dependence      
  

  
      

 

  
)] against             while the value of 

m can be calculated by using equation 16 and 17
82-83

. 

                                                16 

              17 
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Figure1.5.1 Schematic diagram for prediction of kinetic model
84

 

The Arhenius constant (A) for the curing process can be found by using equation 18 

   
  

     
       

    
 

     
                           18 

Where the subscript max denotes the values related to the maximum of the differential 

kinetic curve obtained at a given heating rate. 

From equation 4 and8 another relationship (19) can be obtained which gives the rate of 

reaction of autocatalytic process, and can be used to make comparisons of experimental 

and calculated rate of reactions. 
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1.6 Thermo mechanical and flame behavior of cured Resins 

The thermo-mechanical properties of epoxy polymers depend upon the curing 

temperature, curing time, structure of co-monomers and glass transition temperature (Tg) 

of cured epoxy thermosets
85-86

. The dynamic mechanical thermal analysis (DMTA) has 

been extensively employed in order to determine these properties.  

The DMTA is one of the most used techniques for measuring Tg, since it is relatively 
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rapid and particularly suitable for quality control applications
1
. The DMTA consists of 

measuring the dynamic response of a sample of material typically in terms of the loss 

modulus E’’ as a function of temperature. The Tg can be defined as the temperature 

corresponding to the peak in the E’’ (T) plot.  

The glass transition temperature (Tg) of polymers can be employed to find their 

maximum application temperature
87

. Moreover it is also closely related to the yield stress 

and fracture toughness of polymers
88-89

.  

The Tg and modulus (E’) of various epoxy/amine reaction was studied by Murayama 

and Bell'. They employed DGEBA and DDM in varying ratio to determine the effect of 

molecular weight between crosslinks, modulus as a function of temperature, and glass 

transition temperature (Tg)
90

.  

Senich et a1.
91

Studied the two epoxy systems cured with dicyandiamide. They 

observed two relaxations for the system cured at below its Tg. The initial relaxation took 

place near the original isothermal cure temperature with low activation energy, about 250 

kJ / mol, while the final relaxation was observed near the final Tg, with activation energy 

of 500-650 kJ/mol. The increase in activation energy for the Tg relaxation was attributed 

to the decrease in molecular mobility which is ultimately caused by increase in crosslink 

density.  

Gupta et al.
92

 used DGEBA/m-PDA in varying ratio and studied its effect on the 

dynamic mechanical and tensile mechanical properties of an ultimately cured system. 

Charles worth
93

 studied the effect of the epoxy/amine ratio on the crosslink density of 

an ultimately cured system of a DGEBA/DDM, as well as other epoxy-diamine systems. 

A single aromatic diamine was used as curing agent.  

The thermal stability and flame behavior of epoxy cured resins can be monitored by 

thermogravimetric analysis (TGA) and characterization can be done by different 

experimental indicators such as Initial decomposition temperature (IDT, T5% )which is the 

temperature at which 5% weight of the polymer has been lost
27, 94

. Similarly Half 

decomposition temperature (HDT, T50%) is another indication regarding thermal 

behaviour and defined as the temperature at which the loss of weight during thermal 

decomposition (at a constant rate of temperature rise) reaches 50% of its final value. 

Another useful parameter, which indicates the heat resistance of cured epoxy thermosets, 
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is the temperature (Tmax) which corresponds to the max rate of loss of weight. 

The thermal decomposition of cured epoxy resins starts with the dehydration of 

secondary alcohol present in the three dimension network structure (Scheme 1.6.1a) of 

cured polymers leading to the formation of unsaturated dehydrated structure. Further 

decompositions depend upon the structure of dehydrated material.  

 The un-saturation present in dehydrated structure (scheme 1.6.1b) make the aliphatic 

C-O or C-N bonds unstable at β position. These allylic bonds have 290 and 270 kJ/mol 

bond energies respectively and are least stable than any of the bonds present in dehydrated 

unsaturated network structure and thus further bond cleavage takes place either at  allylic 

–C-O or –C-N (in case of amine cured epoxy resins) bond. Moreover, among the allylic 

C–N and vinylic C-O bonds (scheme 1.6.1b) the former is less stable and hence cleaves 

preferentially with either homolytic or heterolytic mechanisms
95-98

.  

 

Scheme 1.6.1Thermal decomposition of cured epoxy resins 

Apparently the removal of amine curing agent can be expected through the similar 

chain cleavage at secondary amine (C-NH) although, amines stay as the part of solid char 

residue and not found as the major decomposition product of amine cured epoxy resins
99

. 

However in phthalic anhydride cure epoxy resins the curing agent is liberated as a result 

of thermal decomposition of resin (scheme 1.6.1c) 
98, 100

.  

Along with main chain scission some other decomposition processes go on and 
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alcohols, acetone and different hydrocarbons are generated
95-96, 101

. 

Lin et al.
102

 suggested another path of decomposition of allyl ethers or amides, formed 

in the first step (scheme 1.6.1a), through Claisen rearrangement (more specifically Aza-

Clasien or Aza-cope rearrangement in case of diamine cured resins
103

) which leads to the 

formation of 1,2,3-trisubstituted benzene and increase in thermal stability along with 

flame retardancy (scheme 1.6.2).  

 

Scheme 1.6.2 The Aza-Cope rearrangement 

  Fire retardancy can also be increased by the charring caused by the cyclic products 

obtained as a secondary chain scission process involving decomposition of aliphatic chain 

ends (scheme 1.6.3)
96-97, 101, 104

.  

 

Scheme 1.6.3 Decomposition of aliphatic chain ends 

The cured epoxy resins were also found to be degraded to polycyclic aromatic 

hydrocarbons such as naphthalene and phenanthrene via pyro-synthesis and aromatization 

at elevated temperature
100

. 

1.7 Relationship between LOI and Char residue 

The char residue at the end of the thermal decomposition gives significant information 

about thermal stability and flame retardancy of polymeric material
105

. The percentage of 

oxygen in the mixture of oxygen and nitrogen that is required to maintain the burning 

process is termed as limiting oxygen index (LOI). This value is commonly used as an 

indicator of the relative flammability of materials. The relationship between flammability 

and char residue was established by Van Krevelen
105

 and represented as equation 20.  
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                                 20 

Where CR is % char He suggested that with increase in char residue the flammability 

of material is reduced, and LOI value is increased.  

1.8 Epoxy Sepiolite Nano composites 

The term clay refers to a natural, earthy, fine grained material which develops plasticity 

when mixed with a limited amount of water106-107.  Clay minerals are from the phylosilicate 

(layred silicate) family, which can be found as tetrahedral and octahedral sheets (Fig 1.8.1 and 

1.8.2). The tetrahedral sheets are composed of individual tetrahedrons, in which a silicon 

atom is equidistant from four oxygen atoms, or hydroxyls if needed to balance the structure. 

They are arranged in a hexagonal pattern with the basal oxygens linked and the apical 

oxygens pointing up/down and taking part in the adjacent octahedral sheet.   

 

Figure 1.8.1    Tetrahedral sheets of phylosilicate mineral 

 

Figure 1.8.2    Octahedral sheets of phylosilicate mineral 

Octahedral sheets are composed of individual octahedrons that share edges composed of 

oxygen and hydroxyl anion groups coordinated by cations like Al3+, Mg2+, Fe3+ and Fe2+, etc. 

Chemically sepiolite is a fibrous hydrated magnesium silicate. It’s typical formula is 

Mg4Si6O15(OH)2·6H2O. It is included in phyllosilicate group and  has a continuous two-

dimensional tetrahedral sheet of composition Si2O5
106

. The dimensions of a single 

sepiolite fiber vary between 0.2-4μm in length, 10-30nm in width and 5-10 nm in 

thickness, with open channels of dimensions 3.6 Å x 10.6 Å running along the axis of the 

particle. 
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Figure 1.8.3      (a) A single sepiolite fiber (b) SEM micrographs of natural sepiolite 

Fig 1.8.3 gives the schematic photograph and SEM micrographs of natural sepiolite. 

Sepiolite has the high surface area and sorption capacity
108-109

. The SiOH groups act as 

neutral sorption sites for suitable interaction between polymer and sepiolite
110

.  

The polymer/clay nano composites have gained interest in order to improve the properties 

of advanced materials to meet new requirements. The major area of focus has been the 

betterment in mechanical and thermal properties, as well as gas barrier and flame 

resistance111. These composites have shown significant improvement in their physical, 

mechanical and thermal properties
112

.  

During literature review very little work was found regarding sepiolite based epoxy nano 

composites. The grafting of methyltriethoxysilane on the surface of sepiolite was carried 

out by Chen et al.
113

. 

In another work the morphological and thermal characterisation of pristine and 

organically modified sepiolites reported by Tartaglione et al.
114

. The modification of 

sepiolite was carried out by two different methods. (a) Adsorption of quaternary 

ammonium salts or amines, and (b) Grafting of silane reagents. No structural changes 

were found in mineral lattice upon functionalization and the crystallization structure was 

maintained. Shafiqe et al.
110

 used organically modified sepiolite for the preparation of 

linear low density polyethylene (LLDPE) nano composites. These composites 

demonstrated higher on set degradation temperature than LLDPE.  

        In another studies DGEBA based sepiolite composites were synthesized and 

characterised by  Nohales et al.
115

. The pristine sepiolite and an organically surface-

modified sepiolite were used for this study. An aliphatic and an aromatic diamine were 

used as curing agent. A slight increase in flexural modulus of the epoxy matrix was 

observed when organophilic sepiolte was incorporated into the composite. The 10% 
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increase in the values of flexural modulus with aliphatic diamine was reported. While 

cyclo aromatic diamine cured composites showed less flexural modulus. The 

organicphilic modified sepiolite exhibited better nano dispersion. There was no significant 

change in the initial decomposition temperature.  

In another work Galy et al.
116

 reported the rheology, morphology and dynamic mechanical 

properties of sepiolite-based epoxy nano composites. The un-modified, aminosilane 

modified and glycidylsilane surface modified sepiolites were used as filler with 

DGEBA/MDEA matrix system. The dispersion of sepiolite was done with conventional 

method along with novel, emulsion method. The best dispersion of sepiolite was achieved 

with either glycidyl functionalized sepiolite by using emulsion method. A shear thinning 

effect was observed for the systems containing high content of sepiolite.  

1.9 Scope and objectives of the present work 

Since the discovery of epoxy resins in 1940, its applications in various industries have 

been widening. However these materials do not find considerable utility in the industries 

where flame resistance is highly required. Perhaps this is the major drawback associated 

with these materials and hence the need for flame retardant epoxy resins is tremendously 

increasing 
117

 .  

This problem can be overcome by incorporating flame retardant moieties into the 

backbone of epoxy thermosets
118-120

. Bromine-containing co-monomers are often used 

with epoxy resins for reduction in flammability 
120-121

. However the evolution of toxic and 

corrosive halogenated gases as a result of combustion of these epoxy thermosets can cause 

serious threat to human health and the environment. Thus the development of non-halogen 

flame retardant epoxy systems has gained the interest of researchers recently
118, 120, 122-125

.  

Literature survey revealed that a little amount of work has been devoted towards the 

use of heterocyclic diamines as potential candidates for flame retardancy of cured epoxy 

resins. For instance Huang et al. synthesized a benzobisoxazole-containing diamine, 2, 6-

di(p-aminophenyl)benzo [1.2.5.4] bisoxazole (DIABO). This diamine was used as curing 

agent for DGEBA and its curing behavior was investigated. The mixture of DIABO and 

DDS was also used as curing agent for DGEBA to study the effect of DIABO on flame 

retardancy of the polymer.  

It was our objective to develop heterocyclic (such as pyridine) diamine (PDD) and use 
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it as curing agent for various commercial epoxy pre-polymers like TGDDM, TGAP, and 

DGEBA. Furthermore it was also aimed to compare the reactivity and curing kinetics of 

PDD with commercial amine curing agents such as DDM and DDS. The thermal stability 

and flame retardancy of PDD cured resins were also focused. In addition, the glass 

transition temperature (Tg) and storage modulus of cured polymers were also investigated. 

Another diamine, APP was also synthesized, which has a propylene moiety in contrast 

with PDD (which contains pyridine ring). APP was employed as curing agent for 

TGDDM, TGAP and DGEBA. The purpose of this study was to find the effect of 

propylene (aliphatic) and pyridine (aromatic) moieties on chemical reactivity of APP and 

PDD towards TGDDM, TGAP and DGEBA. The comparison of thermal stability and 

glass transition temperatures of PDD and APP based epoxy systems was also one of the 

objectives of the work. 

Polymer nano clay composites have shown significant improvement in their physical, 

mechanical and thermal properties
112

. However to achieve homogenous dispersion of clay 

nano particles is still very demanding probably due to high density of polymer matrix and 

elevated agglomeration trend of clay nano particles
126

. The degree of dispersion 

(exfoliation) of clay nano particles in thermoset composites depends upon its percentage 

content and structure of clay, temperature and curing agent 
127-128

.  Another aim of the 

present work was to investigate the influence of the addition of unmodified and 

organically modified sepiolite in DGEBA/PDD system upon mechanical, thermal and 

viscoelastic properties of this system.  

1.10  Plan of work 

The present dissertation is nothing but an effort to contribute up to some extent a 

research section in the field of epoxy thermosets synthesis and characterizations. The 

subsequent part of this section has been devoted to unfold the basic strategies, and 

background information employed in the presented thesis. It was planned to divide the 

research work in three different parts. In the first part the diamines namely 4,4′-(pyridine-

2,6-diylbis(oxy))dianiline (PDD) and1,3-bis(p-aminophenoxy)propane (APP) (Fig 1.10.1) 

were synthesised and characterized. 
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Figure 1.10.1 Structure of PDD and APP 

The second part deals with the curing of DGEBA, TGAP and TGDDM with the PDD and 

APP. Moreover the commercially available diamines (DDM and DDS) were also used to 

cure these systems in combination with PDD in various weight percent to make 

comparison. The thermal and viscoelastic characterizations of these thermosets were 

carried out with TGA and DMTA techniques. 

In third part of the research, the sepiolite clay was organically modified and characterized 

by FTIR and X-Ray diffraction methods. Both the modified and unmodified clays were 

employed as filler for DGEBA/PDD matrix system. Furthermore the curing kinetics of 

these systems was also studied along with their thermal characterizations. 

1.10.1 Part 1 

The PDD and APP diamines were synthesized by reported procedures. Schemes 

1.10.1 and 1.10.2 illustrate the steps involved in preparation of these diamines. 

 

Scheme 1.10.1 Preparation of PDD 
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Scheme 1.10.2 Preparation of APP 

1.10.2 Part 2 

In this part of the work PDD and APP were used as curing agents to cure TGDDM, 

TGAP and DGEBA. Furthermore the DDM and DDS were also mixed in various weight 

percent with PDD to make comparative studies of the thermal and viscoelastic properties 

of cured thermosets.  

1.10.3 Part 3 

The third part belongs to the development of sepiolite reinforced DGEBA epoxy 

thermosets. Both organically modified and unmodified sepiolite clays were used as filler 

while PDD was used as curing agent. The curing kinetics and thermal properties were 

found by employing TG and DMT analysis. The surface modification of sepiolite has 

been mentioned in scheme 1.10.3. 
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Scheme 1.10.3 Surface modification of sepiolite with APTMS 
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 Chapter 2      EXPERIMENTAL 

This chapter provides the details of materials, characterization techniques, 

sample preparations and methods used to synthesize monomers, epoxy polymers and 

their nano composites. A Pyridine containing diamine (PDD) and a propylene 

containing diamine (APP) were synthesized and used as curing agents along with 

commercially available diamines such as DDM and DDS to cure di, tri, and tetra 

functional epoxy pre polymers. DGEBA/PDD/Sepiolite nano composites containing 

organically modified and unmodified sepiolite as filler were also developed.  

2.1 Materials 

2,6-Dichloropyridine, 1-methyl-2-pyrolidone (NMP), 4-aminophenol, 4,4'-

diaminodiphenylmethane (DDM, AEW=49.5 g/eq), K2CO3, Pd/Charcoal, Sepiolite 

Clay (SP), isopropanol and toluene were purchased from Sigma Aldrich. (3-

Aminopropyl)trimethoxysilane (APTMS) was acquired from Alfa Aesar. 1, 3-

Dibromo propane, p-nitrophenol and hydrazine monohydrate, were procured from 

Merck. Digylcidyl ether of bisphenol A (DGEBA, Araldite GY 9708-1, EEW=190 

g/eq), N,N,N′,N′-tetraglycidyl-4,4′-diaminodiphenyl methane (TGDDM, Araldite MY 

721, EEW=112.5 g/eq) and triglycidyl-p-aminophenol (TGAP, Araldite 0510, EEW= 

101 g/eq)were purchased from Huntsman while 4,4’diaminodiphenylsulfone (DDS, 

AEW=62.07 g/eq) were obtained from Ciba-Giegy. These chemicals were used as 

received. 

Dimethylformamide, ethanol, ethyl acetate, and n-hexane were purchased from 

Merck. All the solvents were dried by standard procedures as discussed below. 

2.2 Drying of solvents 

Dimethylformamide (DMF) (Boiling point 153 °C) was dried over calcium 

hydride and then distilled under vacuum
129

. 

Ethanol (Boiling point 78 °C) was dried by refluxing over CaO for 5 hours 

followed by distillation under an inert atmosphere of nitrogen
130

. 

Ethyl acetate (Boiling point 77 °C) was dried by overnight stirring with CaH2, 

followed by the distillation under inert atmosphere
131

. 
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n-Hexane (Boiling point 68 °C) was dried with CaCl2 and refluxed with sodium 

wire in the presence of  benzophenone and then distilled
131

. 

2.3 Characterization Techniques 

The chemical reactions of diamine synthesis were followed by thin layer 

chromatography (TLC). The structures of diamine monomers were confirmed by 

FTIR and 
1
H NMR. The surface modification of sepiolite clay was confirmed by 

XRD analysis and FTIR. The curing behavior of cured resins was tracked by non 

isothermals DSC analysis and thermo-mechanical responses of the cured samples 

were recorded by dynamic mechanical thermal analysis (DMTA). Thermal stability of 

the cured samples and char residue were checked by thermal gravimetric analysis 

(TGA). The details of the instruments and experimental methods are given in the 

following sections. 

2.3.1 Thin Layer Chromatography (TLC) 

The progress of various reactions was monitored with the help of thin layer 

chromatography (TLC) utilizing precoated silica gel aluminium plates (0.2 mm 

thickness, HF-254, E. Merck) and n-hexane and/or ethyl acetate solvent systems.  

2.3.2 Fourier transform infrared spectroscopy (FTIR) 

The synthesis of diamine monomers and surface modification of sepiolite clay 

were studied by FTIR spectroscopy. A Nicolet 6700 FTIR spectrometer from Thermal 

Electron Corporation was used for these studies. The samples were used in powdered 

form and experiments were carried out with ATR (Attenuated Total Reflectance) 

technique in the range of 4000-400 cm
-1

 with resolution of 4 cm
-1

.  

2.3.3 Nuclear magnetic resonance (NMR) spectroscopy 

The structures of the synthesized diamine monomers were elucidated by 
1
H 

NMR spectroscopy. The spectra were recorded at Bruker AM-300 spectrophotometer 

at 300 MHz. Tetramethylsilane (TMS) was used as reference standard. 

2.3.4 Differential Scanning Calorimetry (DSC) 

The curing kinetics of epoxy/PDD and epoxy/APP systems was studied using 

Perkin Elmer Pyris I DSC. The instrument was calibrated with known masses of high 

purity indium (melting onset = 156.60 °C) and zinc (melting onset = 419.47 °C).  A 

baseline, determined by scanning over the temperature range of the experiment, and 
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subtracted from all scanning DSC sample traces. About 5-15 mg of samples were 

filled in hermetically sealed aluminum pans and cured with multiple heating rates in 

the range of 3 °C/min to 20 °C/min. The curing temperature was kept from 50-300 °C 

under the nitrogen flow of 20 mL/min. 

2.3.5 Thermogravimetric analysis (TGA) 

Thermogravimetry (TG) has been used to determine the thermal stability of 

cured networks. A Seiko TG/DTA 6300 was used for the present studies. The thermal 

decomposition of the specimens under argon atmosphere at, a ramp rate of 10 °C/min 

from 50 °C to 700 °C was studied. About 5 mg of samples were used for TG runs. 

2.3.6 Dynamic Mechanical Thermal Analysis (DMTA) 

  DMTA was performed using a Perkin-Elmer Dynamic Mechanical Thermal 

Analyzer (DMA 8000). The samples were subjected to an oscillating sinusoidal stress 

at a frequency of 1 Hz and a scan rate of 2 °C/min between 50 °C and 300 °C. The 

calibration was performed using high purity indium (melting onset = 156.60 °C). The 

dimensions of epoxy test specimens were 30mm × 5mm × 2mm.  The glass transition 

temperature (Tg) was determined as the temperature corresponding to the peak in the 

loss tangent (tan δ).  

2.3.7 X-Ray Diffraction (XRD) 

 The structure of the modified and unmodified sepiolite clays was studied by X-ray 

diffraction (XRD) technique. The XRD trends were recorded using X-ray 

diffractometer X'Pert PRO MRD, from PANalytical, using Cu Kα radiation (k ¼ 

0.15406 nm) operating at 45 kV and 40 mA. Radial scans were performed in 

reflection scanning mode with 2θ values ranging from 3 to 60° at a scanning rate of 

1°/min. 

2.3.8 Scanning Electron Microscopy (SEM) 

The morphology of the nano composites was examined using scanning electron 

microscopy (SEM) from Jeol (Model: JSM-6490LA, Japan). The cryofractured 

samples were sputter coated with gold and analyzed. 

2.4 Synthesis of diamine:- 

The 4,4′-[pyridine-2,6-diylbis(oxy)]dianiline (PDD) and 1,3-bis(p-

aminophenoxy)propane (APP) were prepared in the lab by using reported procedures 
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132-133
 and were further used as curing agents. The synthetic method is given as 

follows: 

 

2.4.1 4,4′-[Pyridine-2,6-diylbis(oxy)]dianiline (PDD) 

The pyridine containing diamine, 4,4′-(pyridine-2,6-diylbis(oxy))dianiline (PDD) 

was synthesized by using a reported procedure
132

. 2,6-Dichloropyridine (3.0 g, 0.02 

mol),  4-aminophenol (4.6 g, 0.04 mol), and K2CO3 ( 8.7 g, 0.06 mol), N-methyl-2-

pyrolidone (NMP, 50 mL) and toluene (30 mL), were added to a 250 mL three neck 

round bottom flask equipped with a Dean-Stark apparatus, a nitrogen inlet tube and a 

thermometer. The reaction mixture was heated to 140 °C for 6 h, followed by heating 

at 165 °C for 20 h while continuously stirring and the evolved water was removed 

from the reaction mixture by azeotropic distillation.  During this time, the progress of 

the reaction was monitored by TLC. The resultant reaction mixture was cooled to 

room temperature and poured into 100 mL of cold water. PDD was precipitated out 

and washed with 100 mL of 3% NaOH to remove the traces of HCl produced in the 

reaction. The obtained diamine was dried in a vacuum oven at 60 °C and was 

recrystallized in toluene. Yield: 80%; Rf 0.34 (n-hexane) m.p.140 °C (lit. not 

reported); FTIR:  (cm
-1

) 3215-3415 (stretching of -NH2), 3036 (C-H aromatic), 

1626 cm
-1 

(C=C aromatic), 1429 cm
-1 

(C=N), 1203 cm
-1

 (Ar-O-Ar), 1148 cm
-1

 (C-N); 

1
H NMR: (300 MHz, DMSO-d6): δ ppm 5.01 (s, 4H, NH2), 6.33 (d, J=8.7Hz, 2H, 

6,6’) , 6.80 (d, J=9.3 Hz, 4H 2,2’), 6.59 (d,J=9.3Hz , 4H 3,3’), 7.66 (t , 1H 7). 

 

Figure 2.4.1 4,4'-(4,4′-(Pyridine-2,6-diylbis(oxy))dianiline (PDD) 

2.4.2 1,3-bis(p-Aminophenoxy)propane(APP) 

The propylene containing diamine 1,3-bis(p-aminophenoxy)propane (APP) was 

synthesized by a method given in literature 
133

. The synthesis comprised of two steps. 

In first step the precursor 1, 3-bis(p-nitrophenoxy)propane (NPP) was prepared, while 

APP was prepared  in second step by using NPP. 
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2.4.2.1 1, 3-bis(p-Nitrophenoxy)propane (NPP):- 

To prepare NPP, a mixture of p-Nitrophenol (8.0 g (0.057 mol)), anhydrous 

potassium carbonate (7.86 g (0.057 mol)), N,N′-dimethylformamide (DMF) 50 mL 

and toluene 30 mL was refluxed at 200 °C. Once most of the toluene was distilled off, 

1,2-dibromopropane 2.9 mL (0.0285 mol) was introduced in the mixture and kept on 

refluxing for another 12 h. The solution was then cooled to room temperature, and 

was poured into 300 mL of methanol/water (1:1) to give yellow precipitate. The 

precipitate was washed repeatedly with water, filtered and recrystallized from ethanol. 

Yield: 83%; Rf 0.86 (n-hexane : ethyl acetate 3:2); m.p.130-131 °C (lit. 130 °C); 

FTIR:   (cm
-1

) 2897 (C-H aliphatic), 1257 cm
-1

 (asymmetric stretching C-O), 1037 

cm
-1 

(symmetric streching C-O) 1588 cm
-1 

(N-O), 1253 cm
-1

 (C-N) ; 
1
H NMR: (300 

MHz, DMSO-d6): δ ppm 8.18 (d,J= 9.33 Hz, 4H, 2,2’,), 7.15(d, J=9.33 Hz, 4H, 3,3’,), 

4.3 (t, 4H, 5,5’), 2.23 (qn, 2H, 6). 

 

Figure 2.4.21,3-Bis(p-nitrophenoxy)propane (NPP) 

2.4.2.2 1,3-bis(p-Aminophenoxy)propane(APP) 

A two neck 250 mL round bottom flask was charged with 4.77 g of NPP 

(0.015mol), 15 mL of hydrazine monohydrate, 100 mL of ethanol and 0.15 g of 10% 

palladium on carbon (Pd–C). The mixture was refluxed for 16 h and then filtered to 

remove Pd–C and the crude solid was recrystallized from ethanol to obtain crystals of 

APP. Yield: 80% ; Rf 0.75 (n-hexane: ethyl acetate 1:1) ; m.p 103-104 °C: FTIR:   

(cm
-1

) 3438-3350 (stretching of -NH2), 2982-2840 (C-H aliphatic ), 1272 (C-N 

stretching); 
1
H NMR:  (300 MHz, DMSO-d6): δ ppm 6.51  (d, J=7.33Hz , 4H, 2, 2’), 

6.65  (d, J=7.3 Hz, 4H, 3, 3’), 4.59 (s , 4H, amine), 3.95 (t, 4H, 5, 5’), 2.03 (quin , 2H, 

6).  

 

Figure 2.4.3 1,3-Bis(p-aminophenoxy)propane(APP) 
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2.5 Surface Modification of Sepiolite Clay 

The needle like morphology of sepiolite offers tremendous reinforcing effect on 

polymers. The compatibility of sepiolite with polymers can be enhanced by its surface 

modification by using organic surfactants. The following two steps were carried out 

for surface modification of sepiolite. 

2.5.1 Purification of Sepiolite clay 

The purification of sepiolite clay was done according to a reported method
110

.  

10 g of sepiolite clay was taken per liter of distilled water in a round bottom flask. 

The suspension was mechanically stirred for 24 h, after waiting for about 2 min the 

supernatant suspension was filtered through filter paper. The solid sample was dried 

at 105 °C for 24 h, ground then sieved by 50 μm sieves. The particles under 50 μm 

were used for further experiments. 

2.5.2 Surface Modification of Sepiolite 

The surface of sepiolite was organically modified by using the following 

procedure
113

. A suspension of about 15 g of purified sepiolite and 300 mL of 

deionized water was taken in a flask. Then it was stirred vigorously to achieve 

maximum dispersion. Afterwards a solution of 95% ethanol and 5.7 g of APTMS was 

added to the suspension. The mixture was heated to 70 °C, stirred for 1 h, then filtered 

and washed several times with deionized water. The filter cake was taken out and then 

dried by airing. In order to remove water sufficiently, the organo-sepiolite was ground 

using a mortar and pestle, and then dried under reduced pressure at 110 °C. 

2.6 Sample preparation 

The samples prepared for kinetic studies and thermal analysis was as follows:  

2.6.1  Sample based upon PDD 

2.6.2  Sample based upon APP 

2.6.3  Sepiolite Reinforced Epoxy Resin   

The details of sample preparations for above mentioned systems have been 

described separately as follow: 
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2.6.1 Samples based upon PDD 

In these samples PPD has been employed as curing agent to cure TGDDM, TGAP 

and DGEBA. Neat system (epoxy / PDD) were used for curing studies while ternary 

systems (epoxy/PDD/DDM and epoxy/PDD/DDS) were prepared and their 

viscoelastic and thermal behavior were investigated. 

2.6.1.1 TGDDM/PDD system 

Neat system 

TGDDM and PDD were mixed in stoichiometric amount (1:1) by using the 

following relationship (21): 

    
       

   
                                                  21 

Where phr = parts by weight per 100 parts of epoxy resin, AEW= Amine 

equivalent weight and EEW= Epoxy equivalent weight. 

A thorough mixing of the formulation was achieved by keeping it at  110 °C for 

ten minutes. The transparent mixture was rapidly cooled to room temperature, so that 

the onset of any cross linking may be avoided
134

. About 5 mg of this mixture was 

hermetically sealed in different aluminum pans and placed in freezer to use later on 

for curing study. The sample codes have been given in Table 2.6.1. 

Ternary systems 

PDD and DDM were taken in 0, 33, 67, and 100% by weight. The amine hydrogen 

equivalent weight (AEW) of mixture of amine was found by using the equation 22. 

     
             

       

        
 

            

             

                 22 

Where T.wt is the total weight of mixture, wt is the weight of diamines. 

The AEW of mixed dimaines was used in equation 21 to find the phr of resins. (These 

relationships (21 and 22) were also used for other PDD and APP based epoxy 

systems). The calculated amount of epoxy and curing agent was thoroughly mixed 

with at about 100 °C-110 °C for 5 to 10 min. As soon as the transparent mixture was 

obtained it was poured in silicone molds (30×5×2 mm) covered with a PTFE coated 

glass sheet and clamped between two glass plates. These samples were cured 

according to the given curing cycles mentioned in table 2.6.2. The fully cured samples 
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were used for DMT analysis and about 5 mg of each sample was used for TG 

analysis. The samples codes with their compositions have been given in table 2.6.3. 

2.6.1.2 TGAP/PDD systems 

Neat systems    

The TGAP and PDD were mixed in stoichiometric amount (1:1) at about 100 °C 

for about ten minutes. The mixture was then rapidly cooled to room temperature. 

About 5 mg of this mixture taken in airtight aluminum pans and stored in freezer to 

use for curing study. Sample codes have been given in table 2.6.1. 

Ternary systems 

PDD, DDM were used in 0, 33, 67, and 100% by weight and complete mixing 

with TGAP was achieved. The mixing temperature was 100 °C-110 °C for 5 to 10 

min. As early as the complete mixing was done, about 5mg of the sample was it was 

transferred in silicone molds (30×5×2 mm) covered with a PTFE coated glass sheet 

and clamped between two glass plates. The cured (curing has been done according to 

curing scheme mentioned in table 2.6.2) samples were put under DMT analysis. 

About 5 mg of the sample was used for TG analysis. Sample details have been 

tabulated in table 2.6.4. 

2.6.1.3 DGEBA/PDD systems 

Neat systems 

The DGEBA and PDD were taken in stoichiometric amount (1:1) and thoroughly 

mixed at 90 °C for about ten minutes. The transparent mixture was rapidly cooled to 

room temperature. About 5 mg of this mixture was hermetically sealed in different 

aluminum pans and placed in freezer to use later on for curing study. Sample codes 

have been given in table 2.6.1. 

Ternary systems 

PDD, DDM were taken in 0, 33, 67, and 100% and thoroughly mixed with 

DGEBA at about 90 °C-100 °C for 5 to 10 min. As soon as the transparent mixture 

was obtained it was poured in silicone molds (30×5×2 mm) covered with a PTFE 

coated glass sheet and clamped between two glass plates and cured. The curing cycles 

has been mentioned in table 2.6.2. The fully cured samples were used for DMT 

analysis and about 5mg of each sample was used for TG analysis. Samples details 

have been shown in table 2.6.5. 
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2.6.2 Samples based upon APP 

The propylene containing diamine (APP) was used as curing agent for TGDDM, 

TGAP and DGEBA.  

2.6.2.1 TGDDM/APP 

The stoiciometric amount (1:1) of APP and TGDDM were thoroughly mixed at 

100 °C for 10 minutes. The transparent sample was rapidly cooled to room 

temperature. A fraction of the sample was sealed in aluminum pans and used for 

curing studies. The same formulation was poured in silicone molds (30×5×2 mm) 

covered with PTFE coated glass sheet and clamped between two glass plates. The 

samples were cured according to curing sequence mentioned in table 2.6.2. The fully 

cured samples were used for DMTA and TGA studies. 

2.6.2.2 TGAP /APP 

The TGAP based epoxy systems were developed by using the same methodology as 

mentioned for TGDDM based systems. The details of the samples code and curing 

cycle have been described in table in 2.6.1 and 2.6.2 respectively. 

2.6.2.3 DGEBA/APP 

The DGEBA/APP system was developed by the using the same procedure as 

mentioned for TGDDM and TGAP systems. The details of the samples code and 

curing cycle have been described in table 2.6.1 and 2.6.2 respectively. 

Table 2.6.1 Epoxy formulations for curing studies 

Codes Epoxy Curing agent 

*
4G/PDD TGDDM PDD 

*
3G/PDD TGAP PDD 

*
2G/PDD DGEBA PDD 

4G/APP TGDDM APP 

3G/APP TGAP APP 

2G/APP DGEBA APP 

*   2G, 3G and 4G stand for DGEBA, TGAP and TGDDM respectively these 

acronyms will be used as it is, in the thesis. 
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Table 2.6.2 Curing cycles for epoxy systems 

Curing system Curing cycle 

4G/PDD 110 °C/2h, 150 °C/1h,170 °C/1h 

3G /PDD 100 °C/2h, 140 °C/1h,165 °C/1h 

2G/PDD  95 °C/2h,  135°C/1h,175 °C/1h 

4G/APP 100 °C/2h, 148°C/1h,167 °C/1h 

3G/APP  90 °C/2h, 130°C/1h,150 °C/1h 

2G/APP 70 °C/2h, 110 °C/1h,165 °C/1h 

The above mentioned curing cycle (Table 2.6.2) was optimized by extrapolation 

of initial curing temperature (Ti), peak curing temperature (Tp) and final curing 

temperature (Tf) with the heating rate of 3,5,10,15 and 20 °C/min
76

. The following 

tables (2.6.3-2.6.5) describe the samples codes with their compositions of ternary 

systems containing. The subscript 0, 33, 67 and 100% show the weight percent of the 

diamine used as curing agent. 
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Table 2.6.3 TGDDM/PDD/DDM and TGDDM/PDD/DDS epoxy systems 

Curing agent Mass % Code 

PDD 100 ---------- 

4GPDD100%DDM0% DDM 0 

PDD 67 ---------- 

4GPDD67%DDM33% DDM 33 

PDD 33 ---------- 

4GPDD33%DDM67% DDM 67 

PDD 0 --------- 

4GPDD0%DDM100% DDM 100 

PDD 100 -------- 

4GPDD100%DDS0% DDS 0 

PDD 67 --------- 

4GPDD67%DDS33% DDS 33 

PDD 33 --------- 

4GPDD33%DDS67% DDS 67 

PDD 0 --------- 

4GPDD0%DDS100% DDS 100 
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Table 2.6.4 TGAP/PDD/DDM and TGAP/PDD/DDS epoxy systems 

Curing agent Mass % Code 

PDD 100 --------- 

3GPDD100%DDM0% DDM 0 

PDD 67 -------- 

3GPDD67%DDM33% DDM 33 

PDD 33 -------- 

3GPDD33%DDM67% DDM 67 

PDD 0 --------- 

3GPDD0%DDM100% DDM 100 

PDD 100 --------- 

3GPDD100%DDS0% DDS 0 

PDD 67 -------- 

3GPDD67%DDS33% DDS 33 

PDD 33 --------- 

3GPDD33%DDS67% DDS 67 

PDD 0 --------- 

3GPDD0%DDS100% DDS 100 
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Table 2.6.5 DGEBA/PDD/DDM and DGEBA/PDD/DDS epoxy systems 

Curing agent Mass % Code 

PDD 100 ------- 

2GPDD100%DDM0% DDM 0 

PDD 67 ------- 

2GPDD67%DDM33% DDM 33 

PDD 33 ------- 

2GPDD33%DDM67% DDM 67 

PDD 0 ------- 

2GPDD0%DDM100% DDM 100 

PDD 100 ------- 

2GPDD100%DDS0% DDS 0 

PDD 67 ------- 

2GPDD67%DDS33% DDS 33 

PDD 33 ------- 

2GPDD33%DDS67% DDS 67 

PDD 0 ------ 

2GPDD0%DDS100% DDS 100 
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2.6.3 Sepiolite Reinforced Epoxy Resins 

The organically modified and unmodified sepiolite were used as filler in 

DGEBA/PDD system and its effect on curing kinetics and thermal behavior and flame 

resistance of cured resins was studied. The details of samples preparation are 

described as follows: 

2.6.3.1 Sample preparation 

A mixture of DGEBA and 3 wt% organically modified sepiolite was taken in a 

beaker and stirred thoroughly for two hours at about 30 °C. A little amount of acetone 

was introduced into the mixture for easy stirring. When the sepiolite was dispersed in 

the DGEBA resins the calculated amount of PDD was introduced in the mixture and 

temperature was increased to 90 °C. The calculation was done according to equation 

21 and 22. As soon as the transparent mixture was obtained, the stirring and heating 

was stopped and the mixture was placed under vacuum for degassing. The degassed 

samples were rapidly cooled and sealed hermetically in aluminum pans and used for 

curing studies through dynamic DSC method. The same sample was poured into the 

silicone molds (30×5×2 mm) covered with a PTFE coated glass sheet and clamped 

between two glass plates and curing cycle was given to obtain fully cured composites. 

The cured samples were allowed to cool slowly to room temperature, removed from 

the mould and cut to produce bars for DMTA and TGA testing. The same protocol 

was repeated with unmodified sepiolite sample. The sample codes with their 

composition have been mentioned in table 2.6.6. 

 

Table 2.6.6 Sepiolite reinforced DGEBA/PDD system 

Code Epoxy Curing agent Sepiolite 

PMS DGEBA PDD Modified 

PUS DGEBA PDD Unmodified 

 

PMS and PUS stand for sample containing modified sepiolite and unmodified 

sepiolite while PDD was used as curing agent and DGEBA was employed as epoxy 

pre-polymer.
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 Chapter 3                             RESULTS AND DISCUSSIONS 

This chapter deals with the findings and results of curing analysis, viscoelastic 

behavior and thermal stability of the synthesized epoxy polymers. Both the graphs 

and tables have been used in order to illustrate the trends of various properties of 

synthesized epoxy thermosets. This chapter has been divided in the following three 

sections: 

3.1   PDD based epoxy systems 

This section discusses curing kinetics of epoxy polymers synthesized by using 

PDD as curing agent with TGDDM, TGAP and DGEBA. The DMTA and TGA of 

ternary systems, containing DDM, DDS and PDD in various weight percent have also 

been reported. 

3.2  APP based epoxy systems 

The DMT, TG and curing analysis of TGDDM/APP, TGAP/APP and DGEBA/APP 

systems have been described in this section. The purpose of this investigation was to 

study the effect of propylene and pyridine moieties present in APP and PDD 

respectively towards curing and other thermo mechanical properties of PDD and APP 

cured epoxy systems. 

3.3  Sepiolite reinforced epoxy composites 

This section has been devoted to the sepiolite reinforced epoxy thermosets. The 

organically modified and unmodified sepiolite clays were used as reinforcement, 

while DGEBA/PDD system was employed as matrix material. The curing kinetics 

along with DMTA and TG analysis has also been made part of this section. 

3.1 PDD based epoxy systems 

DSC was used for kinetic studies of curing reaction of PDD with TGDDM, TGAP 

and DGEBA. Ternary systems were developed using the commercially available 

diamines along with PDD, and their thermal properties were investigated. The three 

neat systems for kinetics studies have been given below: 

3.1.1     TGDDM/PDD 

3.1.2     TGAP/PDD  

3.2.3     DGEBA/PDD 
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3.1.1 TGDDM/PDD system 

TGDDM was taken with PDD in stoichiometric ratio (1:1) for DSC studies. The 

sample preparation and the sample codes of these systems have been given in chapter 

2.  The curing reaction between TGDDM and PDD can be described as given in 

scheme 3.1.1. 

 

Scheme 3.1.1 Curing reaction between TGDDM and PDD 

3.1.1.1 Reactivity of PDD towards epoxy group 

The epoxy/amine reaction is a nucleophilic addition reaction and depends upon 

the nucleophilicity of diamine curing agent. The nucleophilic behavior of diamine is 

closely associated with its chemical structure
135

.  

It is well known that the sulphonic group present in DDS is electron withdrawing 

group and hence significantly decreases the nucleophilic character of –NH2 moiety 

present at para position through inductive (–I) and mesomeric effect (-M)
48

 ( Fig  

3.1.1). At the other hand methylene group in DDM has positive inductive effect which 

renders –NH2 group considerably more nucleophilic in comparison of DDS. 
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Figure 3.1.1 Mesomeric effect of sulphone group in DDS 

The pyridine moiety of PDD also has negative mesomeric (-M) effect due to 

which –NH2 group becomes possibly less nucleophilic than DDM but more than 

DDS. Fig 3.1.2 gives delocalization of electrons, resulting in the retardation of 

nucleophilic behavior of PDD.    

 

Figure 3.1.2 Resonance in PDD showing decrease in nucleophilicity of –NH2 

The 
1
H NMR chemical shift values of the -NH protons due to resonance can be 

used to predict the basicity of the amine. The protons of amino group at lower 

chemical shift value are associated with more basic character of amine and hence 

make it more reactive towards epoxy group
40

. Mustafa et al.
136

 and Varely et al.
86

 

reported the 
1
H NMR chemical shift values of –NH protons of DDS, PDD and DDM 

to be 6.00, 5.03 and 4.75 respectively.  

On the basis of these values it can be reasonably said that DDS exhibits least 

chemical reactivity in comparison to DDM and PDD while DDM behaves as more 

reactive diamine. It can be further inferred that PDD is neither more reactive as DDM 

nor less reactive as DDS but its reactivity falls in between DDS and DDM. In the light 

of above discussion the increasing reactivity order of these diamines towards 

TGDDM can be written as TGDDM /DDM > TGDDM /PDD > TGDDM /DDS. 
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3.1.1.2 Curing Kinetic 

DSC thermograms for the curing reaction of TGDDM/PDD system at 10, 15 and 

20 °C/min are shown in Fig 3.1.3. 

 

Figure 3.1.3 DSC curves of TGDDM/PDD as a function of temperature 

It was observed that the thermograms exhibited a single, relatively symmetrical 

peak at different heating rates. The characteristic curing temperatures such as initial 

curing temperature (Ti), peak curing temperature (Tp), and final curing temperature 

(Tf) moved at higher values with increase in the heating rate. The enthalpy of cure 

calculated from the area under the curve of each exotherm was found to be in the 

range 102.5–107.8 kJ/eq. These values are in good agreement with those reported in 

literature
137

.  

The characteristic curing temperature and activation energies have been tabulated 

in table 3.1.1. 

Table 3.1.1 Curing Characteristics of TGDDM/PDD system 

Heating rate  

(°C/min) 

Ti (°C) Tp  (°C) Tf  (°C) ∆H kJ/ee 

10 129.0 164.5 204.6 107.2 

15 140.4 174.8 173.8 107.8 

      20 147.9 182.8 213.7 102.5 
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The variation of fractional conversion (α) with the curing temperature for 

TGDDM/PDD (Fig 3.1.4) system showed that the copolymerization of TGDDM/PDD 

was autocatalytic processes and this behavior is due to the formation of –OH groups 

during the curing reaction as shown in Scheme 1.4.1
45

. 

 

Figure 3.1.4 Values of (α) vs. Temperature (TGDDM/PDD system) 

In order to check the invariability of the activation energy during the curing 

process, the activation energies at different values of fractional conversion (α) were 

determined by Friedman method (Equation 11).  

The plots between ln dα/dt and 1/T giving slope for calculation of activation 

energies have been depicted in Fig 3.1.5. The variation in activation energy as 

function of fractional conversion in the range of 0.2 ≤ α ≤ 0.8 has been shown in Fig 

3.1.6.  
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Figure 3.1.5 ln dα/dt vs 1/T of TGDDM/PDD 

 

Figure 3.1.6 Variation in Ea in the range of 0.2 ≤ α ≤ 0.8 
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The average activation energy of the TGDDM/PDD system was found to be 54.4 

kJ.mol
-1

 and this values remains almost constant throughout the fractional conversion 

between 0.2 ≤α ≤ 0.8. This trend shows that the isoconversional method can be 

applied to study the curing process of TGDDDM/PDD. With the help of activation 

energy of curing system, an appropriate kinetic model which best describes the 

process can be predicted.  

The y(α) and z (α) values of the TGDDM/PDD system were determined by using 

equation 14 and 15 respectively. The normalized values of y(α) and z (α) between 0 

and 1 were plotted as a  function of fractional conversion (α) and are shown in Fig 

3.1.7 and 3.1.8. It is evident from these figures that the values of the p


 (value of α 

corresponding to the maximum of y(α)) are less than 0.632 while M  (0, p ), for 

curing at 10,15 and 20 °C/min. These values have been tabulated in table 3.1.2. 

 

Figure 3.1.7 Variation of y (α) with respect to α of TGDDM/PDD system 
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Figure 3.1.8 Variation of z (α) with respect to α of TDDDM/PDD system 

Table 3.1.2 Values of M , p


 and p  of TGDDM/PDD 

Heating rate 

(°C/min) 

ap aM ap
∞
 

10 0.649 0.421 0.593 

15 0.547 0.401 0.553 

20 0.512 0.396 0.545 

The values given in table 3.1.2 suggest that Šesták–Berggren model SB(m,n)(see 

Fig 1.5.1) can be used to describe the curing reaction of TGDDM/PDD system. The 

pre-exponential factor (A) of this system was calculated by using equation 18.  The 

kinetic parameters of TGDDM/PDD have been described in table 3.1.3. 

Table 3.1.3 Kinetic parameters of curing of TGDDM/PDD system 

Heating rate 

°C/min 

Ea 

(kJ/mol)
 

ln A (S
-1

) Mean 

ln A  

m
 

Mean 

m 

n Mean 

n 

10  13.25  0.643  0.884  

15 54.1 13.37 13.36 0.935 0.863 1.398 0.941 

20  13.47  1.011  1.542  
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The correctness of proposed model was checked by using kinetic parameters 

presented in table 3.1.3 in equation 19.  The calculated and experimental rates of 

reaction of TGDDM/PDD were compared and found in close agreement as shown in 

Fig 3.1.9. 

 

Figure 3.1.9 Experimental and calculated DSC curves for TGDDM/PDD 

3.1.1.3 Dynamic thermo mechanical behaviour 

The DMTA curves for the TGDDM/PDD/DDM and TGDDM/PDD/DDS 

networks in the glass transition region are presented in Figures 3.1.10 and 3.1.11. The 

tan maximum associated with the glass transition and the area under the tan curve is 

often used as an indicator of the amount of energy loss caused by molecular 

movement 
138-139

. In general the maximum value of tan  decreases as PDD is 

replaced by DDM or DDS. Since the width at half-height is approximately the same 

for each system, this suggests that this behavior may be due to the more flexible 

backbone of the PDD unit (Fig 1.10.1). The variation of Tg with weight percent (wt 

%) of PDD has been depicted in Fig 3.1.12. 
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Figure 3.1.10 Tan δ of TGDDM cured with varying ratios of 

PDD and/or DDM 

 

Figure 3.1.11 Tan δ of TGDDM cured with varying ratios of 

PDD and/or DDS 

There have been a number of mathematical expressions relating the Tg to the 

molecular composition and crosslink density
140-144

, but the most general is that of Fox 

and Loshaek 
142

 for the effect on Tg due to changes in composition and crosslink 

density () for a series of related thermosets, and this is given by equation 23: 
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                                              23 

Where Tg(copol) is the glass transition temperature due to the polymer’s chemical 

composition and k is the effect on Tg due the difference in crosslink density (k being 

a constant). For fully cured networks formed from TGDDM and a blend of PDD with 

either DDM or DDS, the crosslink density varies linearly with the weight fraction of 

PDD (Fig 3.1.12), because the crosslink density is the moles of tri functional junctions 

per gram of polymer and this rises linearly with the wt% of each of the amines used. 

The variation of Tg(copol) on composition can be estimated by using the linear form 

(Equation 24) of the Tg equation for copolymers 
145-146

: 

                                           24   

Where wi is the weight fraction of monomer i and Tg(i) is the effective glass 

transition temperature of a polymer formed from monomer i. The combination of 

Equations (23) and (24) predicts that a linear relationship should be found between 

the Tg of the thermosets and their composition as the fraction of PDD is varied as is 

shown in Figure 3.1.12.  

 

Figure 3.1.12 Variation of Tg with increase in PDD content 
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Figure 3.1.12 shows that TGDDM/DDS has the highest Tg and TGDDM/PDD has 

the lowest. Based on their structures (Fig 1.10.1), the theoretical crosslink density (i.e. 

moles of tri functional junctions per unit mass)
147

 of the networks increases in the 

order: TGDDM/DDS > TGDDM/DDM > TGDDM/PDD, which is also consistent 

with the order of their Tg values. It is important to mention that the  higher polarity of 

the sulfone group in DDS increases an attracting force between polymer chains
148

. 

 Apart from the crosslink density, the Tg of a polymer network depends on the 

flexibility of the backbone chain and the strength of the  Vander Waals bonds 
149-150

 

between the polymer strands and these factors are represented in the term Tg(copol) in 

equation 24. Figures 1.2.1 and 1.10.1 show that the three amines have similar 

aromatic structures with methylene, sulfone or ether spacer units. DDS has a more 

inflexible backbone and a polar sulfone which should contribute to a higher Tg(copol) in 

TGDDM/DDS than the methylene unit from DDM in TGDDM/DDM. In contrast, the 

extra flexibility of the ether units in the PDD unit would be expected to give the 

TGDDM/PDD the lowest contribution to Tg(copol). This is in accord with the variation 

on Tg for the thermosets: TGDDM/DDS > TGDDM/DDM > TGDDM/PDD. 

 

Figure 3.1.13 Storage modulus for TGDDM cured with PDD and/or DDM 
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Figure 3.1.14 Storage modulus for TGDDM cured with PDD and/or DDS 

The modulus data in Figure 3.1.13 and 3.1.14 shows that all of these polymers 

have high temperature mechanical performance because their moduli remain above 1 

GPa well beyond 225 °C. It has also been observed that the storage modulus in the 

rubbery region has been increased with increase in the weight percent of DDM and 

DDS. This trend could be due to the increased crosslinking density with increase in 

DDM or DDS content in the formulations. 

3.1.1.4 Thermal Stability 

The weight loss during heating runs in TGA gives important insights into the 

oxidative or degradation mechanisms and thermal stability of polymers
151-153

. At the 

completion of the TGA experiment, the char residue can be used to assess the flame 

retardancy of these polymers because char formation decreases the flammability of 

the material 
154-155

. The TGA measurements of TGDDM/PDD/DDM and 

TGDDM/PDD/DDS were performed under argon atmosphere to evaluate the thermal 

resistance of the thermosets. The TGA thermograms have been shown in 

Figures3.1.15 and 3.1.16. The relative thermal stability of cured resin was evaluated 

by the initial decomposition temperature (IDT) which is defined as the temperature at 

which 5% weight loss occurs in an argon atmosphere 
27, 94

. The IDT for all 

formulation were found to be within the range from 330 to 380 °C which suggests that 
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some feature in the networks gives rise to early decomposition is common in all of the 

cured samples. 

Another index of thermal stability is the char residue at the end of the TGA trace 

under argon atmosphere and this was found to be larger for 

4GPDD100%/DDS0%(TGDDM/PDD) than any of the other systems. A related 

parameter to the char yield is the limiting oxygen index (LOI), which is the minimum 

concentration of oxygen, expressed as a percentage of the atmosphere, that will 

continue to support combustion of a polymer and is a useful measure of flammability 

156
. An estimate of the LOI can be made from the Char yield (CR) by applying the  

Van Krevelen and Hoftyzer equation (Equation 20)
105

. Table 3.1.4 lists the IDT, char 

yield and estimated LOI values of the samples investigated. 

Table 3.1.4 TGA parameters of TGDDM systems 

Sample IDT 

(°C) 

% char yield 

at 700 °C 

LOI 

(Calculated) 

4G/PDD 340 25 27.5 

     4G/DDS 380 21 25.5 

     4G/DDM 373 18 24.7 

 

Figure 3.1.15 TGA Thermograms of TGDDM/PDD/DDM under Argon 

atmosphere 
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Figure 3.1.16 TGA Thermograms of TGDDM/PDD/DDS under Argon 

atmosphere 

 

Lee
157

 proposed that one of the thermal decomposition mechanisms of cured 

epoxy resins proceeded via decomposition of the glycidyl ether unit of the network 

and this would be expected for the present polymers. The differential thermal 

gravimetric (DTG) curves of neat systems (containing only PDD, DDM and DDS) 

have been depicted in Figure 3.1.17. It was observed that the decomposition of 

TGDDM/DDS was a almost single stage process with a maximum rate near 390 °C, 

as is normally observed in cured epoxy resins 
157-158

, while TGDDM/DDM showed a 

major decomposition stage at the same temperature and a minor decomposition stage 

at 475 °C. In contrast, TGDDM/PDD and its copolymers exhibit three transitions with 

maximum decomposition rates near 390, 450 and 500 °C, indicating that the more 

complex structure of the PDD amine is responsible for this difference. Overall, the 

thermal resistance of polymers containing PDD appeared to be marginally superior. 

At the end of the TGA trace, the char residues at 700 °C under argon atmosphere for 

TGDDM/DDM, TGDDM/DDS and TGDDM/PDD were 33%, 35% and 37% 

respectively and the copolymers generally had intermediate levels of char residue. 

The slightly increased char yield with PDD can be related to the presence of the 

pyridine ring and thus the higher nitrogen content in the PDD polymers because 
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nitrogen containing monomers are considered to be inherently flame retardant for 

example, polymers containing melamine, maleimide and pyridine showed improved 

thermal stability and flame retardancy 
154, 159-160

. Based on their structures shown in 

Figures 1.9.1 and 1.2.1, the concentration of nitrogen in PDD, DDM and DDS are 9.7, 

9.3 and 7.6 mmole of nitrogen per gram which supports this explanation. In addition, 

it has been claimed that the heterocyclic pyridine moiety is relatively stable under an 

argon atmosphere and does not decompose but remains in the solid residue and thus is 

able to enhance char formation
161-163

. Furthermore Amin et al.
164

 reported that 2,7-

bis(4-N,N-diglycidyl amino phenoxy) naphthalene cured with DDS was thermally 

more stable than with DDM which also supports our results. The composition 

containing PDD showed higher LOI values than the other composition in which DDM 

and DDS were used as curing agents. 

 

Figure 3.1.17 DTG curves of TGDDM cured with PDD, DDM and DDS 
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3.1.2 TGAP/PDD system 

Kinetic study of the TGAP/PDD system by non isothermal DSC method has been 

described in this section. Moreover the blends of PDD, DDM and DDS in varying 

weight percent were used as curing agent to cure TGAP. The viscoelastic and thermal 

properties of cured resins have been described in this section. Scheme 3.1.2 depicts 

the curing reaction between TGAP and PDD. 

 

Scheme 3.1.2 Curing reaction of TGAP and PDD 

3.1.2.1 Curing Kinetic 

The DSC experiments were run in dynamic mode for curing studies of TGAP with 

PDD. The sample preparation has been described in chapter 2. 

Fig 3.1.18 and 3.1.19 represent the DSC curves and fractional conversion (α) as a 

function of temperature at 5, 10, 15 and 20 °C/min. 
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Figure 3.1.18 DSC curves of TGAP/PDD as a function of temperature 

 

Figure 3.1.19 Change in fractional conversion (α) vs. temperature for TGAP/PDD 

The information about Ti, Tp and Tf  along with enthalpy change of TGAP/PDD 

system has been provided in table 3.1.5. 
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Table 3.1.5 Curing Characteristics of TGAP/PDD system 

Heating rate  

(°C/min) 

Ti (°C) Tp (°C) Tf (°C) ∆H kJ/ee 

5 108.5 146.9 177.9 97.2 

10 120.9 155.4 190.9 95.6 

15 127.8 165.1 208.6 102.2 

20 132.9 171.9 218.4 100.0 

 

The energy of activation at different fractional conversions in the range of 0.2 ≤ α 

≤ 0.8 were calculated by previously mentioned Friedman method and are plotted as a 

function of fractional conversion (see Fig 3.1.20 and 3.1.21. 

 

 

Figure 3.1.20 Friedman plot for TGAP/PDD system 
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Figure 3.1.21 Variation in Ea in the range of 0.2 ≤ α ≤ 0.8 

The suitable kinetic model for the curing of TGAP/PDD was determined by 

converting DSC data into special functions y (α) and z (α). The plots of the 

normalized values of y (α) and z (α) between 0 and 1  as a function of fractional 

conversion have been depicted in Fig 3.1.22 and 3.1.23 respectively. 

 

Figure 3.1.22 y (α) as function of fractional conversion for TGAP/PDD system 
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Figure 3.1.23 z (α) as function of fractional conversion for TGAP/PDD system 

The values p


(maximum of z (α) and M (maximum of y (α) ) were obtained 

from these graphs and have been tabulated in table 3.1.6. These values suggest that 

the curing of TGAP/PDD can be best described by Šesták–Berggren (SBmn) kinetic 

model (see Fig 1.5.1). 

Table 3.1.6 Values of M , p


 and p  of TGAP/PDD 

Heating rate 

°C/min 

p  
M  p


 

5 0.65 0.33 0.49 

10 0.48 0.32 0.48 

15 0.45 0.32 0.46 

20 0.45 0.31 0.47 

 

The kinetic parameters such as ln A, m and n for TGAP/PDD system have been 

calculated by methods described for TGDDM/PDD system and have been shown in 

table 3.1.7. 
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Table 3.1.7 Kinetic parameters of TGAP/PDD systems 

Heating rate  

°C/min 

Ea   

(kJ/mol)
 

ln A  Mean

ln A  

m
 

Mean m n Mean n 

5  

55.27 

11.20  

11.30 

0.651  

0.71 

1.49  

1.56 
10 11.16 0.611 1.30 

15 11.46 0.82 1.76 

20 11.39 0.76 1.70 

 

The rate of reaction was calculated by applying values of different parameters given 

in table 3.1.7 in equation 19. Fig 3.1.24 represents experimental and calculated rate of 

reaction for TGAP/PDD system. The obtained curves showed that the calculated and 

experimental rate of reactions is in close agreement for the TGAP/PDD system. And 

thus it can be reasonably concluded that the curing of TGAP/PDD followed Šesták–

Berggren (SB(m,n)) autocatalytic kinetic model. 

 

Figure 3.1.24 Experimental (lines) and calculated (symbols) DSC curves for 

TGAP/PDD 

3.1.2.2 Dynamic thermo mechanical behaviour 

Epoxy amine thermosets were prepared by using TGAP with PDD and/or DDM and 

also with PDD and/or DDS in varying weight percent. The cured samples were used 

for DMT analysis. It was observed that the peak tan δ was moved to lower 
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temperature (Tg) as the wt % of PDD was increased in TGAP/PDD/DDM and 

TGAP/PDD/DDS systems(Fig 3.1.25 and 3.1.26). The variation of glass transition 

temperature (Tg) with PDD weight percent has been shown in Fig 3.1.27. The elastic 

modulus was found to sharply decrease in glass relaxation region for these systems 

(Fig 3.1.28 and 3.1.29).  

The variation of damping temperature and elastic modulus with the wt % of PDD 

suggests that the three dimensional network structure corresponding to formulation 

with different PDD/DDM and PDD/DDS ratio can be directly related to the amount of 

PDD in the curing agent
165

. The decreasing trend of glass transition temperature with 

increased PDD content (Fig 3.1.27) can be attributed to the more flexible backbone of 

the PDD as shown in Fig 1.10.1. 

As discussed earlier that different mathematical expressions including the one 

proposed by Fox and Loshaek (Equation 23 and 24) can be used to relate molecular 

composition and cross linking density with the glass transition temperature
141-143, 166

. 

 A linear relationship can be observed between crosslink density (i.e. moles of tri 

functional junctions per gram of polymer) and weight fraction of PDD for TGAP. 

According to Figure 3.1.27 the TGAP/DDS has the highest Tg while TGAPP/PDD 

has the lowest. This tendency can also be linked to the deviation in (theoretical) cross 

linking density based upon their structures (Fig 1.2.1 and 1.9.1), that changes in the 

order of TGAP/DDS > TGAP/DDM > TGAP/PDD. This trend is also in close 

agreement with the order of their Tg values. On the basis of the diamines structures it 

can be predicted that the flexibility in TGAP cured with these three diamines should 

be in the order of TGAP/DDS > TGAP/DDM >TGAP/PDD.  
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Figure 3.1.25 Tan δ of TGAP cured with of PDD and/or DDM 

 

 

Figure 3.1.26 Tan δ of TGAP cured with of PDD and/or DDS 
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Figure 3.1.27 Variation of Tg with increase in PDD content 

 

 

Figure 3.1.28 Storage modulus of TGAP cured with PDD and/or DDM 
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Figure 3.1.29 Storage modulus of TGAP PDD and/or DDS 

3.1.2.3 Thermal Stability 

The cured thermosets were subjected to the thermal gravimetric analysis (TGA) in 

order to analyze the thermal properties of each sample and for determination of upper 

limit temperature. The results have been shown in table 3.1.8 and TGA curves of 

cured TGAP with PDD/DDM and PDD/DDS in argon environment are shown in Fig 

3.1.30 and Fig 3.1.31respectively. The DTG curves of neat system (3G/PDD, 

3G/DDM, 3G/DDS) have been presented in Fig 3.1.32. It was observed that 

TGAP/DDM and TGAP/DDS showed considerable mass loss between 373-450 °C 

and 380-450 °C respectively through one step degradation followed by substantial 

decrease in rate of degradation after 450 °C.  

Table 3.1.8 TGA parameters of TGAP systems 

Sample IDT 

(°C) 

% char yield 

at 700 °C 

LOI 

(Calculated) 

             3G/PDD 370.95 37.54 32.20 

3G/DDM 350.89 31.79 30.21 

3G/DDS 388.24 34.65 31.76 

 

In TGAP/PDD system the presence of pyridine containing diammine was 

indicated by, two step degradation processes; i.e. 340 to 424 °C and then from 454 to 
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475 °C furthermore the decrease in initial decomposition temperature (IDT, 

temperature at which 5% weight loss occurs
27

) and increased char yield % also 

showed the effect of pyridine moiety in the backbone of TGAP/PDD system. The IDT 

for all formulation were found to be increased for TGAP/PDD/DDS system while a 

decrease was observed in TGAP/PDD/DDM (see Table 3.1.8).The char yield at the 

end of the TG curve under argon atmosphere (Table 3.1.8) was found to be higher for 

3G/PDD than any of the other systems. The LOI calculated by using Van and Hftyzer 

method
105

(equation 22), and were reported in table 3.1.8.It was found that 3G/PDD 

system has comparatively high estimated LOI value.  

The small increase in char yield with PDD can be associated to the existence of 

the pyridine ring and thus the higher nitrogen content in the PDD polymers because 

nitrogen containing monomers are considered to be inherently flame retardant. 

 

Figure 3.1.30 TG curves of TGAP/PDD/DDM under argon 
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Figure 3.1.31 TG curves of TGAP/PDD/DDS under argon 

 

Figure 3.1.32 DTG plots of TGAP cured with PDD, DDM or DDS 
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3.1.3 DGEBA/PDD system 

In this section, the kinetic studies of a diepoxide i.e. DGEBA with PDD has been 

described. The DMT and TG analysis of DGEBA cured with mixture of PDD / DDM 

and PDD / DDS have been made part of the discussion. The sample preparation has 

been mentioned in chapter 2. The curing reaction between DGEBA and PDD has been 

depicted in scheme 3.1.3. 

 

Scheme 3.1.3 Curing reaction of DGEBA and PDD 

3.1.3.1 Curing Kinetic 

The structural effect of PDD towards curing kinetics of DGEBA was investigated 

by dynamic DSC method. The chemical reactions between curing agent and reactive 

oxirane groups were shown by broad exotherms for all samples. A single DSC 

exotherm regardless of the heating rate suggested that the curing of the DGEBA/PDD 

system could be one step process
167

. These exotherms get broadened with the increase 

in heating rates and can be characterized by initial curing temperature (Ti), peak 

curing temperature (Tp) and final curing temperature (Tf). The enthalpy change (∆H) 

of curing reactions was determined by integrating the area under the curve of these 

exotherms.  
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Figure 3.1.33 DSC curves of DGEBA/PDD as a function of temperature 

The values of Ti, Tp and Tf along with enthalpy change of DGEBA/PDD system 

have been cited in table 3.1.9 whereas Fig 3.1.33 represents the DSC curves at 5, 10, 

15 and 20 °C/min. The diagnostic curing temperatures were found to be increased 

with increase in heating rates as expected. 

Table 3.1.9 Curing Characteristics of DGEBA/PDD system 

Heating rate  

(°C/min) 

Ti (°C) Tp (°C) Tf (°C) ∆H 

(kJ/ee) 

5 91.1 140.7 185.2 92.8 

10 111.5 160.0 204.5 89.6 

15 119.6 170.5 222.5 93.3 

20 125.4 176.4 231.7 91.0 

 

The detailed discussion about the reactivity of diamine towards epoxy groups, and 

reactivity order has already been described in section 3.1.1. Similar trend was also 

observed for DGEBA diamine curing. There is another tool to establish the reactive 

nature of diamines in curing process; the curing temperature 
168

. More reactive 

diamines cure at low temperature while less reactive diamines need high temperature 

for curing. Costa et.al reported the peak curing temperature (Tp) for  DGEBA/DDM 

and DGEBA/DDS at 157 °C and 226 °C respectively at a rate 10 °C/min
38

. Similar 

results were also reported by Chaun et al.
48

 and Rusell et.al
86

. In the present studies 



 

77 

 

the peak curing temperature of DGEBA/PDD system was found to be 160 °C at 10 

°C/min. On the basis of these temperatures, and the chemical structure of different 

diamines (Fig 1.2.1 and 1.10.1) the reactivity order of various DGEBA systems is as 

DGEBA/DDM >DGEBA/PDD> DGEBA/DDS. 

The variation of fractional conversion (α) as a function of temperature has been 

depicted in Fig 3.1.34, which shows that the copolymerization of DGEBA/PDD was 

autocatalytic processes and this behavior could be attributed to the formation of –OH 

groups during the curing reaction as shown in Scheme1.4.1
45

. 

 

Figure 3.1.34 Fractional conversion (α) vs. temperature for DGEBA/PDD system 

The activation energies of DGEBA/PDD system calculated between intervals 0.2 

≤  ≤ 0.8through Friedman method (equation 11) have been shown in Fig 3.1.35. As 

it can be seen (Fig 3.1.36) that the activation energy remains almost constant in the 

range ≈ 51.3 to 52.3 kJmol
-1 

between intervals 0.2 ≤α ≤ 0.8. The kinetic curves at 

different heating rates and constant values of activation energy throughout the curing 

process rendered the curing of DGEBA/PDD as autocatalytic process.  
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Figure 3.1.35 Ea of DGEBA/PDD in the interval of 0.2 ≤ α ≤ 0.8 

 

Figure 3.1.36 Variation in Ea in the range of 0.2 ≤ α ≤ 0.8 
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The special functions y (α) and z (α) were determined and normalized between 

0,1. Fig 3.1.37 and 3.1.38 represent the values of y (α) and z (α) of DGEBA/PDD as 

function of fractional conversion (α).  

The M , p


 and p values for DGEBA/PDD system obtained from y (α) and 

z(α) have been described in table 3.1.10 

Table 3.1.10 Values of M , p


 and p  of DGEBA/PDD 

Heating rate 

°C/min 

p  
M  p


 

5 0.52 0.278 0.56 

10 0.55 0.285 0.57 

15 0.55 0.300 0.59 

20 0.54 0.276 0.57 

It is evident from the values of M , p


 and p that Šesták–Berggren (SB(m,n)) 

model can best describe the curing reaction of DGEBA/PDD system. Table 3.1.11 

gives the kinetic parameters obtained for curing of DGEBA/PDD system.  

Table 3.1.11 Kinetic parameters of curing of DGEBA/PDD system 

Heating rate  

°C/min 

Ea   

(kJ/mol)
 

ln A  Mean ln A  m
 

Mean 

m 

n Mean n 

5  9.91  

9.715 

 

 

0.461  

0.417 

1.190  

1.05 10 51.7 9.71 0.407 1.020 

15  9.59 0.419 0.981 

20  9.65 0.381 1.002 
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Figure 3.1.37 Variation of y (α) with respect to α of DGEBA/PDD system 

 

 

Figure 3.1.38 Variation of z (α) with respect to α of DGEBA/PDD system 

The suitability of the kinetic model was also established by plotting the 

experimental and calculated dα/dt versus temperature as shown in Fig 3.1.39. The 
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calculated curve was obtained by using the calculated kinetic parameters (Table 

3.1.11) in equation 19. The experimental and calculated curves were found to be in 

close agreement. 

 

Figure 3.1.39 Rate of curing (DGEBA/PDD) experimental (lines) and calculated 

(symbols) 

3.1.3.2 Dynamic thermo mechanical behaviour 

The relationship between network structure and glass transition temperatures (Tg) 

of DGEBA/PDD system obtained by combination of PDD, DDM and DDS in varying 

ratio was investigated by DMTA. The sample preparation has already been described 

in chapter 2.  The glass transition temperature (Tg) was found to vary as a function of 

PDD content. This variation has been described in Fig 3.1.40 and 3.1.41. 

The long range segmental motion (alpha relaxation) depends upon the 

crosslinking density and crosslinking functionalities
169

. 
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Figure 3.1.40 Tan δ of DGEBA epoxy resin cured with PDD and / or DDM 

 

Figure 3.1.41 Tan δ of DGEBA epoxy resin cured with of PDD and/or DDS 

Similar trend of tan δ was observed for DGEBA/PDD system as was observed for 

TGDDM/PDD and TGAP/PDD. It was expected that the maximum value of 

tanwould shift to the lower temperature with the increase of PDD content in the 
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epoxy. The decreasing trend of glass transition temperature with increased PDD 

content (Fig 3.1.42) was attributed to the flexible backbone of the PDD. 

According to Figure 3.1.42the glass transition temperature varies in the order of 

DGEBA/DDS > DGEBA/DDM > DGEBA/PDD. On the basis of this trend 

DGEBA/PDD system is expected to have the least Tg(copol) whereas DGEBA/DDS the 

highest contribution to Tg(copol).  

 

Figure 3.1.42 Variation of Tg with increase in PDD content 

Fig 3.1.43 and 3.1.44 represent the log of storage modulus as a function of 

temperature. For DGEBA/PDD or DDM In glassy region no effect was observed. 

However the variation in cross linking density affects the rubbery region and glass 

transition temperature.  
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Figure 3.1.43 Storage modulus of DGEBA cured with PDD and/or DDM 

 

 

Figure 3.1.44 Storage modulus of DGEBA cured with PDD and/or DDS 
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3.1.3.3 Thermal Stability 

The thermal gravimetric analysis (TGA) of cured resins was carried out to have 

insight about thermal properties of each sample. The TG curves for 

DGEBA/PDD/DDM and DGEBA/PDD/DDS systems have been given in Fig 3.1.45 

and 3.1.46 respectively.   

The DTG curves of neat systems have been presented in Fig 3.1.47, which showed 

that DGEBA/DDM and DGEBA/DDS underwent considerable mass loss between 

373-450 °C and 380-450 °C respectively through one step degradation followed by a 

substantial decrease in rate of degradation after 450 °C.  

 

Table 3.1.12 TGA parameters of DGEBA systems 

Sample IDT 

(°C) 

% char yield 

at 700 °C 

LOI 

(Calculated) 

2G/PDD 340 25 27.5 

2G/DDS 380 21 25.5 

2G DDM 373 18 24.7 

 

In DGEBA/PDD system the presence of pyridine containing diamine was 

observed by, two step degradation processes; i.e. 340 to 378 °C and then from 378 to 

450 °C furthermore the decrease in initial decomposition temperature (IDT, 

temperature at which 5% weight loss occurs)
27

and increased % char yield also showed 

the effect of pyridine moiety in the backbone of DGEBA/PDD system. The IDT for 

all the formulations were found to be increased with a decrease in PDD content (see 

table 3.1.12)and this can be due to the rigid structures 
24

 of DGEBA/DDS or 

DGEBA/DDM systems while DGEBA/PDD does not render rigid structure and hence 

decomposed earlier.  

The char residue at 700 °C were found to be 25, 21 and 18% for DGEBA/PDD, 

DGEBA/DDS, and DGEBA/DDM respectively and the copolymers generally had 

intermediate levels of char residue. The small increase in char yield with PDD can be 

associated to the existence of the pyridine ring and thus the higher nitrogen content in 

the PDD polymers because nitrogen containing monomers are considered to be 

inherently flame retardant
20

. 



 

86 

 

 

Figure 3.1.45 TG curves for DGEBA/PDD/DDM under argon 

 

 

Figure 3.1.46 TG curves for DGEBA/PDD/DDS under argon 
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Figure 3.1.47 DTG plot of DGEBA cured with PDD, DDM or DDS 
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3.2 APP based epoxy systems 

The ongoing section deals with the curing, and viscoelastic behavior along with 

thermal properties of the following APP based epoxy systems. 

3.2.1 TGDDM/APP 

3.2.2 TGAP/APP 

3.2.3 DGEBA/APP 

3.2.1 TGDDM/APP system 

Tetraglycidyl diamine diphenyl methane (TGDDM) was cured with APP and 

various properties including curing kinetics, thermo mechanical behavior and thermal 

stability of cured thermosets have been investigated.  

3.2.1.1 Reactivity of APP towards epoxy group 

As has been mentioned earlier, that the epoxy/amine reactions are nucleophilic 

addition reactions and depend upon the nucleophilicity of diamine curing agents. The 

nucleophilic behavior of diamine is closely associated with the chemical structure of 

diamine
135

.  

It is evident from Fig 3.2.1that –NH2 group of APP is more nucleophilic due to 

the positive mesomeric (+M) effect of ether linkage present at position as compared to 

PDD, DDM and DDS. 

 

 

Figure 3.2.1 Mesomeric effect of APP 

Similarly it has also been stated that the basicity of diamine can be predicted by 

1
H NMR chemical shift values of the -NH protons. The lower chemical shift value 

renders more basic character of amine and hence makes it more reactive towards 

epoxy group
40

. The 
1
H NMR chemical shift values of –NH protons of APP were 

found to be 4.59 ppm. This is the least chemical shift among DDS, PDD and DDM 

and APP. Hence, on the basis of chemical structure and chemical shift values, it can 

be plausibly said that the epoxy/APP reactions is the most reactive in nature in 

comparison with epoxy/DDM, epoxy/PDD and epoxy/DDS systems. 
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3.2.1.2 Curing Kinetics 

The dynamic DSC experiments were employed for curing studies of 

TGDDM/APP system. The heating rates for curing were 5, 10, 15 and 20 °C/min. 

DSC thermograms have been illustrated in Fig 3.2.2.While characteristics 

temperatures and enthalpy of the reactions have been shown in table 3.2.1.  

 

Figure 3.2.2 DSC thermograms of TGDDM/APP system 

It was observed that the thermograms exhibited a single, relatively symmetrical 

peak which is consistent with a relatively simple reaction process. The enthalpy of 

cure was found to be in the range 100-106.3 kJ/ee for scanning rates of 10, 15, 20 

°C/min. 

Table  3.2.1 Curing Characteristics of TGDDM/APP system 

Heating rate  

(°C/min) 

Ti (°C) Tp (°C) Tf (°C) ∆H kJ/ee 

5 128.2 150.78 168.3 101.6 

10 142.2 167.47 189.6 106.3 

15 151.3 178.11 200.6 104.1 

20 161.6 187.35 212.8 100.2 

 

The curing temperatures i.e. Ti, Tp and Tf of the TGDDM/APP system were found 

in good agreement with the temperatures of similar system
170

. It was further observed 
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that these temperatures are less than those recorded for TGDDM/PDD system (see 

Table 3.1.1). This trend also suggests that the chemical reactivity of APP towards 

TGDDM is higher than PDD. Fig 3.2.3 shows the variation of fractional conversion 

(α) as a function of temperature. The variation of fraction conversion (α) with the 

curing temperature for TGDDM/APP system showed that the copolymerization of 

TGDDM/APP was autocatalytic process and this behavior is due to the formation of –

OH groups during the curing reaction as shown in Scheme1.4.1
45

. 

 

Figure 3.2.3 Fractional conversion as a function of temperature for TGDDM/APP 

 

Figure 3.2.4 Friedman plots for TGDDM/APP 
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Figure 3.2.5 Variation of activation energy as a function of Fractional conversion 

The activation energies at different values of fractional conversion were 

determined by Friedman method (Equation 11). The plots between ln dα/dt and 1/T 

giving slope for calculation of activation energy have been depicted in Fig 3.2.4. The 

variation in activation energy as function of fractional conversion in the range of 0.2 ≤ 

α ≤ 0.8 has been shown in Fig 3.2.5. The average activation energy of the 

TGDDM/APP system was found to be 45.24 kJ.mol
-1

. The activation energy remains 

almost constant between 0.2 ≤ α ≥ 0.8.  

With the help of activation energies calculated by Friedman method an 

appropriate kinetic model which best describes the curing process can be predicted. 

With the help of DSC data shown in Fig 3.2.2, the special factions y (α) and z (α) 

were determined. The normalized values of these functions between 0 and 1 have 

been plotted as a function of fractional conversion (α) and represented as Fig 3.2.6 

and 3.2.7 respectively. 



 

92 

 

 

Figure 3.2.6 y (α) plots for TGDDM/APP system 

 

Figure3.2.7 z (α) plots for TGDDM/APP system 

It was observed that these functions are independent of heating rates. The values 

M , p and p


 were obtained from these functions and DSC curves and given in 

Table 3.2.2. 
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Table  3.2.2 Values of M , p


 and p  of TGDDM/APP 

Heating rate 

°C/min 

p  
M  p


 

5 0.579 0.495 0.580 

10 0.543 0.473 0.558 

15 0.546 0.458 0.545 

20 0.504 0.439 0.519 

 

With the help of scheme given in Fig 1.5.1 and the values given in table 3.2.2 an 

appropriate kinetic model was predicted. The autocatalytic Šesták–Berggren (SB(m,n)) 

kinetic model was found suitable  for the curing process of TGDDM/APP. 

Table 3.2.3  Kinetic parameters of TGDDM/APP at different curing rates 

Heating rate  

°C/min 

Ea   

(kJ/mol)
 

ln A  Mean

ln A  

m
 

Mean 

m 

n Mean 

n 

5  

 

45.24 

8.97  

 

8.74 

 

1.271  

 

1.054 

 

1.297  

 

1.2015 

 

10 8.67 1.006 1.122 

15 8.68 0.992 1.175 

20 8.67 0.947 1.212 

 

The reliability of the proposed model was checked by comparing experimental 

data (symbols) and calculated (lines) curves (Fig 3.2.8). The calculated curves were 

determined by applying kinetic parameters mentioned in table 3.2.3 in equation 19. 

The calculated and experimental rate of reaction were found in close agreement. 
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Figure 3.2.8 Curing rate of (TGDDM/APP) experimental (lines) and calculated 

(symbols) 

3.2.1.3 Dynamic thermo mechanical behaviour 

The thermo mechanical behavior of TGDDM/APP system was done by DMT 

analysis and compared with TGDDM/PDD system. The tan δ and storage modulus 

curves of these systems are presented in Fig 3.2.9 and 3.2.10 respectively. The 

temperature corresponding to the maximum Tan δ value (Tg) was noted to be 231.7 

°C and 250.4 °C for TGDDM/APP and TGDDM/PDD respectively. It is evident from 

the structures of APP and PDD (Fig 1.10.1) that APP has more flexible backbone as 

compared to PDD.  On the basis of the flexibility it is quite expected that 

TGDDM/APP system exhibits low glass transition temperature as compared to 

TGDDM/PDD. 
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Figure 3.2.9 Comparison of Tan δ for TGDDM/APP and TGDDM/PDD 

 

Figure3.2.10 Storage modulus of TGDDM/APP and TGDDM/APP 

The temperature above Tg was taken as rubbery modulus (E’Rub)
171

. It was 

observed that the E’ (Rub) for TGDDM/APP system is low as compared to the 

TGDDM/PDD system. This trend is expected due to low cross linking density of 

TGDDM/APP as compared to the TGDDM/PDD. The modulus data shown in Fig 
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3.2.10 shows that both of these systems have high temperature mechanical 

performance because their modulii remain above 1 GPa  

3.2.1.4 Thermal Stability 

The thermal stability of TGDDM/APP was studied with TG analysis and 

compared with the TGDDM/PDD system. Figs 3.2.11and 3.2.12 represent the TG and 

DTG curves of these systems under argon environment. 

 

 

Figure 3.2.11 TGA thermograms of TGDDM/APP and TGDDM/PDD (argon) 
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Figure 3.2.12 DTG curves of TGDDM/APP and TGDDM/PDD system 

The initial decomposition temperature (IDT) for TGDDM/APP and 

TGDDM/PDD were found to be 319 °C and 375 °C recpectively. On the basis of 

these values it can be said that the TGDDM/APP is thermally less stable then its PDD 

counter part. The temperature at 50% weight loss (T50%) can be used to predict the 

heat degradation resistant of the samples
172

. The T50% values were found to be 435 °C 

and 508.4 °C for TGDDM/APP and TGDDM/PDD respectively. These values 

suggusts that due to heterocyclic (pyridine) TGDDM/PDD is more heat resisant then 

TGDDM/APP.  

The % char for TGDDM/APP was found to be 21.79 and for TGDDM/PDD it was 

38.8 at 700 °C, these values further validate that the TGDDM/APP is less stable in 

comparision with TGDDM/PDD. 
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3.2.2 TGAP/APP system 

This section explains the curing of TGAP with APP and also the DMT and TG 

analysis of the fully cured thermosets.  

3.2.2.1 Curing Kinetics 

The curing process of TGAP and APP was studied by DSC at various heating 

rates. Fig3.2.13 represents the DSC thermograms at 5, 10, 15 and 20 °C/min. The 

variation of fractional conversion as a function of temperature as been depicted in Fig 

3.2.14. 

 

Figure 3.2.13 DSC curves of TGAP/APP as a function of temperature 

The characteristic curing temperatures obtained from DSC including enthalpy of the 

reaction obtained from the area under the curves has been given in table 3.2.4. 

Table 3.2.4 DSC  parameters  TGAP/APP system 

Heating rate  

(°C/min) 

Ti (°C) Tp (°C) Tf (°C) ∆H kJ/ee 

5 97.16 131.98 162.3 98.8 

10 109.9 147.50 183.5 111.6 

15 116.6 157.53 195.7 108.5 

20 122.7 165.74 206.7 108.6 
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Figure 3.2.14 Variation of the fractional conversion as a function of temperature 

The activation energies of the system between 0.2 ≤ α ≤ 0.8 were calculated by 

using previously mentioned isconversional Friedman method. Fig 3.2.15 and 3.2.16 

show the Friedman plots and the variation of activation energy respectively. The 

mean value was found to be 45.88 kJ/mol. 

 

Figure 3.2.15 Friedman plots for TGAP/APP system 
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Figure 3.2.16 Variation of activation energy as a function of fractional conversion 

in the range of 0.2 ≤α≤ 0.8 

 

With the help of DSC data and the mean activation energy the y (α) and z (α) 

functions were determined and plotted as a function of fractional conversion. Fig 

3.2.17 and 3.2.18 depict these functions plotted as a function fractional conversion. 

The values of p , M and p


were determined and given in table 3.2.5.These values 

suggest that the curing reaction of TGAP/APP follows Šesták–Berggren (SB(m,n)) 

kinetic model ( see Fig 1.5.1). 

Table 3.2.5 Values of p M p


 for TGAP/APP system 

Heating rate 

°C/min 

p  
M  p


 

5 0.546 0.347 0.566 

10 0.520 0.342 0.517 

15 0.521 0.327 0.534 

20 0.504 0.327 0.529 
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Figure 3.2.17 y (α) vs. fractional conversion (α) 

 

 

Figure 3.2.18 z (α) vs. fractional conversion (α) 

 

The kinetic parameters determined with the help of the values given in table 3.2.5 

have been tabulated in table 3.2.6 
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Table 3.2.6 Kinetics parameters for TGAP/APP system 

Heating rate  

°C/min 

Ea   

(kJ/mol)
 

ln A  Mean 

ln A  

m
 

Mean 

m 

n Mean 

n 

5  8.47  

   8.595 

 

0.48  

  0.542 

0.909  

1.08 10    45.88 8.62 0.56 1.092 

15  8.64 0.54 1.117 

20  8.65 0.59 1.234 

 

The values mentioned in table 3.2.6 have been utilized to calculate the rate of 

reaction of by applying equation19. The validity of the proposed kinetic model was 

checked by comparing theoretical and experimental rate of reactions (Fig 3.2.19). The 

theoretical and experimental values were found in close agreement. 

 

Figure 3.2.19 dα/dt of TGAP/APP experimental (lines) and calculated (symbols) 

3.2.2.2 Dynamic thermo mechanical behaviour 

The thermo mechanical properties of TGAP/APP system were studied by using 

DMT analysis and compared with TGAP/PDD system. The maximum tan δ was 

observed to be 193.5 °C and 243.8 °C for TGAP/APP and TGAP/PDD system. The 

trend is similar as was observed for TGDDM/APP and TGDDM/PDD. The reason 

can be the more flexible nature of APP as compared to rigid structure of PDD.  
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Figure 3.2.20 Tan δ curves of TGAP/APP and TGAP/PDD system 

The storage modulus (Fig 3.2.21) in glassy region was found to be higher for 

TGAP/PDD in comparison with TGAP/APP system however both of these systems 

have high temperature mechanical performance because their modulii remain above 1 

GPa. 

 

Figure 3.2.21 Storage modulus of TGAP/APP and TGAP/PDD systems 

3.2.2.3 Thermal Stability 

The thermal stability of TGAP/APP system was studied by TGA under argon, and 

compared with the PDD cured TGAP system. Figs 3.2.22 and 3.2.23 represent the TG 

and DTG curves of TGAP/APP and TGAP/PDD systems. 
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The IDT for TGAP/APP and TGAP/PDD were found to be  349 °C and 370 °C 

recpectively. these values suggests that the TGAP/APP is thermally less stable then 

TGAP/PDD. The T50%  values were found to be  421 °C and 486 °C for TGAP/APP 

and TGAP/PDD respectively. These values suggusts that TGAP/PDD is more heat 

resisant then TGAP/APP. The % char for TGAP/APP was found to be 27 and for 

TGAP/PDD it was 37.54 at 700 °C, these values suggest that the TGAP/APP is less 

stable in comparision with TGAP/PDD. 

 

Figure 3.2.22 TG thermograms of TGAP/APP and TGAP/PDD 

 

 
Figure  3.2.23 DTG curves of TGAP/APP and TGAP/PDD systems 
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3.2.3 DGEBA/APP system 

The following section deals with the curing analysis of DGEBA cured with APP, 

moreover the DMTA and TG analysis of cured samples have also been focused. 

3.2.3.1 Curing Kinetics 

The curing of DGEBA with APP has been done in DSC instrument. The resin and 

curing agent were taken in stoichiometric amount. The non isothermal DSC 

experiments were carried out at 3,10 and 15 °C/min. The DSC thermograms and 

fractional conversion as a function of temperature have been mentioned in Fig 3.2.24 

and 3.2.25 respectively. The Ti, Tp, Tf and enthalpy of the reaction have been 

tabulated in table 3.2.7. 

 

Figure 3.2.24 DSC thermograms of DGAB/APP system 

 

Table 3.2.7 DSC parameters of DGEBA/APP system 

Heating rate  

(°C/min) 

Ti (°C) Tp (°C) Tf (°C) ∆H kJ/ee 

3 63.94 113.62 159.9 92.8 

10 90.01 144.78 196.7 97.1 

15 96.66 154.92 210.0 99.6 
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Figure 3.2.25  Fractional conversion as a function of Temperature 

The calculation of energy of activation at 0.2 ≤ α ≥ 0.8 was carried out with the help 

of Friedman method. The Friedman graphs and the trend of activation energy have 

been given in Fig 3.2.26 and 3.2.27 respectively. The average value of the curing 

process was 47.43kJ/mol.  

The kinetic model was predicted and confirmed by using experimental and 

calculated curves showing the rate of curing process. The y (α) and z (α) values were 

calculated and have been reported in form of graph depicted in Fig 3.2.28 and 3.2.29 

restively. The maximum of y (α) and z (α) were found from these graphs while the 

values of p


 were determined form DSC curves and tabulated in table 3.2.8.  
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Figure 3.2.26 Friedman plots in the range of 0.2≤ α ≥ 0.8 

 

 

Figure 3.2.27  Variation of energy of activation in the range of 0.2≤ α ≥ 0.8 for 

DGEBA/APP system 
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Figure 3.2.28 y (α) values as a function of fractional conversion for DGEBA/APP 

 

Figure 3.2.29 z (a) values as a function of fractional conversion for DGEBA/APP 

Table 3.2.8 Values of p M p


at different curing rates 

Heating rate 

°C/min 

p  
M  p


 

3 0.537 0.193 0.592 

10 0.531 0.194 0.560 

15 0.500 0.199 0.534 
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The kinetics parameters were calculated by y (α) and z (α) and tabulated in table 

3.2.9. These kinetic parameters were used to find the simulated curves for 

DGEBA/APP and compared with the experimental curves. Fig 3.2.29 represents the 

experimental and calculated curves. The concurrences between calculated and 

experimental curves were found which suggests that the DGEBA/APP system follows 

Sesteik Bragran autocatalytic model.  

Table 3.2.9 Kinetic parameters for DGABA/APP system 

Heating rate 

 °C/min 

Ea   

(kJ/mol)
 

ln A  Mean

ln A  

m
 

Mean 

m 

n Mean 

n 

3  8.68  

8.67 

0.278  

0.276 

1.164  

1.13 10 47.43 8.65 0.254 1.043 

15  8.70 0.296 1.197 

 

 

Figure 3.2.30 dα/dt of DGEBA/APP experimental (line) and calculated (symbols) 

3.2.3.2 Dynamic thermo mechanical behaviour 

The Thermo mechanical response of DGEBA/APP system was studied with DMT 

analysis and compared with DGEBA/PDD system. The maximum tan δ was observed 

to be 130 °C and 166.6 °C for DGEBA/APP and DGEBA/PDD system respectively 



 

110 

 

(Fig 3.2.31). The trend is similar as was observed for TGDDM/APP and 

TGDDM/PDD. The reason can be the more flexible nature of APP in comparison 

with PDD. The temperature above Tg was taken as rubbery modulus (E’Rub)
171

. It was 

observed that the E’(Rub) for DGEBA/APP system is low as compared to the 

DGEBA/PDD system (Fig 3.2.32). This trend is expected due to low cross linking 

density of DGEBA/APP as compared to the DGEBA/PDD.  

 

Figure 3.2.31Tan δ curves of DGEBA/APP and DGEBA/PDD system 

 

 

Figure 3.2.32 Storage modulus for DGEBA/APP and DGEBA/PDD system 
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3.2.3.3 Thermal Stability 

The thermal stability of the DGEBA/APP was studied by TG analysis under argon 

and compared with the PDD cured DGEBA system. Figs 3.2.33 and 3.2.34 represent 

the TG and DTG curves of these systems. 

 

Figure 3.2.33 TG thermograms of DGEBA/APP and DGEBA/PDD 

 

Figure 3.2.34 DTG curves of 2G/APP and 2G/PDD 
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The IDT (T5%) for DGEBA/APP and DGEBA/PDD were found to be  349.5 °C. 

However the T50%  values were found to be  400 °C and 412 °C for DGEBA/APP 

and DGEBA/PDD respectively. These values suggusts that DGEBA/PDD is lightly 

more heat resisant then DGEBA/APP. The % char for TGAP/APP was found to be 25 

and for TGAP/PDD it was 18.7 at 700 °C, these values suggest that the DGEBA/APP 

is less stable in comparision with DGEBA/PDD. 
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3.3 Sepiolite based polymer nano composites 

During the past few years, a considerable attention has been drawn towards polymer/ 

clay nano composites
173-175

.  The problem usually encountered during synthesis of 

these materials is the hydrophilicity of clay and also strong interaction between clay 

layers. Because of this issue a good dispersion of clay particle in polymer cannot be 

achieved. However Sepiolite clay with their needle like morphology provides better 

processing advantage due to its better wet ability by non polar polymers
176

. The 

dispersion of sepiolite is further supported by its high surface area (384 ± 7 m
2
/g), and 

lower contact area between the layers
177

. The compatibility of sepiolite with polymers 

can be enhanced by its surface modification using some organic surfactants
178

. 

Organically modified sepiolite has low surface energy due to which they become 

miscible in organic matrix material of composites.  

3.3.1 Sepiolite based DGEBA nano composites 

The DGEBA system was reported to be good enough for exfoliation in 

comparison with its multifunctional counterparts such as TGAP and TGDDM
179

. 

Thus it was decided to use DGEBA/PDD system for the preparation of sepiolite nano-

composites. The following sections describe the development, curing kinetics, 

thermo-mechanical and thermal behaviour of sepiolite based DGEBA/PDD nano 

composites.  

3.3.2 Surface modification of sepiolite 

The synthesis of organically modified sepiolite was done by using a reported 

procedure
110

. The purification of sepiolite was first carried out, followed by its 

reaction with APTMS. The details of the procedure have been described in chapter 2. 

The sample codes with their composition are given in table 3.3.1. 

Table 3.3.1 Sepiolite reinforced DGEBA/PDD system 

Code Epoxy Curing agent Sepiolite (3%) 

PMS DGEBA PDD Modified 

PUS DGEBA PDD Unmodified 
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The surface modification was confirmed by FTIR spectroscopy. Fig 3.3.1 depicts 

the FTIR spectrum of organically modified sepiolite (MS) compared with unmodified 

sepiolite (US). 

There are various types of water molecules present in sepiolite which can be 

indicated by characteristic –OH bands in the range of 3700-3300 cm
-
(O–H stretching 

vibration of the coordinated water at 3611 and 3539 cm−1; zeolite water ∼3369 and 

3269 cm−1; H–O–H of coordinated water 1653 cm−1) while Si-O-Si stretching was 

observed at 1208, 1008, 975 cm
-1

. The surface modification (scheme 1.10.3) 

incorporates -NH2(CH2)3Si– unit to the sepiolite which was confirmed by additional –

CH2- stretching appearing at  2930 and 2855, and 1391 cm
-1

. On the basis of FTIR 

spectrum, it can be reasonably assumed that the Si-OH groups present on the surface 

of sepiolite have been decreased due to their reaction with APTMS. 

 

 

Figure 3.3.1 FTIR spectrum of modified (MS) and unmodified sepiolite (US) 

The morphology of MS and US was studied by X-Ray diffractometry (XRD). The 

XRD pattern has been presented in Fig 3.3.2. The characteristic diffraction peaks of 

sepiolite appeared at 2θ = 7.3° (110), 12° (130) and 13.3° (040) and no structural 

change was observed
114

. This is mainly due the reason that the modification takes 

place on the surface by reaction of –OH group with silanols
110

. 
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Figure 3.3.2 XRD patterns of modified sepiolite (MS) unmodified sepiolite (US) 

3.3.3 Curing kinetics 

The curing kinetics of unmodified and organically modified sepiolite filled epoxy 

systems was studied by using non isothermal DSC experiments. Fig 3.3.3 and 3.3.4 

represent the dynamic DSC thermograms of PMS and PUS nanocompoistes at 5, 10 

and 15 °C/min.  

 

Figure 3.3.3 DSC thermograms of PMS 
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Figure 3.3.4 DSC thermograms of PUS 

The curing reaction between PDD and highly reactive oxirane ring present in 

DGEBA was indicated by an exothermic peak. The enthalpy of curing (∆H) reaction 

was calculated by the area under the curve of the exothermic peak of different heating 

rates. The ∆H was found to increase in PMS as compared to PUS epoxy nano 

composites, while initial curing temperature (Ti), peak curing temperature (Tp) and 

final curing temperature (Tf) were found to be decreased in PMS epoxy composites.  

This trend supports the better curing properties of PMS system as were 

expected
180

. The Ti, Tp and Tf curing temperatures and heat of reaction at 5, 10, and 15 

°C/min of PMS and PUS systems have been tabulated in table 3.3.2.  

There is no considerable deviation in heat of reaction (∆H) with increasing 

heating rate suggesting that the epoxy amine reaction is basically same no matter what 

heating rate has been applied to cure them.  
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Table 3.3.2 DSC parameters of PMS and PUS 

Sample Heating rate 

(°C/min) 

Ti (°C) Tp (°C) Tf (°C) ∆H 

(kJ/ee) 

 

PMS 

5 76 123 167 95.0 

10 111 155 201 95.5 

15 119 168 214 94.3 

 5 102 146 190 90.5 

PUS 10 119 164 213 90.0 

 15 126 177 226 91.0 

 

Fig 3.3.5 represents the fractional conversion of PMS and PUS at 5 °C/min. It is 

clearly evident from this figures that α for PMS is higher at particular temperature as 

compared to the value of α for PUS. This trend suggests that the PMS showed more 

epoxy amine reaction as compared to the corresponding unmodified sepiolite 

reinforced epoxy systems. This behaviour can be attributed to the –NH2 group present 

on the surface of sepiolite clay and takes part in cross linking reaction with epoxy.  

 

Figure 3.3.5 Fractional conversion of PMS and PUS at 5 °C/min 

The variation of activation energies of PMS and PUS systems were calculated 

according to Kissinger method (Equation12) and plotted as a function of fractional 

conversion (α) (Fig 3.3.6). The activation energy for PUS system is higher than PMS 
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system at corresponding fractional conversion. The average activation energy of PMS 

and PUS systems were found to be 52.76 and 58.12kJ/mol respectively. The overall 

trend shows that the activation energy is increasing with α, and the increase is in the 

range of about 1∼5 kJ/mol for both the system in the range of 0.2 to 0.8 α. The 

change in activation energy reveals that the mechanism of the epoxy curing with 

diamine is complex. The low Ea values in the beginning are due to the reaction 

between 1° amine with epoxy ring which is quite facile while the higher Ea values at 

later stage involve high temperature which indicates the curing of secondary amine 

with epoxy group along with etherification reactions by –OH group generated during 

curing process. Furthermore with the increase of fractional extent of conversion the 

density increases hence the chain mobility is restricted and further reaction between 

epoxy and reactive groups become difficult
181

.  

 

Figure 3.3.6 Energy of activation (Ea) of PMS and PUS at0. 2 ≤ α ≤ 0.8 

 The kinetic model of the PMS and PUS curing process was determined by using 

Friedman method which has already been mentioned (Equation 11 given below) 

   
  

  
                     11 

For n
th

 order reaction the value of           in above equation can be written as 

given in equation 25. 

                                    25 
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According to Friedman
182

 for nth order reaction the plot between            and 

        should yield straight line. At the other hand, In case of autocatalytic 

reaction the maximum of           should be at about 40 to 20% which corresponds 

between -0.51 to -0.22 of ln (1− α). The value of            was determined by using 

average activation energy obtained from Kissinger method. These values were plotted 

as a function of        , and are given as Fig 3.3.6.  

The plot shown in Fig 3.3.6 suggests that the curing reactions of PMS as well as 

PUS are autocatalytic in nature. Both of the systems occupy the same highest peak 

position in the range mentioned above.    

 

Figure 3.3.7           as a function of         for PMS and PUS at 10 °C/min 

The rate of autocatlytic reaction can be found by previously mentioned equation 

19. 

  

  
       

 

  
                                         19 

The above mentioned equation can be transformed into logarithmic form and 

represented as equation 26.  

  
  

  
     

 

  
                                26 

Where the sum of m and n gives the overall rate of reaction.  Equation 26 can be 

modified in order to find the rate of conversion as given in equation 27. 
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                                       27 

The combination of equation 26 & 27 gives the relationship given as equation 28 

                                                          28 

Where the value of II is given in equation 29. 
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The graph between         and Value II  has been shown in Fig 3.3.8. The 

slope give the sum of m + n which is overall order of curing reaction between PDD 

and DGEBA in the presence of modified and unmodified sepiolite.   

 

Figure 3.3.8 Plots between Value II and          of PMS and PUS systems 

The subtraction of equation 27 form 26 gives another relationship represented in  

Equation 30.  

                
   

 
                                  30 

The value I has been given in equation 31. 

          
  

  
 

 

  
   

      

  
 

 

   
                 31 
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From the slope obtained (Fig 3.3.9) after plotting Value I  against    
   

 
  gives 

the value of (n- m). Table 3.3.3 gives the order of reactions and pre exponential 

factors of the curing reactions of PMS and PUS. 

 

Figure 3.3.9 Plots between Value I and   
   

 
  of PMS and PUS systems 

The value of (m+n) for PMS as well as PUS is greater than 1, which indicates the 

complex reaction mechanisms of these curing reactions. Table 3.3.3 depicts kinetic 

parameters of PMS and PUS systems. The decrease in activation energy (E) of PMS 

along the pre exponential (A) factor indicates that curing reaction has been enhanced 

in case of APTMS modified epoxy system. At the other hand the comparatively 

higher activation energy and higher value of A for unmodified epoxy system (PUS) 

support the retardation of cuing process in the presence to unmodified sepiolite. 

Table 3.3.3 Kinetic parameters of PMS and PUS 

Sample m+n 2lnA R square n-m R square m n A(S-1) 

PMS 1.57 21.66 0.99 1.34 0.994 0.115 1.45 10.45 

PUS 1.12 23.60 0.98 0.75 0.981 0.045 1.08 11.35 



 

122 

 

The kinetic equations for PMS and PUS obtained by using the calculated values of 

m, n and A has been as equation 32 and 33 respectively. 

  

  
       

     

  
                            32 

  

  
       

     

  
                  33 

The calculated and experimental value of dα/dt for PMS and PUS at 10 °C/min 

has been depicted in Figures 3.3.10 and 3.3.11 respectively. The calculated DSC 

curve reasonably fits to the experimental DSC data. 

 

Figure 3.3.10 Theoretical ■ and experimental dα/dt of PMS at 10 °C/min 
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Figure 3.3.11 Theoretical ■and experimental  dα/dt of PUS at 10 °C/min 

3.3.4 Morphological characterization 

The morphological analysis of PMS and PUS were performed by scanning 

electron microscopy (SEM) and illustrated in Fig 3.3.12 and 3.3.13 respectively. In 

these micrographs the epoxy matrix is shown in gray while sepiolite is in white.  

On the basis of SEM results it can be concluded that the APTMS modified 

sepiolite fibers are disordered and dispersed relatively homogeneously at nanoscale 

into the epoxy matrix as compared to the unmodified sepiolite. This phenomenon can 

be attributed to the exfoliation of sepiolite fibers from organo-sepiolite bundles at a 

nanometer scale. 
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Figure 3.3.12 SEM micrograph of PMS 

 

 

Figure 3.3.13 SEM micrograph of PUS 
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3.3.5 Dynamic thermo mechanical behaviour 

The interaction at the interface of matrix / nanofiller of PUS and PMS was studied 

by using dynamic thermal analysis (DMTA) and compared with neat system (PN) 

described in section 3.1.3. The DMTA gives the insight of the morphological and 

microstructures changes of nano composites caused by addition of organically 

modified or unmodified sepiolite. Moreover the mobility of polymeric chains can also 

be characterized by using DMTA.  Figure 3.3.14 depicts the variation of tan δ values 

which refers to the major relaxation of the different segments of the polymer chain 

and corresponds to the glass transition temperature Tg of the epoxy systems. The 

change in values of Tan δ is also an indication of the molecular dissipation in the 

macromolecules at glass transitions. The Tg values of PMS, PUS and PN systems 

were found to be 147.31, 157.21 and 163.54 °C respectively. The low glass transition 

of PMS can be attributed the low rigidity and more flexibility which arises due the 

surface modification.  It is clear from scheme 1.10.3, that the ethylene units grafted on 

the surface of sepiolite become the part of the backbone of the polymer and hence 

gives extra flexibility as compared to PUS systems.   

Fig 3.3.15 represents the storage modulus (E’) of PMS, PUS and PN systems. It 

was observed that PMS systems showed low E’ value in glassy region while the 

samples containing unmodified sepiolite (PUS) showed higher value of E’. The 

storage modulus of PN system was lower than PMS, this trend is similar with the one 

reported in literature
126

. The above mentioned trend regarding storage modulus can be 

attributed to the rigidity of the systems. More rigid system high value of E’ and vice 

versa. As has been mentioned that PMS is more flexible as compared to the PUS 

systems, due to the difference of the surface morphology and hence PMS exhibited 

lower storage modulus than PUS.  

The values of E’ decreased with increase in the temperature and the mobility of 

polymeric chains gradually increased for all samples. At the glass transition the 

materials experience a drastic change in storage modulus (E’).    
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Figure 3.3.14 Tan δ valued of PMS, PUS and PN systems 

 

 

Figure 3.3.15 Strorage modulus of PMS, PUS and PN systems 
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3.3.6 Thermal Gravimetric Analysis (TGA) 

      The effect of sepiolite on thermal stability was evaluated by TGA. Fig 3.3.16 

gives the TGA curves of organically modified and unmodified systems recorded 

under oxidative environment.  

The degradation trends of DGEBA/sepiolite were similar to the patterns of the 

sepiolite-free resins under air atmosphere. This is due to the fact that the thermal 

weight loss is because of epoxy part of the system
114

. 

The two step degradation process under oxidative environment was observed for all 

systems as depicted in DTG analysis (Fig 3.3.17).  

The initial decomposition temperature (IDT) of all systems remained unchanged, 

which suggests that the presence of sepiolite either organically modified or 

unmodified does not cause any change in IDT. This thermal behaviour of sepiolite 

reinforced composites is in accordance with the reported trend in literature
115

. 

Moreover the temperature of maximum weight loss (Tmax) of PMS resins moved to 

the high temperature region
183

. The % Char was found at 700 °C to be  14, 7.7 and 

3.68 for PMS, PUS and PN respectively. On the basis of the percentage char residue it 

can be said that PMS could possibly more flame resistant then PUS or PN under 

oxidative environment. 

 

`  

Figure 3.3.16 TGA of PMS, PUS and PN under air 



 

128 

 

 

 

Figure 3.3.17 DTG curves of PN, PUS and PMS systems 
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Conclusion 

A pyridine-containing diamine, 4,4-[(pyridine-2,6-diylbis(oxy))]dianiline (PDD) 

and propylene containing diamine, 1,3-bis(p-aminophenoxy)propane (APP) were 

synthesized and characterized by FTIR and 
1
H NMR. These diamines were applied as 

curing agents to cure N,N,N′,N′-tetraglycidyl-4,4-diaminodiphenylmethane 

(TGDDM), triglycidyl-p-amino phenol (TGAP) and diglycidyl ether of bisphenol A 

(DGEBA).  The conclusions of each system have been discussed separately.  

PDD based epoxy systems 

The PDD was found to be more reactive than DDS but less reactive than DDM 

towards oxirane ring of TGDDM, TGAP and DGEBA. The curing reactions of PDD 

with TGDDM, TGAP and DGEBA were studied by non isothermal DSC methods. 

Different kinetic parameters such as activation energy and pre exponential factors 

were determined for each system. The calculated parameters were used to find the 

appropriate kinetic model for the curing process. It was observed that the curing of 

TGDDM/PDD, TGAP/PDD and DGEBA/PDD was autocatalytic in nature and 

followed two parameter autocatalytic Šesták–Berggren kinetic models.  

The dynamic thermo mechanical properties of these samples were carried out by 

DMTA. It was observed that the Tg values for all compositions were decreased with 

an increase in PDD content and this trend was similar irrespective of the epoxy 

system used.  

The storage modulus was found to be above 1GPa in glassy region well beyond 

225 °C for TGDDM samples hence it can be said that these polymers could have high 

temperature mechanical performance. While for TGAP/PDD and DGEBA/PDD 

systems the storage modulus was found 1GPa below 150 °C. 

The thermal stability of samples was investigated by TGA analysis under argon 

environment. The % char yield was found improved with PDD in all formulations. It 

was concluded that this trend is due to the more stable heterocyclic pyridine ring 

present in the backbone of epoxy thermosets. The LOI values were found improved in 

PDD cured systems. Hence it can be said that the PDD imparted improvement in fire 

resistance of epoxy thermosets. 
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APP based epoxy systems 

The APP was also used as curing agent for TGDDM, TGAP and DGEBA. The 

structural features of APP rendered it more reactive towards epoxy groups in 

comparison of PDD, DDM and DDS.  

The curing kinetics of TGDDM/APP, TGAP/APP and DGEBA/APP was studied 

by non isothermal DSC. The curing processes of all systems were found to be 

autocatalytic in nature. The kinetic studies also revealed that these systems follow two 

parameter autocatalytic Šesták–Berggren kinetic model. 

The DMT Analysis of APP cured samples was carried out. The results showed 

that APP cured resins exhibited low Tgs as compared to their PDD counterparts 

irrespective of the epoxy pre polymer used. This trend was due to even more flexible 

nature of APP than PDD.  

Sepiolite reinforced DGEBA/PDD system 

The surface modification of sepiolite clay was carried out by using APTMS. The 

surface modification was confirmed by FTIR and XRD techniques.  

Both the organically modified and unmodified sepiolite clays were used as filler in 

DGEBA/PDD system. The curing kinetics of PMS and PUS were carried out by non 

isothermal DSC method. The activation energy was calculated to be 52.76 kJ/mol for 

PMS and 58.12  kJ/mol for PUS system.  

 The APTMS modified sepiolite fibers are disordered and dispersed relatively 

homogeneously at nanoscale into the epoxy matrix as compared to the unmodified 

sepiolite.  

The DMT analysis of PUS and PMS was studied by using dynamic thermal 

analysis (DMTA) and compared with neat system that is DGEBA/PDD (PN). The Tg 

values of PMS, PN and PUS systems were found to be  164, 166 and 173.54 °C 

respectively. The storage modulus for PMS system was found to be low in glassy 

region as compared to PUS system.  

 The two step degradation process under oxidative environment was observed 

for PMS, PUS and PN systems. The initial decomposition temperature (IDT) of all 

systems remained unchanged, which suggests that the presence of sepiolite either 

organically modified or unmodified does not cause any change in IDT. The 

temperature of maximum weight loss (Tmax) of PMS resins moved to the high 

temperature region. The % Char was found to be  14, 7.7 and 3.68 for PMS, PUS 

and PN respectively.  
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Future Suggestions  

 

There is a great need to explore the possibility of using nano-sepiolite as filler in 

thermosetting resins. It would be of great interest to evaluate systematically the effect 

of particle size, nature and content on the mechanical properties of composites. The 

modification of interface by using coated sepiolite is expected to modify the 

properties of composites, which needs to be evaluated. 
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