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ABSTRACT 

The present research project encompasses the study of epoxy-amine-titania composites 

based on diglycidyl ether of bisphenol A (DGEBA), cured with Jeffamine D-400. Titania 

network was generated ex-situ via inorganic sol gel route. The first type of titania was partially 

condensed, leaving OH at its surface . The second type was the completely dried and condensed 

calcined titania network, while coupling agent was grafted onto the surface of the third type of 

titania namely functionalized titania. The particles were characterized by Attenuated Total 

Reflection Infra-Red Spectroscopy (ATR-IR), X-Ray Diffraction analysis (XRD) and Atomic 

Force Microscopy (AFM). The A TR-IR revealed the surface morpho logy of particles, while 

XRD gave information about the structure of crystallites. AFM confirmed the functionalization 

of particles. Namely EAT- I , EAT-2, and EAT-3 three unique composite systems were 

synthesized by blending titania network with the epoxy amine matrix. EA T-l system contained 

epoxy-amine and micro-titania without a coupling agent. EA T-2 system contained epoxy-amine 

and calcined titania, while a coupling agent was grafted onto the titania fi ll er alongwith the 

epoxy-amine matrix in the EA T-3 system. The resu lting composites \~'ere characterized by 

Attenuated Total Reflection Infra-Red Spectroscopy (ATl -IR), Differential Scanning 

Calorimetry (DSC), Thermogravimetric analysis (TGA) and mechanica l analysis. A TR-IR 

spectral analysis revealed chemisorption of particles in case of EAT-3, whi le DSC thermograms 

showed the transition in the Tg depending upon the type of fill er. TGA gave the thermal stability 

profile. Comparison of the tensile properties with the neat matrix showed the modification in the 

mechanical properties. Among the three composite sys tems, the system containing functionali zed 

titania showed best performance owing to stronger interaction between the matrix and the filler. 
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1. INTRODUCTION 

The development of composite materials and related design and manufacturing 

technologies is one of the most important advancements in the history of materia ls. 

Compos ites are multifunctional materials having mechanical and phys ica l propert ies that can 

be tailored to meet the requirements of a particular application. Many composites also exhibit 

great resistance to high-temperature corrosion, oxidation and wear. These unique 

characteristics provide design opportunities not possible with conventiona l materia ls. Further, 

many manufacturing processes for composites are well adapted to the fabrication of large, 

complex structures, which a llows reduction in manufacturing costs. 

By definition, composite materials are made from two or more constituent materials 

that remain separate and distinct on a macroscop ic level. There are two categories of 

constituent materials: matrix and reinforcement. The matrix is the continuous phase and is 

often but not always present in greater quantity. It surrounds and supports the reinforcement 

materials by maintaining their relative positions. The reinforcements impa11 the ir spec ial 

mechanical and physical prope11ies to enhance the matrix properties. The major functions of 

the matrix are to transfer stresses between the reinforcing phase (fiber Ipart ic les) and to 

protect them from mechanical and environmental damage whereas the presence of 

re inforcement in a compos ite improves its mechanical and [hermal propert ies such as 

strength, stiffness, degradation onset, Tg etc. The objective is to make use of the superior 

properties of both materials without comprom ising on the weakness ofeither i
,2. 

Among the three types of matrices ceramic, metallic and polymeric matrix the most 

commonly used matrix materials are polymeric3
. The reasons for this are twofold. In general 

the mechanical properties of polymers are inadequate for many structural purposes. In 

pa11icular their strength and stiffness are low compared to metals and ceramics. These 

difficulties are overcome by reinforcing polymers with other materi a ls. Secondly the 

processing of polymer matrix composites need not involve high pressure and does not require 

high temperature. Also equipments required for man ufacturi ng polymer matr ix composites 

are simpler. For this reason polymer matrix composites developed rapidly and soon became 

popul ar for structura l appl ications. The three classes of po lYJl1eric matJfices, thermosets, 

thermop last ics and rubbers, are a ll imp0l1ant as far as polymer matrices are concerned. 

For var ious app lications, mechanical and thermal prope11ies of polymer systems are 

commonly improved by addition of inorganic fill er 4-7 . Material properties of the composite 
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are determined by the respective properties of both the constituents and thus depend upon the 

content of the filler, its adhesion to polymer matri x, uniformity of dispersion, etc. In the last 

two decades the varieties of elastomers, thermoplastics, linear or cross-linked systems, have 

been reinforced with inorganic fillers, either formed in situ or ex situ8
. 

Composite IvIaterials 

1 
1 1 

Fibre Reinforced Comp osites Particulate Composites 

1 
Single 
Layered 

I 
I 

1 

1 I 
IvI ul til ay ere d Random 

1 
Orientation 

1 
Laminates Hybrids 

1 
Continuous Fibre 
Reinforced 

Unidirectional 

Discontinuous 
Fibre Reinforced 

Preferred Orientation 

Bi dire cti 0 nal 

Random Orientation 

Fig 1.1: General classification of composites9 

2 

1 
1 

Pre ffere d 
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The reinforcing phase may be particulate, fibrous, or clay 10. Particulate composites, as 

the name itself indicates, the reinforcement is of particle nature. It may be spherical, cub ic, 

tetragonal, a platelet, or of other regular or irregular shape, but it is approximate ly equiaxed. 

Among the particulate re inforcements are meta l or metal oxide partic les . The fibrou s 

reinforcement comprises of fibres such as glass, carbon, aramid etc. The clay composites 

contain clay as reinforcing phase e.g. clossite, montmorillonite (MMT) etc. 

Industry Examples Comments 

Aircraft Doors, 20-35% weight savings 
Elevators 

Aerospace Space Shuttles, Space Great weight savi ngs 
Stations 

Automotive Body frames, Engine High stiffness & damage 
components tolerance 

Chemical Pipes, Tanks, Pressure Corros ion Resistance 
vessels 

Construction Structure & Weight Savings, Portab le 
decorative panels 

Fuel tanks etc 

Table 1.1 Application of composites l 

1.1 EPOXY RESINS 

Epoxy resins are used extensively in composites materials for a variety of demanding 

structural applications. They are most versatile of all the commercial ly avai lable matrices. 

Unsaturated polyesters may cost less and polyimides may perform better at elevated 

temperatures, but epoxy resins have a broad range of phys ical properties and mechanical 

capabilities 12- 18. 

Epoxy polymers were first synthes ized by P.Schl ack, the investor of Nylon 6, in 

1934 19
. The curing reactions were discovered by P. Castan and polymer products were 

introduced on the market by Ciba towards the end of World War II. 

During 2003 -2006, epoxy res ins consumption (on an unmodified basis) in the three 
• 

major regions (United States, Western Europe and Japan) grew at an average annual rate of 
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3.4%. Epoxy resins consumption in the United States and Western Europe was expected to 

grow at an average ann ual rate of about 3.5% and 2.3%, respecti"~ l y, from 2006 to 2011 20. 

Field of Application 

Electrical/electronics 

Composites/structural 

Industrial protective coatings 

Powder coatings 

Building and construction 

Auto coatings 

Can coatings 

Percent Consumption 

12 

15 

15 

16 

21 

9 

12 

Table 1.2: Percent consumption of epoxy resins21 

Depending on the chemical structures of the reSIn and the cLll'lng agent, the 

availabi lity of numerous modifying reactants, and the cond itions of cure, it is possible to 

tailor the properties of epoxy resins to obtain toughness, chemical and so lvent resistance, 

mechanical rcsponses ranging from extreme flexibility to high strength and hardness, 

resistance to creep and fatigue, excellent adhes ion to most fibres , and heat resistance. No by­

products are formed during the cure and shrinkage due to cure is low. 

1.1.1 RESIN MANUFACTURE AND PRODUCTS 

Epoxy resin is manufactured by two basic processes. The most important reaction is 

of ep ichlorohydrin with compounds containing active hydrogen atoms, sLl ch as phenols, or 

amines and the other is peracid epoxidation of olefins. 

The primary resin in epoxy technology is diglycid~1 ether of bisphenol A (DGEBA) 

and its higher analogues. Although a number of different types are commercially available 

the market is still held by the systems based on reaction products of epichlorohydrin and 2,2-

bis( 4' -hydroxyphenyl)propane(bisphenolA) . Res in is synthesized frol11 the reaction of 

ep ich lorohydrin with bisphenol A. 

Bisphenol A (BPA) is an important industrial chemical that is used primarily to make 

polycarbonate plastic and epoxy resins, both of which are used in a wide variety of 

applications. Polycarbonate and epoxy resins themselves have wide spread applications that 
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mark the worth of bisphenol A. The first reported synthes is of BPA was from Thomas Zincke 

of the University of Marburg, Germany22 . 

o 

~CI + 

I 

.. HO 

Bisphenol A 

HO 

NaOH 

o 

01-( 

Fig 1.2: Synthesis of Epoxy resins22 

OH 

o 
(B.A)~ 

11 

Depending on the value of n, the polymers are either liquids or low melting point 

so lids. The products with low values of n are the most widely used because, as n increases, 
• 

melt viscosity also increases and solub ility decreases, thus maki ng processing more difficult. 

The second most important epoxy resin manufacturing process in vo lves epoxidation 

of olefins. Peracetic acid is most commonly used for this purpose. Chemo-ox idat ive oxidation 

of allyl ethers has also been carried out in recent years to produce glycidyl ethers23
. 

The glycidyl ethers of various novolac resins are the second most important class of 

eoxy resins. T hey are manufactured by the reaction of epichloro11ydrin with various phenolic 

novo lacs, resulting in the chemical structure shown in figure 1.3. The glycidyl novolacs are 

characterized with better elevated temperature performance than the bispheno l A-based 

resins. 

5 



Fig 1.3: Tetraglycidyl ether of tetraphenol ethane 

1.1.2 CURING AGENTS 

Curing of thermoset adhesives such as epoxy has become increas ingly important, 

mainly aris ing from app lication of epoxy as a matrix material for aerospace and marine 

structural compos ite components, and more recent ly as an adhesive and encapsu lat ing sealant 

for the microelectronics and electronics equipments. In particu lar, the use of longer curing 

times for the systems used, is led by the requirement for higher performing systems24
. 

Although hennal curing increases the cure rate and hus redu _::s he cure ime, yet his is 

limited by the fact that the maximum rate of reaction for any given curing system is 

predetermined at a constant temperature. Microwave assisted curing has been found useful 

for reduction in the curing time along with retention of properties24
, although some reduction 

in cure percentage has also been observed25
. 

Curing of epoxy resins with amines and other hardeners has been the subj ect of study 

for the past thirty years. A better understanding of the topological structure and properties of 

cured epoxy resins provided with new fundamental concepts about the chemistry of epoxy 

resins. 

Epoxy groups are either structoterminal or structopendant depending on whether 

cross linking occurs through the epoxy end group or the hydroxy l end gro ups. The prepolymer 

is structoterminal when polyamines are used for cross linking; in :hi s case curing involves the 

base catalyzed open ing of the epoxide groups. 

Hardening occurs primarily through hydroxy l gro up when an anhyd ride is used as the 

cross- linking agent; in this case epoxy prepolymer is considered as structopendant. Phathalic 

anhydride is often used as curing reagent. 
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Most of the curing agents in common use can be classified in the following groups: 

(a) Primaryamines 

(b) Po lyfunctional amines 

(c) Anhydrides 

(d) Polymerization catalysts 

1.1.2.1 Amines as curing reagents of epoxies 

Amines were one of the first hardeners used for the curing of epoxy resins and at 

present they occupy lead ing position among the hardeners of this type. The amine hardeners 

are most likely to be used in future because they are are easily accessible, higly reactive and 

their properties can be modified. 

The final structure of the cured resin depends on the structure of crosslin king network, 

the curing agent, the curing extent, and the time and temperature of curing26
-
29

. Since 

properties of epoxy resin are dependent upon curing agent and reaction temperature a large 

number of amine curing agents are available varying in structure and performance at different 

temperatures. The curing agents can be synthesized in-s itu as we 1l3o
. 

As hardeners amines are most versatile in their performance. The curing mechanism 

with amines and thc structure of amine cured polymcrs have extensively been studied. The 

systems of epoxy polymers with amine hardeners are widely used in various industrial and 

home applications. 

The aliphatic amines and their derivatives are recommended for ambient temperature 

curing. Consequently, they would be expected to have a limited pot life or he If life. Typical 

applications include wet lay-up laminating operations such as tank linings, patching (repairs) 

toolings, certain air frames and radomes, and electrical insulations. Pure chemical compounds 

such as diethyltriamine (DTA) and triethylenetetramine (TETA), when properly post cured 

display strengths above 1000 C/ 2120 F. 

NH2 CH(CH3) CH2( OCH2CH (CH3)) NH2 

x 

Polyetheramine D-2000 (M*=2000, b.p > 25 0, m.p. = 29) 
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3-(2-Aminoethyl)aminopropylamine (M =117.2, b.p = 221, m.p.= 10) 

4,7-Dioxadecane-1,10-diamine (M =176.3,b.p. = 274-276° C, m.p.= 26° C) 

Fig 1.4: Aliphatic Diamines (M = Molecular weight) 31 

The aromatic amines are widely used in composite fabrication in both wet and dry 

lay-up applications for filament winding, electrical , piping, tooling, and whenever maximum 

chemical'resistance is needed. They provide moderate viscosities at room temperature with 

the liquid resin, long pot life, excellent chemical resistance and electrical properties, good 

elevated temperature performance 32-33 . High temperature cures and longer cure times are 

required to obtain these advantages. A representative example is given below. 

NH2 

4,4'-Diaminodiphenylmethane eM =198.3,b.p. = 398° C, m.p.= 89-91° C) 

Fig 1.5: Aromatic Diamine 

The JEFF AMINE polyetheramines have a proven history in composite applications. 

One key structural characteristic is the steric hindrance provided by the presence of a methyl 

group on the amine-bearing carbon. As a result, epoxy-amines curing time for these amines is 

prolonged than for other aliphatic amines such as ethyleneamines. Another important 

structural feature is the flexible polyether backbone, which gives reduced brittleness in the 

cured resins. Good touglmess, impact resistance, elongation, and low-temperature 

characteristics result from this flexibility. Molecular weights of the curing agents 

8 



ranges from 148 to 5000. Polyether backbones are based on ethylene glycol or propylene 

glyco l, and amine functionality is one, two, or tlu·ee34
. 

Recent advancements in material sciences have not spared the field of curing agents 

and hardeners. Curing agents modified into nanorods are being incorporated to enhance the 

quality of the cured res in even more35
. 

1.1.3 CURING REACTION 

The curing of epoxy res ins may either be of epoxy/am ine type or of epoxy anhydride 

type. Another important reaction is homopolymerization of epoxy resin, which requires lewis 

acid catalyst. The most common reaction is epoxy amine reaction in which each amine reacts 

with an epoxy group. 

A second order mechanism is generally accepted mechanism for this reaction36
• 

Mechanism of epoxy amine reaction is generalized in two ways either catalytic addition 

. reaction or noncatalytic. The propositions are based on the following aspects which are 

widely u~ed in literature . The reactions of primary amines with an epoxy produce a secondary 

amine which then reacts with another epoxy to produce a tertiary amine37
. The principle 

reaction is as fo lIo ~ : 

(a) 

+ 

JV\fV' = Epoxy (b) 

/ 
H 

R 

I 
OH 

R OH 

I 
N 

OH 

Fig 1.6: Reaction of (a) Primary amine with epoxy (b) Secondary amine with epoxy 
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The reaction also takes place by two competitive paths, one is catal yzed by' hydroxyl 

groups initially present and those generated during the reaction (rate constants K 1 aile! 1(2) 

and the other is non cataly.tic mechani sm (rate constants K1' ~1I1c1 K2 '). The nOll ca talyti c 

mechan ism takes place ov~ r entiretell1perature reg ion3s
. 1t has hi gher acti\'ation encl'gy (Ea) 

but is predominant at hi gher temperature (T < lOO° . C) . The catalytic mechanism is 

predominant at low temperatures. The reactivi ties of epoxide gro up in DGEI:3 A are 

independent. The reacti vities 0' 1' pril11ar~ aile! secone!my all1ines call be different. it is called 

t's ubstitution eftect". 

The chemistry of' cu rin g with anh yd ri de is more comp lex . Several mechani sms have 

been proposed for th is t) pc or react ion . One proposition is that the anhydride reacts \,vith an 

alcohol to fo rm half ester. wh ich then reacts with epoxy group to fo rm another ester linkage. 

The reaction conti nued in th is manner until all of the react ive groups were cons um eci . Basis 

of this mechanism was the presence of th e hyd roxyl either in the res in itself or as an impurity 

such as water. Anothe r mechani sm that was proposed for this reaction was tl,at an hydride 

reacts with a catalyst to form a carbo:\)'1 an ion. and the an ion i c process continues ti II the 

com pletion of cure. Thi s mechanism is in acco rd with the observed 111 stoichiometry of 

epoxy/anhydride. The k i ne( ic stud ies have shov\ Jl that si III p Ie fi rst or seco:1d order 

kinetics are absent and the rate of reaction accelerates wi th th e concentrat ion of the 

ca ta I yst3
<] .10 . 

The third curing process to consider is homopolymeri zat ion of epoxy grou p. which 

requires the presence of a Le\\i s base (i ,e .. tertiary amine), inorganic base (i.e.NJOH) or 

Lewis acid catalysts (i.e .. Bh com plexed with ami ne)41. 

1.2 FILLERS AND RElNFORCEMENTS FOR POLYMERS 

Acco rding to Am~ ri c al1 Soc iety lo r Testing and Material Standard ASTM D-883, a 

filler is realative ly inert material added to the matrix to mod ify its strength, perm anence, 

working properties or to lower cost whil e reinforcements improve the properties of the 

matrix4 1
. Actually a few fill ers arc used that do not improve properties, but reinforcing fib res 

prod uce a notab le im provement in the propert ies of the compos ites. There are many diffe rent 

combinations of reinforcements and matri ces used La produce composite material s. 

Three main types 01' fib res are lI sed to I'e inforce polymeri c mater ials: glass. aramid 

and carbon . Glass is by fa r the most widely L1 sed fibre and it is lowest in cost. Aramid is 

10 



In carbon-fibre composites, the fibre imparts the high tensile property for rigidity and 

strength, while the matrix aligns the fibres and contributes some Impact strength. Epoxy is the 

most common matrix material for the carbon fibres42
. 

Many naturally occurring materials have particulate reinforcements e.g., bones have 

calcium phosphate incorporation within their structure. Synthetic compos ites have a variety 

of particulate reinforcements. Particulate reinforcements are usually metal particle or their 

oxides. Because of the recent availability of nanoparticles, the interest in the polymer 

nanocomposites has increased. It is well accepted that the composite properties alter with the 

dispersion state, geometric shape, surface properties, particle size, and particle size 

distribution. 

1.2.1 TITANIUM DIOXIDE (Ti02) AS PARTICULATE REINFORCEMENT 

Titania is one of the most important oxide semiconductor material s, which has been 

app lied in numerous applications such as pigments, catalysts, catalytic supports, membranes, 

electronic instruments and photocatalysts. The physiochemical properties of Ti02 strongly 

depend on its crystal structure and morphology as well as size. There are three crystalline 

phases of titania: rutile, anatase and brookite. Rutile is the thermodynamically stable 

po lymorph and used as white pigment in making paints, while anatase, as one of the other 

two kinetic products, has a far high photocatalytic activitl3
. 

Ti02 has attracted much attention because of its photocatalytic propertl3
. Titania has 

also been widely used as the reinforcement for enhancing the properties of the composite 

systems. There are various routes for the synthesis of the titania composites. The titania 

pm1icles may either be synthesized in-situ or blended with the E-.ltrix. Generally the addition 

oftitania enhances the thermal and mechanical properties of the composite systems. 

It is usual to tailor the surface of the synthes ized particles for betterment of properties. 

The objective of surface modification is to impart desired properties to the particles and thus 

enhance the applicabi lity. Solubili ty in aqueous or organ ic media of otherwise insoluble 

particles can be contro lled by tailoring the surface with proper ligands 44. 

For applications such as use as filler in the composite material the surface of the 

particles is modified with specific reagents called "coupling agents". The coupling agent acts 

as a binder that reacts on one of its terminal with the organic and on the other with the 

inorganic phase. The interaction between the organic and the inorganic phase increases with 

the use of the coupling agent, so the properties of composite are also improved4s
. 
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inorganic phase. The interaction between the organic and the inorganic phase increases with 

the use of the coupling agent, so the properties of composite are also improved45
. 

There are various routes to the synthesis of particles which include chemical vapour 

deposition, physical vapour deposition, pyrolysis, gas detonation method and sol-gel 

reactions . Only sol-gel reaction will be elaborated here. 

1.2.2 SOL-GEL SYNTHESIS OF PARTICULATE REINFORCEMENT 

The reaction in which a metal alkoxide reacts to form metal hydroxide, which 

condense,s into a metal-oxygen- metal sequence, with the liberation of water or alcohol. The 

metal may be aluminium, tin, ces ium, the transition elements titanium, zirconium, the 

metalloid silicon etc. Silicon alkoxides have a more controlled and lower reactivity than other 

metal alkoxide, and hence the majority of understanding of the sol-gel reaction is derived 

from materials created from silicon based alkoxides. 

Sol-gel is the most commonly used reaction by the polymer chemists, since it is a low 

temperature reaction and can be carried out in-situ with the organic polymerization reaction. 

Besides this the reaction setup is not complicated and the cost is also low. One of the most 

attractive features of the so l-gel reaction is th possibi lity to shar th mat rials into any 

desired form . Figure: 1.7 ,16. 

So lution of precursor 

1 
Sol 

j 
Spinning Spinning 

Fibres Powder 
Ge lling Cooling 

Gel 

Heating Hypercriti ca l conditions 

Xeroge l Aeroge l 

Fig: 1.7: Different possible types of products obtained from sol-gel reaction 
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1.2.3 CHEMISRY OF SOL- GEL 

The first step of the sol-gel reaction is the formation of an inorganic po lymer by 

hydrolysis and condensation reactions, i.e., the conversion of the molecular precursor into a 

highly cross linked solid. Hydrolysis leads to a sol , a dispersion of colloidal particles in a 

liquid, and further condensation results in a gel, an interconnected, rigid and porous inorganic 

network enclosing a continuous liquid phase. This transformation is called the "sol-gel 

transition". There are two possibilities to dry the gels. If the pore liquid is removed under 

hypercritical conditions, the network does not co llapse and aerogels are produced. When the 

gel is dried under ambient conditions, shrinkage of the pores occurs, with the formation of a 

xerogel. 

There are various modules of so l-gel reaction depending upon the variations 111 

different parameters. The size, shape, morphology of the final product depends upon the 

reaction parameters47
-
49

. The reaction may be carried out either in aq ueous or organic solvents 

(aqueous and non-aqueous reaction). 

The aqueous sol-gel process can briefly be defined as the conversion of a precursor 

solution into an inorganic so lid via inorgan ic polymerization reactions induced by water. In 

general, the precursor or starting material is either an inorgan ic metal salt (ch loride, nitrate, 

sulfate) or a metal organic compound such as an alkoxide. Metal alkoxides are the most 

widely used precursors, because they react readi ly with water and are easi ly avai lable for 

various metals5o. 

In non-aqueous sol-gel chemistry the transformation of the precursor takes place in 

an organic solvent under anhydrous conditions. In comparison to aqueous so l-gel chemistry, 

the list of precursors is longer and includes, metal acetates and metal acetyl ace to nates in 

addition to inorganic metal salts and metal alkoxides. The non-hydrolytic so l-ge l process is 

useful for reactions which would otherwise involve precursors of very diffi cult reactivity. For 

example, silica-titania and si lica-zirconia glasses, where the much faste r hydrolysis rates of 

the transition metals alkoxides lead to predominant formation of metal-oxygen-metal and 

precipitation of metal oxide5o. 

The reaction mechanism also differs depending upon the precursors used i.e., 

organic and inorganic synthetic procedures. Metal oxides can be prepared by two methods 

depending upon the nature of the precursor: 

1. Metal salt (inorganic route) 

2. Meta! alkoxide (organic route) 
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1.2.4 HYDROLYSIS AND CONDENSATION REACTION OF METAL SALT 

PRECURSORS 

The sol-gel reaction of the metal salt precursors takes place by the hydrolysis and 

condensation pathway. When dissolved in water, metal cations MZ
+, are solvated by water 

molecules, and an equilibrium is established which depends upon the ac idity of water. 

The nature of the species present in the aqueous solution of meta l salts IS 

determined by the position of the equilibrium. 

--
The reaction will proceed towards the right if the overall partial charge on OH is positive. In 

general hydrolysis increases with increase in charge density on the metal, the number of 

metal atoms bridged by a hydroxo or oxo ligand, and the number of hydrogen contained in 

the ligand5o. 

Condensation proceeds by either of two nucleophilic mechani sms (addition and 

substitution) depending upon the coordination state of metal atom. When coord inat ion state 

of metal is satisfied, then condensation occurs by nucleophilic substitution . The process of 

condensation can follow either olation or oxolation mechanism. 

Olation is a phenomenon in which a hydroxyl bridge is formed between two metal 

centres. For coordinatively saturated species condensation occurs by SN substitution where 

OI-r is the attacking nucleophile and water is leav ing group . The "mailer the charge and larger 

the size, the greater the rate of olation, since it depends on the lability of leaving group i.e., 

H20 5o. 

Oxolation is a condensation reaction in which an oxo bridge is formed between two 

metal centres . The first step is catalyzed by bases that deprotonate the hydroxo li gand 

creating strong nucleophile. 

M-OH + OH-

M-O- + M-OH M-O-M + OH -

Fig 1.8: Base catalyzed oxolation reaction 

The second step is catalyzed by acids that protonate the hydroxo thus creating better 

leaving group. 
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H 

[ M - I - M-OH2] ++ 
1+ + H2O M - O- M - OH + H30 .. 

H2O [M-j-Mr M-O-M + H30 ... 

H 

Fig 1.9: Acid catalyzed oxolation reaction 

Thus as compared to olation, oxolat ion occurs at a wide range of pH but due to two step 

reaction the kinetics are slow50
. 

1.2.4.1 Role of the anion 

In addition to aquo, hydroxo and oxo ligands the system also contains anions from the 

dissolution of metal salts in water. These ions compete with aquo ligand fo r complexation 

with the metal centre. The complexing abi lity depends upon the extent of charge transfer 

from the X- to the metal centre. 

There is possibility of associated complex formation, when metal and X' are in so lution, 

however he complex can infl uence he I orphology and siLe of particle atoll, if it is st ble 

towards hydrolysis and ionic dissociation. In case the complex is stable counterion can affect 

the shape, size, crystall ite structure as well as surface ac idity which are the basis of 

photocatalytic activ ity for titanium5o. 

1.2.5 SOLUTION CHEMISTRY OF METAL ALKOXIDE PRECURSORS 

Transition metal alkoxides especially those of dO configurat ion are wide ly used as 

precursors in the ceramics and glasses . Metal alkoxides are generally very reactive due to the 

peresence of highly electronegative -OR group that stabilizes the metal in high oxidation 

state and renders it liable to nucleophilic attack. 

1.2.5.1 Mechanism of hydrolysis and condensation 

Reaction proceeds both by nucleophilic substitution (SN) and nucleophilic addition 

(AN) depending on the coordination state of the metal. Hydrolys is can proceed either by 

alkoxolation or oxolat ion. Alkoxolat ion involves formatio n of alcoho l, while oxolation 

15 



involves the formation of I-hO. When metal is coordinatively unsaturated condensation 

occurs by olation. 

The thermodynamics of alkoxo lation, hydro lys is and oxolation are governed by the 

strength of entering nucleoph ile, electrophilicity of the metal and partial charge and stability 

of the leaving group50. 

1.2.5.2 Reactivity of metal alkoxide 

The reactivity of the metal alkoxide can be affected by its ab ility to Il1crease its 

coordination number, n, in the network oxide. If z is the oxidation state of the metal atom in 

the alkoxide, then one can define the degree of unsaturation of metal atom as n-z. Hence 

increas ing the quantity n-z means increas ing the coordination number of the metal atom when 

going from the alkoxide to network oxidation state50 For example, the tetra-coordinated 

alkoxide titanium (IV) butoxide forms a network of Ti02 in which the titanium is hexa 

coordinated. This yelds a value of n-z of two. As a general rule, for alkoxides, 

electronegativity and reactivity are inversely related, I. e. , as the electronegativity of metal 

atom increases, the chem ical reactivity of the corresponding metal alkoxide decreases. Since 

silicon has a high electronegat~v ity and a re lat ive ly low degree of unsaturation, so l-ge l 

r actions involving ilicon alkoxides are slow. For the same R group, reactivities of metal 

alkoxides follow the order: 

Ce(OR)4 > Zr(OR)4 > Ti(OR)4 ;Sn(OR)4 > > Si(OR)4 

Tin has a higher electronegativity than silicon but its alkoxide is much more reactive 

than the corresponding si licon alkoxide implying that the degree of unsaturat ion also plays a 

role in metal alkoxide reactivity. 

1.2.5.3 Influence of catalyst 

Sol-gel reactions involving silicon alkoxides usually require a catalyst to increase 

the reaction rate. This can be either a base or an acid. Each influences the so l-ge l reactions in 

a different manner. Acids tend to increase the rate of hydrolys is step, by promoting the 

protonation of the alkoxy group (OR), while having little effect on the polycondensation step. 

Bases, on the other hand increase both the hydro lysis and polycondensation step. This occurs 

due to the presence of - OH and M-O- species which are better nucleophiles than water and 

silanol, promoting the rapid attack of silicon. Under such conditions, hydrolysis and 

condensation occurs simultaneously. This promotes a different structure than that fo rmed 
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from the same reactants under acid catalysis. The end result of base catalyzed reactions is 

generally highly branched, dense particulate species. Under acid catalyzed conditions, the end 

result is more of a linear species. These structures possess self similarity at different length 

scales, an attribute known as fractal character 50. 

1.2.5.4 Influence of water 

Since water is a reactant 111 the sol-gel process, its presence plays a role in the 

reaction kinetics and final structure of the material. Increasing the amount of water in the 

reaction tends to densify the structure. A convenient way to express the amount of water 

employed in the sol-gel reaction is through the hydrolysis ratio, h, defined as the ratio of 

moles of water per mole of metal alkoxide. If the value of h is less than two, the alcohol 

liberating polycondensation reaction is preferred, but for h greater than two, the water 

forming condensation is favoured 51. 

1.2.5.5 Influence of solvent 

By varying the solvent in the sol-gel reaction, one val"ies the types of interactions 

present. These results in changing the overall reaction rate and in a very genera l sense the 

effect of solvent on rate can b rank d by th following : 

I-Promoting faster rates, non-polar, aprotic solvents (i.e. dioxane) 

2-Promoting intermediate rates, polar, aprotic solvents (i.e. DMF, acetonitrile) 

3-Promoting slowest rates, polar protic solvents (i.e .methanol, formam ide) 

Polar, protic solvents with strong dipole moments tend to deactivate the reactants by 

stabi lizing their charges and solvating the metal alkoxide, hence slowing down the reaction 

rate. Also hydrogen bonding may take place between a polar so lvent (formam ide) and the 

silicon species thereby slowing the reaction by way of steric hindrance 52. These effects 

lessen as the opposite extreme is reached, non polar, aprotic so lvents, where essentially on ly 

dilution of reactants is achieved. 

1.2.5.6 Influence of temperature 

The temperature of the sol-gel reaction also plays very effective role in determining 

the structure and morphology of the final product. Genera lly, for titania the particle size 

decreases upon increasing the temperature of the reaction53
,54. 
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The stability of various species in the reaction mixture varies with temperature, for 

example, anatase po lymorphic fo rm of titania being thermodynamica ll y less stable, is 

retained upto 600-7000 C. If the calcination tem perature is ra ised above 65 00 C, 

transformation from anatase to rutile takes place. High reaction temperature promotes 

hydrolys is thus increasing the number of the nuclei and decreasing the size55
. 

1.6 SYNTHESIS AND APPLICATION OF TITANIA PARTICLES 

The titania paliicles have been synthes ized in a broad range of temperatures . There 

are several reports about low temperature synthes is of titani a56
. Sun et. al synthes ized titania 

at rool11 temperature by hydrolys is of titanium tetrachloride in a mixed so lution of n-butanol 

and water57
. Spherical monodisprese particles having diameter in the range 300-400 nm were 

synthesized by controlled hydrolysis of the dilute ethanolic solution of titanium tetraethoxide. 

Particle size decreased with the increase in the initial concentration of water. Surface 

morphology was dependent on the washing procedure. Fresh water washed titania had 

amorphous interior but a fine layer of crystalline tiania on the surface 58 . 

The size of particle is the primary concern while designing syntheti c strategy. Kim 

et. al. synthesized patiricles by two stage method that have a smaller size than the particles 

made by single stage method, with the concentration and temperature bein size contro lling 

parameters . Higher amount of tetra ethoxy titanate and increased temperature in the second 

stage reduce the size of the particles59
. Particle agglomerati on and grain growth was 

prevented by growing part icles on the surface of sol id NH4CI. Hydrated particles were 

adsorbed on the surface of NH4CI, then calcined. NH4Cl was removed during calcination 44 . 

The size distribution of particles was controlled by carrying out synthesis in organic solvents 

with adsorb ing ligands6o
. Adsorption of ligands on the surface could improve the efficiency 

of light absorption but it limited crystal growth because the interaction between the ligand 

and pali icles was strong60
• Another approach to synthes ize titania was the combination of sol ­

gel and hydrothermal method. Hydrolys is was carried out under hydrothermal condition. The 

final particles were nanosized and had anatase morphologl l
, Not only particles have been 

synthesized, but films of Ti02 were successfully deposited on the surface of the host silica 

particles by heterogeneous nucleation and growth, Ll sing TiCI4 as precursor62 .Ti02 film s 

were prepared on indium-titaniumoxide (ITO) substrate using titanium telraisopropoxide by 

spray coating55
. 
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Meanwhile, Ti02 photocatalysis became one of the most invest igated technologies 

for remediation of environmental contaminants, Titania absorbs in the UV region thus its 

photocatalytic activity could be obsereved only under UV, Neither UV nor titania was 

catalyticaly active separately 63. The photocatalytic activity of titania depended upon its 

surface acidity. The surface acidity can be enhanced by doping with various elements such as 

N-F codopant64 , Chlorine doped rutile titania nanorods also showed much higher 

photocatalytic activity than the commercially available titania. It was attributed to the surface 

acidity and crystal defects which were the result of chlorine doping65. Since then, laboratory 

and fie ld studies have continually confirmed the application of Ti02 photocatalysis in the 

destruction of a large variety of contaminants. Titania partic les with Pd and Ni modifications 

were found useful for the degradation of dichloromethane into CO2 and f-b066, Apart from 

this Ti0 2-Si02 cocatalyst could also degrade forma ldehyde into CO2 and H20 67 and 2-

propanol to acetone and fUl1her to CO2 68. The photoreduction of CO2 was also successfully 

carried using titania catalyst69, Pollutants from the textile industry are an important source of 

environmenta l contamination , It is est imated that fro m 1 to 15% of the dye is lost during 

dyeing processes and is released in waste waters , For disposal of dyes, nanocrystalline titania 

with si lver doping was synthesized and found effic ient for the degradation of methylene 

blue70, In another approach catalytic activity was correlated with the initial concentration of 

methylene blue, it was observed that degradation increased with the increase in concentration 

of methylene blue, since the concentration of active centres is the same, the photocatalytic 

activity depended upon the concentration of methylene blue71 , Not only titania particles but 

titania films deposited on polymers, could be used for photocatalytic act ivi ty72.73 . Dye titania 

films synthesized from plasma enhanced chemical vapour depos ition (PECVD) and so l-ge l 

method were successfully app lied for the degradation of maleic acid 72, It was also observed 

that photocatalytic activity of titania did not depend upon the support size, if supported titania 

catalyst was used for catalys is74, 

Apal1 from use as catalyst titania has other applications as well. Examples include 

disinfection of germs, sensor applications, decomposition of effluents and app lications in the 

field of opticS75.79. The most attractive feature of titan ia is its non-toxicity and 

biocompatibi lity, which is the bases of many of its app lications. Various attempts have been 

made to use titania in biological systems for purposes SLl ch as glucose sensing and hard tissue 

implants8o.sl . Titania foam with properly tai lored surface mod ification with sil ica was lIsed as 

scaffo ld fo r tissLles82 , Titania particles were synthes ized from the stirred glycero l and NH4F 
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electrolyte and surface adhesion with epithelial cells was investigated, however, surface 

adhesion was fo und to be low due to sti rrings 83, 

1.7 TITANIA HYBRIDS AND COMPOSITES 

Besides the synthesis of titania particles a large number of hybrids, sols and 

composites have been synthesized from titania for various purposes, Apart from mechanical 

and chemical resistance titania also improved the weather resistance of the composite 

materials84 , A stable colloid of titania/Poly(acrylic acid) hybrid was synthesized in which 

chelating bond between matrix and fi ller was ev idenced by 1R85. The hybrids of titan ia with 

acrylic resin were synthesized both by blending and in-situ polymerization, Blending was 

found more useful for the dispersion of particles and smoother films were formed by this 

method 85, The phase separation and gelation were observed to be occurring at different 

times, when the protocol of reaction was changed. If polymer was added to titania solution, 

then gelation occured first, but if titania was added to polymer gelation and phase separation 

occured simultaneousll 6
, The effect of annealing temperature was observed on the properties 

of titania/Poly[2-methoxy-5-(20-ethy lhexy loxy )-p-phenylenev inylene] t i tania/MEH -PPY 

films. The annealing treatment was effective for a further convers ion of titanium isopropxide 

(TIP) to titania for preparing homogenous MEH-PPY/titania hybrid film s87 , Aga in in this 

system the conversion of titanium isopropxide (TIP) to titania was studied in corre lation with 

water concentration, the conversion of TIP to titania increased with the increased of amount 

of water 88. 

Titania composites have generally been synthes ized to investigate the effects of 

filler on mechanical and thermal properties of composites89,The basis of improvement in 

properties was the interaction between filler and the matrix, which was ev idenced by various 

technique such as IR 90. This interaction facilitates load transfer from the matrix to the 

reinforcement. Since titania has photocatalytic behaviour as well, so some decrease in 

thermal properties was also observed91
• Titania hybrids with polyesters showed earlier 

degradation temperature, which was attributed to the catalyt ic activi ty of titania 92.80th the 

Ti02 and Si02 filler were used simultaneously to overcome the deteriorative feature of 

titania93, Apart from mechanical and chemical res istance titania also improved the weather 

res istance of the composite materials94
• 
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1.5 EPOXY-AMINE MATRIX 

Epoxy -amine system has versati le properties, so it is used as matrix for a variety of 

composite formulations with a variety of fill ers. The particulate fi ller may be synthes ized in­

situ,or prehydrolyzed partic les can be added9s
-
96

. In the later case am ine acted as nucleophilic 

catalyst and agglomerates were formed , because reaction was fast98
. If the surface of particles 

was modified with coupling agent, the thermal properties of compos ite were enhanced 

further97
. The thermal propeliies of the composite system varied with size and surface 

modification of the paIiicles. The small sized and surface modified particles showed better 

propeliies98
-
99

. When the curing agent was aliphatic and had flexible structure or the filler 

acted as plasticizer then the composite was flexibilized instead of toughningIOO-l ol. Besides 

this the content of the filler and the conditions under which the filler had been synthesized, 

also played an important role 102-103. Clay was also incorporated into the epoxy-am ine system 

after modification, which resulted in uplift in the properties of filler 104
. Epoxy-am ine system 

was used not only as thermally and mechanically resistant material, but it was also used as 

biomaterial e.g., bone cement with silica as reinforcement and for nanoimprint lithography 

with titania filler 10s
• 106. 

1.6 PRESENT WORK 

After a thorough survey it was rea lized that very little work has bee n done on epoxy­

amine system with titania so it was planned to synthesize and characterize systematically 

epoxy-amine-titania compos ites. The curing kinetics of the matrix used was well studied37
, 

thus it was planned to investigate various factors which influence the mechanical and thermal 

properties. 

The synthesis of epoxy-amine-titania composites was carried out with an aim to study 

the effect of incorporation of titania filler on the properties of the composite systems. Titania 

had photocatalytic activity and it imparted negative effect to the thermal stabil ity of the 

composites92. So in the work titania was synthesized ex-s itu and then blended with the matrix 

to minimize the chances of catalytic interference. Two modifications were then made to 

enhance the intreraction between the matrix and the filler. The first one was to reduce particle 

size and consequently increase the surface area of particles availab le for contact with the 

matrix. The other modification was to tailor the surface of the particles with the coupling 

agent for better interaction. The properties of the composite systems were studied as a 

function of the type of the filler. 
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The matrix used for the composite system was polymeric and the reinforcement was 

inorganic titania network structure generated by so l gel method . The organic system was 

represented by epoxy-amine network (matrix) prepared from diglycidyl ether of bi sphenol A 

(DGEBA) and a poly(oxypropylenediamine)diamine, leffamine D-400. The particulate 

reinforcement was synthesized by inorganic route taking TiCI4 as a precursor77
. T he matrix 

(epoxy-amine) was blended with the particles. The incorporation of the filler resulted in 

reinforcement of the matrix. Hence the epoxy-amine-titania umposites were synthesized 

with various percentages of re inforcement. 

Three types of particles were synthesized. The first type was the partially condensed 

titania, largest in size having OH moiety at its surface. Second was th e finer paIticles, 

cons isting so lely of Ti-O-Ti network and smallest in size of the three (close to nano domain). 

Third type of particles were those having surface modified with cou pling agent (y-APS) and 

medium in size. The three types ofpalticles were characterized by IR, XRD and AFM. 

Three series of composites were synthesized from the three types of titania. In the 

case of partially condensed titania, there was possibility of ring opening by the OH moiety so 

there was some sort of chem ical link. In the second case there was no poss ibility of chemica l 

link between matrix and the filler (Figure 1.10). In the third system interfacial bonding 

between the two phases was achieved by using y-aminopropJltriethoxysi lane as coupling 

agent. y-Aminopropyltriethoxys ilane (y-APS) developed chem ical bonding between the 

ti tan ia network and epoxy am ine (Figure 1.11 ). The am ino group of y-APS reacts w ith an 

epoxy ring of the DGEBA. The composite series were characterized by DSC, TGA , and SEM 

as well as mechanical analysis . 
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Fig: 1.10 Hypothetical scheme showing the reaction between epoxy-amine and titania 

developed by sol-gel 
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Fig: 1.11 Hypothetical scheme showing the possible reaction between epoxy-amine and 

y-APS grafted on titania. 
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2. MATERIALS AND METHODS 

This chapter describes in detail the chemicals used, the procedures adapted for the 

synthesis of various types of titania and characterization techniques used for the analysis of 

various types of particles and composites. 

2.1 CHEMICALS USED 

Diglycidyl ether of bisphenol A, DGEBA (DER 332) was obtained from DOW 

chemicals and was used as received. It had molar mass of 348.52g/mol, the equivalent weight 

per functional group was EE =174.26 g/mol and value of polydispersity index (n) was 0.03. 

o 

01-1 

o 

(B.A)~ 
11 

Fig 2. : Dig ycidyl ether of bisphenol A (DGEBA) n=0.03 

Poly (oxypropylene)diamine Jeffamine D-400 was obtained from HUNTSMAN and 

was used as received. It had molar mass of 399 g/mol, the equivalent weight per functional 

group was E NH = 99.75g/mol and x = 5.6 . 

NH2 

x 

Fig 2.2: (Jeffamine D-400) x=5.6 

Titaniumtetrachloride (TiCI4) was obtained from Merck and was used as received. 

It has molecular weight of l39 g/mol and its b.p was l36.4 Dc. 

y-Aminopropyltriethoxysilane (y-APS) 97% was obtained from ABCR Germany and 

was used as received. It has molecular weight 222 g/mol and b.p was 122 0 C. 
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Fig 2.3: y-Aminopropyltriethoxysilane 

HCI 33% was obtained from Fluka and used as received. 

2.1.1 DRYING OF SOLVENTS 

i) Ethano l was dr ied on CaO for 6 hours and then disti lled 107 . 

ii) Acetone was dried over CaCb and then di stilled l O7
. 

2.2 EXPERIMENTAL TECHNIQUES 

2.2.1 SYNTHESIS OF PARTICU LATE REINFORCEMENT 

Titan ia palticles varying in size and surface morphology were used as reinforcement. 

Inorganic so l gel route was used to generate Ti02 with titan ium tetrachloride as precursor. 

Firstly a repOited procedure was followed 77 . The yield of reaction was very low so the 

procedure was modified i.e. , the solvent was changed (ethanol instead of carbontetrachl oride 

and water was used along with ethanol fo r faste r rate) .Three types of part icles were 

synthes ized by varying reacti on parameters and process ing conditions. These three types wi II 

be called microtitania, ca lcined titania and functiona lized titania in further discussion for the 

sake of convenience. 

2.2.1.1 Synthesis of Micro-titania 

Titania synthesized in thi s system was partially condensed, leavi ng -0 1-1 and -

OC2Hs (from so lvent) at its surface . The coupling agent was not used for the mod ifi cation of 

the surface and drying was ca rried out at ambient temperature. 

2.2.1.1.1 Procedure: 

In a 100 ml two necked round bottom fl ask fitted with a septum, 40 m I of ethanol and 

S ml of water was taken. (EtOH : H20; 8: 1 ).The flask was then fitted with a reflu x 

condenser and 0.6 mL (O.OS mole) of TiC I4 was injected, through the septum along with 

continuous stirring. The reaction mixture was stirred at 60° C for half an hour. S mL (0 .1 

mole) of NH40H was injected drop by drop through the septum to attain a pH of 8. Ageing 
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time of 6 hours was given with stirring. The product was fi rst washed with water (5 ml ) and 

then with acetone (5 ml) and so lid particles were recovered by centrifugati on. The 

precipitates were sonicated with 0.1 M HC I for 15 minutes to break down agg lomerates. 

Finally the product was dried under vacuum at 120 °C. The actual yield of prod uct was 0.176 

g. The yield was found to be 85%. 

(EtOH : H20 ; 8: 1 ). 

Fig 2.4 : Schematic representation of synthesis Oi- micro-titania 

2.2.1.2 Synthesis of Calcined Titania 

Titania synthes ized in this system was completely hydrolyzed and condensed by 

calcination at 600°C for 5 hours. It constituted ofTi-O-Ti network on ly, without any organic 

moiety at its surface. The size of the final particles was thus decreased . 
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2.2.1.2.1 Procedure: 

The same procediure was foll owed as for the synthes is of microtitani a but in stead of 

drying at 100 DC the product was ca lc ined at 600 DC for 5 hours. The actual yield or product 

was 0.1 5 g. The yie ld was found to be 70%. 

2.2.1.3 Synthesis of functionalized titania 

In thi s case, the surface of the parti cles was modified with coup ling agent to fac ilitate binding 

wi th the organic matrix. y-APS was used as a coupli ng agent. 

2.2 .1.3.1 Procedure: 

In a 100 mL two necked round bottom flask fitted with a septum 100 mg (0.0 01 25 

mole) of micro tit ani a (cf: 2.2 .1.1 ) was taken in 10 mL of ethanol as so lvent. It was then fi tted 

with a condenser and 0.2 mL (0 .02 mole) of y-APS was injected through the septull1 . The 

react ion mixture was stirred at 60 DC fo r 3 hours . The product was washed with acetone (5 

ml). The so lid particles were recovered by centr ifugation, and then dr ied at 60° C under 

vacuum. The actual yie ld of product was 0. 16 g. The yield was found to be 80 %. 

I Microtitania + y-APS II 

Functional ized 
Titani a 

Fig 2.5: Schemati c representation of synthesis of function alized-titania 

2.2.2 SYNTHESIS OF NEAT EPOXY-A MINE NETWORK 

In order to compare the properties of the epoxy-amine- titania composites, a neat 

system containing only epoxy-amine was synthes ized. The kineti cs of the system had already 

been established37
. For thi s purpose sto ichi ometric ratio NH/E= I of DGEBA (0.02mole) and 
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leffamine 0-400 (0.0 I mole) was taken in erlenmeyer flask (25ml) and stirred for an hour at 

room temperature. Then mixture was poured in clean and dri ed Teflon mould, cured at 1000 C 

for five hours to achieve the complete reaction between epoxy and amine. The fi lm obtained 

after complete curing was transparent. 

Three types of composite systems were synthesized with various percentages (2.5, 5, 7.5 

and 10 % wt.) of reinforcement. The phase separation was observed at 10% for EAT - I and 

EAT-2 while at 12.5% for EAT-3*. The samples obtained were then analyzed by ATR-IR, 

TGA, OSC, SEM and Mechanical analysis. 

(for 10 g, 10 % wt.titan ia composite) 

Sr. No Titania (g) OGEBA (g) Jeffamine (g) APTES(g) 

Neat 6.0 3.0 

EAT-I 6.0 3.0 

EAT-2 6.0 3.0 
\ 

EAT-3 0.91 6.0 2.99 0.09 

Tahle 2.1: Percent composition of composites 

In the fo ll owing section the procedures adapted to synthes ize the epoxy-amine-titania 

composites, in the EAT-I, EAT-2 and EAT-3 systems wil l be discussed. 

2.2.3 EPOXY -AMINE -TITANIA COMPOSITES SYNTHESIS 

2.2.3.1 Epoxy-amine-micro-titania composite 

The epoxy-amine polymer was fi rst mod ified by the incorporation of micro-t itan ia. In 

this system no binding agent was added. The system wi ll be abbrev iated as "EAT- I". Before 

curing all reactions were carried out at room temperature. In order to synthesize epoxy­

amine-titania networks with various percentages of titania, different proportions of titania 

were added. At 10 wt % titan ia composition' phase separat ion was observed, thus no 

compos ition was tried further. 

As observed by the naked eye 
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2.2.3 .1.1 Procedure: 

For the synthesis of epoxy-amine-titania compos ites fol lowi ng procedure was 

adapted. In a 25 ml erlenmeyer flask, carefully weighed amount., of the OGEBA (0.02 mole) 

and titania were added. The mixture was son icated for 15 minutes for proper dispersion of 

particles. Finally sto ichiometric amount of leffamine 0-400 (0 .01 mole) was added to the 

mixture and stirring was continued for 45 minutes. The mixture was then poured in clean and 

dried teflon moulds and cured at 100 °C for five hours. The flow chart for the synthes is of 

EAT-l is presented in figure 2.6. 

~=====D=G=E=B=A==+=T=it=an=i=a=====J 
Sonication 125° C 

+ Jeffamine 0 -400 

D Stil'l 25 °C/45 min 

I Curing 100 °C 1 5 hrs 

Fig 2.6: Schematic representation of synthesis of composites 

2.2.3.2 Epoxy-amine-calcined titania com posites 

This system was abbreviated as" EAT-2". Before curing of the reaction mixture all 

reactions were carried out at room temperature. In this system phase separation was observed 

at 10 % wt. titania hence no composition was tried further. The procedure for the synthes is 

has been given in figure 2.6. 

2.2.3.3 Epoxy-amil1e-tital1ia composite with fUl1ctiol1alized tital1ia 

In this system a binding agent was reacted with titania prior to composite synthes is. 

The aim was to end-link the polymer chains of organic matrix with the titania network. The 

system was abbreviated as "EAT-3". Before curing all reactions were carried out at room 
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temperature. In order to synthes ize epoxy-amine-t itani a networks with vari ous percentages of 

titania, different proporti ons of fi ll er were added. At 12.5 wt % ti tania compos ition phase 

separation was observed. thus no compos iti on was tri ed furth er. The procedure for the 

synthesis of compos ites was same as descr ibed before. 

2.3 Film Preparation 

Epoxy-amine-titania compos ite fi lms of controlled thickness were obtained by the measured 

amount of reaction mixture in tefl on moulds and by placing them on carefull y leve led 

surface. The thickness and width of the samples was obtained by measuring the dimension of 

these films with the help of micrometer and vernier caliper. 

2.4 CHARACTERIZATION TECHNIQUES 

Various techniques were used for the analys is of particles, matri x and compos ite systems. 

2.4.1 ATTENUATED TOTA L REFLECTANCE INFRA-RED ~ PECTROSCOPY 

Attenuated total refl ectance infrared spectroscopy (ATR-IR) analys is of powdered 

samples was carried out at 25°C by using Thermo Scientifi c Nico let 6700 

FT -IR spectrometer. 

Attenuated total reflectance (ATR-IR) of composites fi lms was also done by using the 

same instrument and conditions. 

2.4.2 X-RAY DIFFRACTION ANALYSIS 

X-ray diffraction analysis was carried out at 25° C using Siemens d 5000 X Ray 

instrument using Cu K alpha radi ati on. 

2.4.3 ATOMIC FORCE M[CROSCOPY 

Atomic force microscopic analysis of fun cti onalized titania was carried out. Partic les were 

dispersed in ethanol and thin films of palticies were coated on glass surface using spin coater. 

Analys is offilms was carried out at 25° C using Viecco AFM analyzer. 

2.4.4 SCANNING ELECTRON MICROSCOPY 

Scanning electron microscopic analys is of composite film s was done at 25° C using 

Jeo l, JFM 59 10, SEM analyzer. 
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2.4.5 DIFFERENTIAL SCANNING CALORIMETRY 

Differential scanning calorimetry CDSC) was carried out with METTLER 

TOLEDO 823e DSC instrument. 7-8 mg of sample was heated in a sealed aluminum pan in 

the desired temperature range at a heating rate of 100 Clmin, under nitrogen atmosphere. 

2.4.6 THERMOGRAVIMETRIC ANALYSIS 

Thermogravimetric analysis was carried out with METTLER TOLEDO TGAIDSC 

analyser 851 e at 25 DC. 7-8 mg of sample was heated to 700 DC under air atmosphere at the 

heating rate of 100 C/min. 
, 

2.4.7 MECHANICAL TESTING 

2.4.7.1 Tensile Measurement 

To study the stress-strain response of the hybrid materials as a function of size and 

morphology of titania mechanical tests were performed at Testometric Universal Testing 

Machine M350/500. Samples with (15 x 4.5-5.0 x 0.8- 1 mm) dim nsion were synthesized. 

The samples were vaccum dried at 60 DC for two hours . Standard procedures and formulae 

were used for calculating various tensile properties including stress, strain, %elongation, 

yield stress, yield strain ,touglmess, strength at break, Young 's modulus, ultimate tensile 

strength CUTS) etc. 

Data was fed directly into a computer interfaced with the tensile machine. The average of 

typically 3-5 specimens was determined for each sample and reported. 
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3. RESULTS AND DISCUSSION 

The epoxy-amine matrix network yielded transparent fi lms after curing while epoxy­

amine-titania composite systems were opaque but flexible. Transparency of the composites 

depended upon the particle size of the ceram ic like phase and their distribution in the organic 

matrix. By incorporating the particu late re inforce ment the transparency was affected, because 

the particle size became larger than the wavelength of light. At reinforcement level of 10 

wt% phase separation was observed for EAT- I and EAT-2, while for .EAT-3 phase 

separation appeared at 12.5 wt%. 

In this chapter the resu lts obtained for the particles, matrix and composite systems by 

various analytical techniques wi ll be discussed. The proceeding section is divided into two 

parts. First part is the analysis of particles, second is the analysis of matrix and composites. 

The particles were analyzed by various techniques including IR, XRD, AFM 

and SEM. IR and XRD were used as qualitative tool for the identification of the synthesized 

material particles; however, IR of functionalized titania was used as qualitative tool to check 

the functionalization reaction . Atomic Force Microscopy was also used to get information 

about the functionalization of particles. 

The c mposi es were analyzed by Differential canning alorimetry ( ), 

Thermogravimetric Analys is (TGA), Infrared Spectroscopy (IR), Scanning Electron 

Microscopy (SEM), and mechanical Analysis. DSC and TG A were used as tool for thermal 

analysi s. Infrared analysis was carried out for qualitative analysis, while tensile tests were 

performed to study mechanical properties of the composites. 

3.1 ANALYSIS OF PARTICLES 

Various types of particles were synthes ized varying in size and surface morphology. 

Various analytical techniques were used for the analysis and characterization of different 

properties. 

3.1.1 ATTENUATED TOTAL REFLECTION -INFRARED SPECTROSCOPY 

3.1.1.1 ATR-IR of micro-titania 

ATR-IR of particles was carried out in order to know about the functional groups 

present at the surface of the particles. The particles were dried at ambient temperature so 
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some organic groups were present at the surface. Figure 3. 1 shows ATR-IR spectrum of 

micro-titania in the frequency range of 3500-400 cm- I
. The vibrational frequencies for 

various structural units are given in the table 3.1. 

The characteristic peaks were stretching vibrat ion of Ti -O-Ti unit at 480 cm-I and 0-1-1 

stretching vibration in the region of 3400 cm- I
. The -OH stretching peak was very broad 

which shows hydrogen bonding. Other peaks were due to ethoxy (-OEt) unit from the solvent 

i.e. ethano l. The solvent might have developed H-bonding interact ion with the OH of the 

titania87
. The presence of peaks for solvent has already been reported 108. The asymmetric and 

symmetric stretching vibrations for -CH2 appeared at 3056 cm- I and 2998 cm-1while the -CH 

symmetric stretching at 2972 cm- I was masked by the peaks due to -OH stretching. 
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Fig 3.1: ATR-IR of micro tit ani a 

However, -CH bending vibration for CH2 at 1460 cm- I was the evidence of the presence of 

the alkyl chain. 
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Structural Unit 
Stretching (Str.) / 

Frequency cm-1 

Bending (Bend.) Vibrations 

-OH Sym. Str 3400-3450 

Asym. Str. 3056 
-CH3 

Sym. Str. 2998 
-CH2 

Bend. 1460 

Ti-O-Ti Sym. Str. 480 

Table 3.1: ATR-IR spectral data of microtitania 

3.1.1.2 ATR-IR of calcined titania 

A TR-IR of calcined titania was done to check if any organic functionality was left at 

its surface, for interaction with the organic matrix. The calcination was carried out at 6000 C, 

so almost all the organic content was burnt off. 
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Fig 3.2: ATR-IR spectrum of calcined titania 

Figure 3.2 shows ATR-IR spectrum of calcined titania in the frequency range of 4000-

400cm-'. The characteristic peak in the IR spectrum of calcined titania was of Ti-O-Ti unit 
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which appeared at 480 cm -I. Any other prom inent peak was ',ot present in the spectrum 

showing that the organic moieties had been removed complete ly dur ing the high temperature 

calcination process. The synthesized product was thus pure Ti-O-Ti network . 

3.1.1.3 ATR-IR of functionalized titania 

ATR-IR of functionalized titan ia was carri ed out In order to get inform at ion about the 

completion of the functionalizati on reaction. The particles were reacted with amino-sil ane 

coupling agent, silane moiety underwent hydrolys is and Ti-O-Si bond was formed. Amine 

functionality remained intact in thi s reaction . 

Figure 3.3 shows ATR-IR spectrum of functionalized titania in the frequency range 

of 4000-400cm-l
. The vibrationa l frequencies for various structural units are given in the 

table 3.2. 

The characteri stic peaks in the IR spectrum of functionalized titani a were stretching 

vibration of OH at 3450 CI11 -
1 and symmetric stretching of -NH2 at 3350 CI11 -

1 which ",,,ere 

merged together. N-H bending was observed at 1508 cm-I. Symmetric stretching and bending 

at 2998 cm-Iand 1460 cm-I were due to methylene -CH2 units in the coupling age nt. The 

characte ri stic peak for Ti -O-Ti appeared at 480 cm-I. Th us the I R spectrul11 confi rill cd that 

the fun ctional ization of titan ia had been ach ieved. 
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Fig 3.3: Comparative ATR-IR spectra offunctionalized titania and microtitania 
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Structural Unit 
Stretching(Str.) / 

F requency cm-1 

Bending (Bend.) Vibrations 

-OH SYl11 ·Str 3400-3450 

-NH2 SYl11· Str 3300-335 0 

ASYl11 ·Str . 3056 
-CH3 

Bend 1380 

Sym. Str. 2998 
-Cl-b 

Bend . 1460 

C-N Bend. 1508 

Ti-O-S i Str. 940 

Ti-O-Ti Str. 480 

Table 3.2: ATR-IR of functionalized titania-l
5 

3.1.2 X-RAY DIFFRACTION ANALYS IS 

XRD of particles was carried out as a qualitati ve analys is tool for the identification of 

phase of paI1ic!es, and to get idea about the crysta llinity of particles. XRD was correlated 

with those of references avai lable in the library of the instrument. 

3.1.2.1 XRD of micro-titania 

XRD of particles was done to check out effect of drying temperature on the surface 

morphology. It was used as a too l to check whether crystallinity was attained after drying at 

120 °C or it required hi gh temperature process ing. 
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TITANIA 

REFERENCE 00-001-0562 

REFERENCE 00-004-04~ 7 
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Fig 3.4: XRD peak correlation of micro-titania with the referrence 

Figure 3.4 shows XRD peak correlation with that of reference for the micro-titania. 

The references 00-001-0562 and 00-004-0477 corresponded to peak patte rn of anatase 

polymorph. The peaks pattern did not co rrespond to those of reference titania. Thi s shows 

that the synthes ized micro-t itran ia particles was not titanium ox ide (Ti02) rather it was 

pat1ially hydrolysed titanium hydroxide. 

3.1.2.2 XRD of calcined titania 

The XRD of calcined titania was used as a qualitative analyt ical tool for the 

identification of product. The calc inat ion of titania was carried out at 600°C. At this 

temperature all the organ ic content was burnt off and pure titania network was left. Thi s was 

confirmed by the XRD peak correlat ion with those of the reference peaks. Figure 3.5 shows 

XRD peak corre lation with that of reference for the calcined titania. 
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Fig 3.5: XRD pea l< correlation of calcined titan ia with the reference 

The reference number 00-001-0562 corresponded to peak pattern of anatase titan ia, 

while reference number 00-001 - 1292 corresponded to peak pattern of rutil e titani a. rhe peak 

pattern of synthesized titania matched with that of anatase titania whi ch meant that 

synthesized titan ia resemb led anatase po lymorph . [t had empirica l formu la Ti02 and crysta l 

system was tetragonal. 

3.1.2.3 XRD of fUllctionalized titania 

The titan ia was modified wi th aminos ilane coupling agent. Its surface was expected to 

be altogether di fferent from that of pure titania. XRD was carried out to confi rm thi s. Figure 

3.6 shows XRD peak correlati on with that of reference fo r the fun cti onalized titania. 
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Fig 3.6: XRD peak correlation of functionalized titania with the reference 

The references corresponded to peak pattern of anatase titania. The synthes ized 

product did not match with the peak pattern of any of the reported systems which confirmed 

that it had surface different from that of the reference i.e., it had some other structural units 

on its structure which was aminosi lane coup ling agent as indicated by IR analys is. Thus XRD 

also confirmed the functional ization of partic les. 

3.1.3 SCANNING ELECTRON MICROSCOPY 

3.1.3.1 SEM analysis of microtitania 

Figures 3.7 (a and b) presents SEM images ofmicrotitania. As evident by the image the size 

of paltic les was greater than I !lm. Agglomeration was not seen in the images. 
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Fig 3.7 (a): SEM images of microtitania ; I ,..,m resolution 

(b) 

Fig 3.7 (b): SEM images of microtitania; 0.5 ,..,m resolution 

The high resolution image also confirmed the previous observation. 
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3.1.3.2 SEM of calcined titania 

The SEM images of ca lc ined titania showed that the size of titania was mLich sma ller as 

compared to that of the microtitania. The particles were agg lomerated thus it was nol poss ible 

to determine the size of the particles. 

Fig 3.8 (a): SEM images of calcined titania (0.5 11m) 

Fig 3.8 (b): SEM images of calcined titania (0.1 11m) 
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3.1.3.3 SEM of functiollalized titania 

The SEM images showed the fo rmat ion of agg lomerates so nothi ng co uld be said about 

the size of particles . The surface of pal1i cles seemed to be covered with something which 

could be the coupling agent. 

F'g .9 (a): SEM images of functionalized titania (5 11m) 

Fig 3.9 (b): SEM images of functiollalized titallia (0. 5 ~lm) 

The high reso lution image also confirmed the prev ioLls observation . 
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3.1.4 ATOMIC FORCE M]CROSCOPIC ANAL YS rS 

Atomic force microscopy gave insight into the morphology of the sample. The surface 

roughness and texture of the sample could be assessed with the help of AfM . The 

topographic image of the sample gave information about the mvrphology of the sampl e i.e., 

height and width of particles . The phase image gave information about the texture i. e., 

re lative ri gid ity and softness ofthe constituents of the sam pie. 

3.1.4.1 AFM analysis of fUllctiona lized titan ia 

Atomic fo rce microscopic analys is of functionalized ti ta nia was perfo rmed in order 

to get true picture of the synthes ized product. It was also used as a too l to invest igate the 

actual size of particle within the envelope of coupling agent. 

Thi s topographic image gave information about the morphology by giving picture 

of the relati ve height profil e i.e., the ups and downs of the surface of the sample that was 

being analyzed. The phase image gave informati on about the morphology by dep ict ing 

re lative stiffness of the system as the co lor intensity of the SY::' Lem . The stiffness increased 

li nearly with the co lor intensity of the analyte. 

Figure 3. 10 shows the topograph ic image of the functiona l ized titan ia. Slll1l e sort 

o symmetry was obser cd vvh ich migh had appeared by he a ach l 1ent or 2-3 )altick::, el 

one molecule of y-APS. Since there were three ethoxy silane units per coupling agent 

molecule, there was poss ibili ty that 2-3 titania partic les might have attached per molecul e of 

coupling agent thus givi ng ri se to some SOli of symmetry that appeared in the image. 

Two types of structures were visi ble in the image, figure 3. 10 (b). One kind of 

structure was of smaller size having defined boundary and although of not specific geometric 

appearance but relative ly definite shape. The other type of structure was of larger enti ties 

lacking defin ed boundary and spec ific shape. 
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Fig 3.10 (a): Topographic images offunctionalized titania 

(b): High resolution topographic image 

It gave an idea that the small entities enveloped within the larger coverings were 

titania particles, and larger coverings was the coupling agent. This supported the fact that the 

surface of particles had been modified by the coupling agent. 
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Fig 3.11: Phase image offunctionalized titania 

Figure 3.11 gives phase image of the functionalized titania. The phase image showed 

the rigidity and stiffness of the sample as a function of color intensity. The brighter the color, 

the stiffer would be the substance. The bright portions in the image represented the metallic 

part, which was also evidenced by the topographic image. The lighter color represented softer 

part which was the organic coupling agent. This conftrmed that titania had reacted with the 

coupling agent and its surface had been tailored successfully. The cumulative size of the 

particles was 0.5 J.tm. The actual size of the metallic particles was 100-120 nm and rest 350 

nm was the size of the envelope of the coupling agent. 

3.2 CHARACTERIZATION OF MATRIX 

The neat-epoxy-amine matrix was used as reference for the epoxy-amine-titania 

composite systems. The samples obtained in the case of neat epoxy-amine network were 

analyzed by ATR-IR spectroscopy, DSC, SEM and mechanical analysis. First of all ATR-IR 

of neat system will be discussed. 

3.2.1 ATR-IR SPECTRAL ANALYSIS OF NEAT EPOXY -AMINE NETWORK 

Curing of Jeffamine with DGEBA at 100°C produced three dimensional networks. 

While curing, D·400 reacts with DGEBA, the NH2 functionality of amine opened the epoxy 

ring of DGEBA hence tertiary C-N bond appeared in the fmal network with the 

disappearance of primary -NH2 and epoxide groups from D·400 and DGEBA respectively. 
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In the spectrum, disappearance of asymmetric and symmetri c stretching vibrations due 

to oxirane at 9 15 cm- I and 863 cm-I respectively and appearance of strong abso rption at 3400 

cm- I due to O-H formati on were obser 'ed. The appearance of peak at 1320 cm-I y\as due to 

tertiary C-N symmetri c stretching and no peaks were observed for primary N-H showing that 

that the -NH2 functionality of Jeffam ine 0-400 has been used up in opening the epoxy ring of 

DGEBA and complete reaction between DGEBA and Jeffamine 0-400 had taken place. 

Symmetric stretching vibrat ions of CH3, -CH2 and - CH were observed at 2975 cm-I and 

2950 cm- I and 2900 cm- I respectivel/ o9
. 

The characterist ic IR stretching vibrations of bisphenol A part in neat epoxy- amine 

matrix were also observed. The absorption range from 1608-151 1 cm- I was due to cP C=C 

and <D-O at 1250 cm- I
. 

From the ATR-IR spectral analysis of epoxy-amine matriy it could be conc luded that 

network formation had occurred and react ion between DGEBA and 0-400 was complete. 

3.2.2 THERMAL ANALY SIS 

3.2.2.1 Differential scanning calorimetry "DSC" of EA-neat 

DSC thermograms were used to determine the glass transition temperature (Tg) of 

neat epoxy-amine network. Fi rst scan of the composites were reported to start from 0-2800 C 

and the same sample was scanned a second time between 10 - 1100 C. As the sampl e was 

scanned between 0-3 00° C in the DSC oven the reaction was completed after thi s first scan, 

so the second scan of the system gave the final Tg of the system i.e. , Tg of the cured epoxy­

amine matrix. It was found to be 45 °CII O. 

3.2.3 MECHANICAL PROP ERTIES OF NEAT EPOXY-AMIN E NETWORK 

Tensile testing of the epoxy-amine network was ca rri ed out. A brief di scourse on the 

tensile properties of the nea l epoxy-am ine network is being given in the following secl ion . 

3.2.3.1 Tensile properties of EA-neat 

Stress-strain behaviour of epoxy-amine matrix was studied . Tensile testing of 3-5 specimens 

was carried out at 25 0 C. Parameters studied from Stress-Strain curves were tensile strength, 

Young 's modulus, Stress at 200% elongation, and toughness and found to be alm os t sa me as 

mentioned in reference no. 109. 
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Mechanical Properties 

Tensile Strength 

Young 's Modul us 

Stress at 200% elongat ion 

Observed Values ± 0.03 

11 .67 MPa 

11 28.45 MPa 

4.72 MPa 

Table 3.3: Tensile properties of epoxy-amine neat 

3.3 EPOXY-AMINE-TITANIA COMPOSITES WITH MICRO-TITANIA "EAT-I" 

A compos ite system, based upon epoxy-amine-titani a, containing part ia ll y condensed 

titania was synthes ized and abbrev iated as "EAT-l". The hydro lys is and condensat ion of 

TiCl4 was carried out at 60 °C and drying was carried out at 12C C. The partiall y condensed 

particles were blended with sto ichiometric amounts of DGEBA and Jeffamine D-400 while 

ensuring the fo rmation of homogenous mixture. The mi xture was then poured in to the 

uni fo rm sized moulds fo r shaping into thin strips fo r mechani ca l analys is. The sa mples 

obtai ned were analyzed by IR, DSC and TGA. 

3.3.1 ATR- IR ANALYS IS OF "EAT-I » 

To study the effect of incorporation of titan ia in the epoxy-am ine matrix without 

coupling agent, ATR-fR spectroscopy was performed. 

10C< 

Wave number CI11 -
1 

Fig 3.12: ATR-IR spectra of (a) Epoxy-amine neat (b) 10 wt% epoxy-amine-titania 

composite "EAT -I" 
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Figure 3. 12 shows the overlapped ATR-IR spectra of 10 wl% epoxy-ami ne­

microtitani a composites and the neat epoxy-amine matri x in the frequency range of 3500-400 

em-I. The absorption bands at 1320 em-I correspond ing to C-N stretching vibrations 

respectively confirmed the formation of epoxy-am ine network. The peaks due to bisphenol A 

could also be observed as mentioned before (See Secti on 3.2. 1) showing that incorporation 

oftitania phase had no effect upon the formation of organi c matri x. 

The characteri stic stretching vibrations for titania were present in the reg ion 4 10-490 

em-I showing that bas ic network skeleton of titania remained intact during the formation of 

the composite. 

From the spectral analys is of epoxy-amine neat and epoxy-amine-microt itani a 

composite it was thus concluded that the presence of re inforcement in the matri x did not 

interfere with the formati on of the matri x itse lf. From spectrum (b) it was clear that peaks 

observed for titania in the 1 Owt % compos ite were absent in the spectrum of the nea t epoxy­

amine network. 

3.3.2 CURING BEHAVIOUR OF THE EPOXY- AMINE TITAN IA MATR IX 

In order to determine the effect of titania on the curing of the epoxy amine matri " 

DSC was performed on init ia l mixture of epoxy-am ine-t ita ni a before curing (1= 0). figure 

3.13 (a) 
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Fig 3.13 (a): First DSC scan of the epoxy-amine-titania (2.5 wt. 11'0) at t=O 
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In the first scan of scan of DSC an exotherm appeared to start at 50 °C and conti nued 

ti ll 220 °c showing that the reaction had been completed in th is range. Now curing could be 

done either by giving longer times at 100 °C or by giving heat treatm nt at 150 °C for ·horter 

time. Another transition was also present in the DSC scan of the epoxy-am ine-titania 

composite, which was initial Tg (Tg of the system which had unreacted precurso rs) of the 

system. The curing was then carried out at 100 °C for 5 hours and completion of reaction was 

checked by IR and DSC of cured composite fi lm s. 

The second scan given in figure 3. 13 (b), gave in fo rmation abo ut the glass transition 

temperature Tg, of the system since the reacti on had been completed during the til's! scan. 

The scan showed that the Tg of the final system (41°C) had been decreased a I ittl e as 

compared to that of neat epoxy-amine matrix i.e. , 45 °C" O
• This was due to the reason that the 

titania was paltially condensed, it had - OH, which played its part as fl exibilizer thus 

decreas ing the Tg of the system. Also there was poss ibility of release of wate r by the 

condensation of O-H gro ups at the surface oftitania 101 . 
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Figure 3.13 (b): Second DSC scan of the epoxy- amine-titania 

3.3.3 SCANNTNG ELECTRON MICROSCO PY 

SEM of EAT- l series was done in order to see the influence of add ition or III icro­

titatn ia on the type of interaction between the matri x, fi ller and the fina l size of the part icles. 
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It was also indicated by the image that pal1icles were homogenously di stributed in the 

matrix i.e., any region without filler was not visible, however, the particles were 

agglomerated so the interaction between the matr ix and th particles was not so strong. Since 

particles in the ge l phase were added to the matrix, there was a probability that DAOO might 

have acted as nucleophillic cata lyst for completion of the hydrolys is of th e partic les96
. The 

result was fast growth and hence agglomeration of the parti cles . 

Fig 3.14 (a): SEM image of EAT-l (10 wt. % , 0.2 Ilm) 

Also the surface of the particles was not modified i.e., coupling agent was not used so the 

probability of strong interaction decreased. 

Fig 3.14 (b): SEM image of EAT-l (10 wt. %, Illm) 
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3.3.4 THERMOGRAV IMETR IC ANALY SIS OF "EAT- I" 

TGA analys is of the epoxy-am ine-m icrotitania comnosites was carried out to 

investigate the thermal stabili ty, the onset of degradation and the we ight loss behaviour. TGA 

was done in the ai r atmosphere. The TGA showed that the thermal stability depended greatly 

on the content of the fi ller. TGA of the two representatives for the seri es "EAT- I" i.e" 5 wt. 

% and 10 wt. % microtitania composite are compared in fig ure 3. 15. 

-- Neat 
100 ~ 

80 

:oR 0 

..... 60 -'= 
.'2l 

'~ ' . . 

,\. , . 

. . 

-"-,, . 5% wt.Titania 
10% vvtTltal1la 

~ 
40 

" ' " 

20 

n 100 200 300 400 500 600 700 

T emperature °c 

Fig 3.15: TGA of microtitania 5 wt. %, 10 wt. % and neat epoxy-amine matrix 

The onset of degradat ion started at about 300°C for the neat epoxy matri x, show ing the 

thermal stability of matrix itself. The onset of degradation for 5 \;vt% microtitania was about 

the same as fo r matrix. Thi s shows that titan ia upto 5 wt% did not alter the th erm al properti es 

of the matri x to a large r extent. The onset of degradation fo r th 10 wt% titani a compos ition 

was earlier than the matri x. Since the titania used was parti ally condensed it had pl astic izing 

effect. Instead of increas ing thermal stabi li ty, it would rather increase the mechanica l 

prope11ies . Secondly it was rep0l1ed that if prehydrolyzed pa11icles were added then amine 

that was being used as curing agent would act as nucleophilic catalyst and agglomerates 

would form which lower the thermal properties of the system so this observati on was in 

accord with the reported one 96 . Apart fro m this fact water was also being fo rmed by the 

condensation of the OH groups present at the surface of titania, thi s water also played an 

important ro le in plasticiz ing the compos ite system thus formed1 ol.This effect was more 
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pronounced in the 10 wt% titania composite, showing that the hi gher the content of the fi lieI', 

the greater the plasticization of the compos ite 

SYSTEM 

5 % weight EAT- I 

10% weight EAT- J 

Neat Epoxy-amine 

375 

350 

380 

370 

330 

375 

360 

340 

370 

Table 3.4: Thermal stability parameters for "EAT-I" 

The T lo. Tso and Tmax va lues also confirmed the plasticization of matri x by the 

reinforcement. The max imum weight loss for 10 wt. % occurred at lowest temperature. The 

Tso and T lo values also depicted the least thermal stab ility of the 10 wL. % compos ite. 

3.3.5 DIFFERENTIAL SCANNING CALORIMETRY OF "EAT - I" 

DSC of the samples was carried out to get information about the glass transition 

temperature of the com posite systems. Herc in th is system the curve for the heat evo l uLion or 

absorption was not visibl e. (See Annex) It is attributed to the fact that the organic polymer 

chains were bound to the particulate reinforcement and chain mobili ty was hi ghl y restricted 

that is why Tg was not visible. Although quantitati ve results could not be drawn, yet the 

invisibility of Tg might be affect of filler, since the presence of the fill er restricts the motion 

of the polymer chains90 

3.3.6 MECHANICAL PROPERTIES OF EPO XY -AM INE-r ,lI CRO-TITAN IA "EAT- I" 

COMPOSITES 

Tensile testing of the epoxy-amine network was carri ed out. Following section gives a 

brief discourse on the tens il e properties of the network. 
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3.3.6.1 Tensile properties of "EAT-J" 

The parameters studied from the stress-strain curve are given in tabl e: 3.5. The tensile 

strength for the EAT- l composite formu lat ions exceeded the va lue fo r the neat epoxy-amine 

matrix system (section 3.2.3.1), showing the im provement in mechan ical properties. 

All the parameters showed an increase, giving an ev idence that the add ition of filler 

had resulted in the enhancement of tensi le strength . It vvas attributed to the fact that that the 

micro-titania acted as plasticizing age nt. It lent fl ex ibility to the polymer chains thus 

enhancing the chain mobility as compared to those in the neat epoxy-amine matrix whi ch was 

relatively rigid. 

Mechanical Properties 

Tensi le Strength 

Young 's Modulus 

Stress at 200% elongation 

Observed values ± 0.05 

23 .98 MPa 

13 21.86 MPa 

18.08 MPa 

Table 3.5: Tensile properties of "EA T -1" 

3.4 EPOXY-AMINE-TITANIA COMPOSITE WITH CALCINED-TITANIA "EAT-2" 

A composite system, based upon epoxy-amine-calcined titania, containing 

completely condensed titania, was synthesized and abbrev iated as "EAT-2". The hydro lys is 

and condensation of TiCl4 was carried out at 60 DC and ca lcination was carried out 600 DC. 

The particles were completely dried to study the effect of the size red uction on ly keeping al l 

the other factors constant. The calcined particles were blended with stoichiometric amounts 

of DGEBA and leffamine D-400 to ensure formation of homogenous mixture. The mi xture 

was then poured into the uniform sized moulds fo r shaping into thin strips for mechanica l 

analysis. The samples obtained were analyzed by IR. SEM and TGA of samples was also 

carried out. 

3.4.1 SCANN IN G ELECTRON MICROSCOPY OF " EAT-2" 

Figure 3.1 6 shows SEM of "EAT-2" series composite. The part icles were 

agglomerated which indicated the poor interaction between the particles and the matri x. 
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Fig 3.16 (a): SEM image of epoxy-amine-calcined titania cC':nposite (10 wt. %, 51lm ) 

--
20kV X14,OOO 11.1m 0007 0940 .EI 

Fig 3.16 (b): SEM image of epoxy-amine-calcined titania composite (10 wt. %, 1 Ilm) 

There was no chance of interaction between matri x and the filler because the fi ller was 

purely Ti-O-Ti network without any organic moiety to interact with the matrix. The inorganic 

domains were dispersed in the organic matri x. 

3.4.2 THERMAL ANALYSIS OF "EAT-2" 

Thermal behav ior of the epoxy-amine-ca lcined titania compos ites was studi ed to see 

the effect of the ca lcined titani a. The binding age nt was not lI sed in thi s se ri es. 
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3.4.2.1 Thermogravimetric Analysis of "EAT -2" 

Figure 3. 17 shows the TGA of the ca lcined titania compos ites in compar ison with the 

neat epoxy-am ine matrix. The onset of degradation for the calcined compos ites was hi gher 

than the neat matri x, showing that the particles conferred extra thermal stability to the 

compos ites. This was attributed to the fact that the ceramic content increased In the 

compos ite system. The th erm al stability in case of 10 wt. % titania was better than the 5 wt . 

% compos ite, showing that the higher the content of the fi ller, the greater the stabi lity of the 

composite. This was due to the fact that the fill er was ceramic in nature which had hi gher 

thermal res istance than the organi c constituents. 
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Fig 3.17: TGA of S w t. (Yo calcined titania, 10 wt. % calcined titania and neat epoxy-

amine matrix 

SYSTEM 

S % weight EAT-2 420 400 410 

10% weight EAT-2 420 400 4 10 

Neat Epoxy-amine 380 375 370 

Table 3.6 Thermal stability parameters for "EAT-2" 
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The DSC results for EAT-2 are still awa ited for. 

3.4.3 MECHANICAL PROPERTIES OF EPOXY-AM I E-CALC INE D TITA 1/\ "E/\T-2" 

COM POSITE 

Tens i Ie testing 0 r the epoxy-am ine network was carried out. Followi ng secti on gi ves a 

brief discourse on the tensile properties of the network. 

3.4.3.1 Tensile properties of "EAT-2" 

The tensile properties showed a negative trend as compared to those of neat epoxy­

am ine matrix. Both the tensile strength and Yo ung's modulus had decreased. Thi s was due to 

the fact that a lthough the ce ramic content increased, yet there was poor dispers ion wh ich 

imparted rigidity instead of fl exibility to the compos ite systel tl. The system became even 

more brittle than the matri x and hence its tensile strength decreased. Table: 3.7 shows th e 

values of different parameters for EAT -2. 

Mechanical Properties 

Tensile Strength 

Young 's Modulus 

Stress at 200% elongation 

Observed va lues ± 0.05 

9.62 MPa 

562.25 MPa 

4.15 MPa 

Ta ble: 3.7 Tensile properties of "EAT-2" 

3.5 EPOXY-AMINE-FUNCTIONALIZED TITANIA COMPOSITES "EAT-3" 

A compos ite system , based upon epoxy-amine-functi onalized titania, containing 

binding agent to connect fi lIer particles to the polymer backbone, was synthes ized and 

abbreviated as "EAT-3". The hydrolys is and condensation of TiCI4 was carried out at 60° C 

and drying was carried out at 120 °C. The as-synthesized particles were reacted with y-APS 

to modify the surface. The modification was done to enhance the binding capability of the 

fi ller with the matrix. The fu nctionalized particles were blended with stoich iometri c amounts 

of DGEBA and leffamine D-400 till the formation of homogenous mixture. The mi xture was 

57 



then poured into the uniform sized moulds for shaping into thin strips for mechanica l 

ana lys is. The samples obtained were characterized by JR, SEM, TGA and DSC. 

3.5.1 ATR-IR ANALYS TS OF "EAT-3" 

To study the effect of incorporat ion of titania in the epoxy-amine matr ix with the 

coupl ing agent, A TR -IR spectroscopy was performed. Figure 3. 18 shows the com bined A TR­

JR spectra of I Owt% epoxy-amine-functi ona lized tita ni a composites and epoxy-amine matrix 

in the freq uency range of 4000-400 cm,l. 

The absorption bands at 1320 cm,l corresponding to C-N stretching vibrations 

respectively confirmed the formation of epoxy-am ine network. The peaks due to bisphenol A 

cou ld be observed as mentioned earlier. The coupling agent had amine fun ct ionality in it, but 

the peak for N-H absorption was not found in the IR of composite system showing that the 

amine of coupling agent also took pali in the react ion. 
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Fig 3.18: ATR-IR spectra of (a) epoxy-amine neat (b) 10 wt% epoxy-amine­

functionalized titania com posite "EAT -3" 

The characteristic stretching vibrations for titania were present in the region 410-490 

cm,l showing that basic ske letal network of titania remained imact during the form ation of 
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the composite. The 0-1-1 stretch present in the IR of matrix was absent in the I R of compos ite 

since there was possibili ty of interphase bonding through the OH group il i. 

From the spectra l ana lys is of epoxy-amine neat and epoxy-amine-functiona li zed 

titania composi te it was thus concluded that the amine group in the coupling agent reacted 

with epoxy group of the DGEBA thus establi shing chemical link between the matrix and the 

re info rcement. 

3.5.2 SCANNING ELEC RON MI CROSCOPY OF "EAT-3" 

SEM of the compos ites was carried out with the aim to study the effect of ta il oring 

the surface of particles on the interaction between the matrix and the fill er. 

20kV X20,OOO 11.1m 0007 1040 SEI 

(a) 

Fig 3.19 (a) : SEM image of "EAT-3" (10 wt. %, If.1m ) 

Figures 3. 19 (a and b) show the SEM images of "EAT-3". Even at higher reso lution 

particles were not visible which confirm s the breakdown of agglomerates and reduction in 

size due to interact ion between the matrix and the fill er. The particles were we ll diffused in 

the matrix showing the strong chemica l interaction between particles and matri x due to 

functional izati on of the particles. 
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Fig 3.19 (b): SEM image of "EAT-3" (10 wt. O;;l , 0.2 ,lin ) 

3.5.3 THERMAL ANALYSIS OF "EAT-3" 

Thermal analys is of the composites was carried out in order to study the effect of 

introduction of the coupl ing agent on the thermal properties of the com posites. The coupling 

agent had mod itied the surface properties of the particles thus mod ifying the properties 0 f the 

composites also. This affect was studied by the TGA and DSC of the sampl es. 

3.5.3.1 Thermogravimetric Analysis of "EAT 3 

The comparative TGA thermograms for EA T-3 and neat system are given in figure 

3.20. The thermal properties of the compos ites showed a nega ti ve trend. The onset of 

degradation was earlier than the neat epoxy-amine matrix for both the 5 l;\It% and 10 wt% 

compos ites. Although the binding between the organ ic and the inorgan ic constituents 

increased due to the coupling agent, but the weight loss behaviour was governed by metallic 

content in the reinforcement. 

SYSTEM 

5 % weight EAT-3 

10% weight EAT-3 

Neat Epoxy-amine 

380 

360 

380 

375 

325 

375 

Table 3.8: Thermal stability parameters of EAT-3 
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Fig 3.20: TGA of epoxy-amine matrix, 5 wt. % and 10 wt. % functionalized titania 

composites. 

The coupling agent y-APS, red uced the weight % of the inorganic phase (tita nl a 

network) in the overa ll weight of the partic les. Thi s in turn reduced the inorganic content in 

the composite system wh ich adversely affected the therma l properties of the composites. The 

higher the content of the orga nic part, the linear the decrease in the content of the inorganic 

phase and thus lower the thermal stabi lity of the compos ites. Thi s was also ev idenced by the 

observation that the therma l stab ility of the 10 wt% compos ite was even lesser than th e 5 wt 

% compos ite. The values in table 3.8 al so confi rmed thi s observ?~ i on. 

3.5.3;2 Differential Scanning Calorimetry of "EAT-3" 

Dse analys is of the composites was done in order to get informat ion abo ut the Tg of 

the composites. Tg was also affected by the modificati on of the reinforcement. 

Figure 3.21 shows the DSe thermogram of the epoxy-amine-fun ct ionalized t itan ia 

composite. The Tg of the 5 wt. % compos ite was 5 1 DC. The Tg of neat epoxy-amine matrix 

was 45 De li O. This shows that the Tg of the systcm had increased indicating restricted 

movement of polymeri c cha in s. It was attributed to chemi ca l lin kage between titania and 
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organic network. The polymer chai n mobility was hindered and chain movement occured at 

higher temperature accounting for an increase in Tg. The Tg of the 10 \V l. % composite 

system was 67 Dc. 
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Fig 3.21: DSC T hermogram of EAT-3 (a) 5 wt. u/.>; (b) 10 wt. (Yu 

The Tg showed I inear increase with the content of the filler. It was due to the reason 

that as the content of the filler increased, the bound polymer layer increased too. The bound 

po ymer layer was actually the amount 0 polymer ha s uck 0 h fill er. TI cl ain Ilob il ity 

was restr icted with the increase in bound po lymer layer which in turn increased the Tg. 

3.5.4 MECHANICAL PROPERTIES OF EPOXY-AM INE-FUNCTIONALIZED T ITAN IA 

COMPOSITE 

Tensile testing of the epoxy-amine network was carri ed out. Fo ll ow ing section gives a 

brief di scourse on the tensi Ie properties of the neat epoxy-am ine network. 

3.5.4.1 Tensile properties ol EA T-3 

Table 3.9 gives the values of the different parameters regarding the tensile strength of 

the EAT -3 series. The data showed that the tensile strength of the compos ite systems had 

increased. It was attributed to two reasons. Firstly, the particles are chem ica lly bound to the 

matrix system and thus enhanced the mechanical strength of the compos ite system. Secondl y, 

the pa11icles had aliphatic coupling agent chain associated with them which imparted 

flexibility to the system. Hence the mechanical properties increased as a combined affect of 

both the factors. 
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Mechani ca l Properties 

Tensile Strength 

Young's Modulus 

Stress at 200% elongat ion 

Observed va lues ± 0.05 

30.18MPa 

1437.7 MPa 

1.38 MPa 

Table 3.9: Tensile properties of "EAT-3" 

3.6 COMPARATIVE ANALYSIS OF THE PROPERTIES 

Nowa comparative overv iew of the properties of the composites would be given. The 

study of the properties of the composites could be generalized in two ways . The properti es of 

the composites withi n the same series and the comparison of properti es between different 

series. 

The properties of compos ite wi thin the same seri es did not show any linea r trend. Both 

the therma l and mechanical properties showed irregular behav iour. Thi s \-vas due to the 

reason that epoxy-amine matrix itse lf was a comparat ive ly thermally stable system . Al th ough 

it was re lat ive ly rigid system yet it exhi bited good mechani ca l prope rties. It was generally 

diffi ult to obtain a linear trend in the properties of composites of an already stab le matrix 

system, so any trend could not be general ized. 

The properties of the compos ites among different series could be generali zed on the 

basis of the properties of the fi ller pattic les. The state of dispersion and di stribution of fi ller 

particles and the type of interaction between matr ix and fi ller was shown by the SEM images 

of the compos ite series . The SEM images of EAT- I indicated agglomeration and poor 

interact ion between matri x and the filler. There was poor in teract ion between matri x and 

fi ller in EAT-2. The compos ites containing the functi onali zed part icles, however. showed 

better adhes ion between matri x and fil ler. 

The compos ites containing the functionali zed titania perfo rmed the best in the 

mechanical analysis. Thi s was attributed to the stronger in teract ion between the matrix and 

the fi ller. Although the degradat ion temperature was lowered due to the decrease in the 

inorganic content of the fi ller, the Tg was increased. The mechanica l propert ies were 

improved because the po lymer bound layer increased strength and the aliphatic coupling 

agent lent fl ex ibi li ty. Due to increased strength the mechani ca l properties were improved. 
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The composite system containing ca lcined titania performed the poorest in the 

mechanica l anal ys is. This was due to the reason that ca lcined titania made the system more 

rigid and increased the bri tt leness due to agglomerat ion . However, the onset of degradat ion 

for this system was shifted to higher temperature because the ceram ic content increased, 

hence improv ing the therma l stabi li ty. The mechanical properties of composite containi ng the 

microtitania were better than the neat epoxy-amine system but thermal properti es were lower. 

I t was attri buted to the fact th at th e add i li on of fi Il er improves the mechan ica l properties due 

to plasti ciza ti on but deteriorates the thermal properti es. 
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Fig 3.22: Comparative TGA thermograms of composite series and neat matrix. 

Figure 3.22 shows the comparative TGA ana lys is of compos ite series and neat epoxy­

amine matri x, The perform ance of "EAT-2" compos ite was the best 111 TGA. The 

performance of "EAT- I" and "EAT-3" was even lower than th e matri x beca use of the 

plastic izer effect of fi Il er. 

The char yield "vas hi ghest fo r the epoxy-am i ne-ca Ic ined titan ia com pos i te s, \V h ich 

indicated the therma l stability imparted to the compos ite system by the inco rporati on of the 

calcined titania, The char yield was lowest for the epoxy-amine-functiona lized titania 
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compos ite supporting the fact that the coupling agent had some organi c content in it. The 

organic content decreased the thermal stab ility, despi te the fact that it increa ed Tg. The char 

yield for EAT-I lies in between that for EA T-2 and EAT-3 showing moderale thermal 

stability of the system. 

PROPERTI ES NEAT EAT- l EAT-2 EAT-3 

Tensile 
11.67 23.98 9.6 1 30. 18 

strength(MPa) 
Young's 

1128 .45 132 1. 86 562 .25 1437.7 
Modu lus(MPa) 

Table 3.10: Comparative tensile data for composites and matri x. 

The mechan ica l properti es increased in the oppos ite order. The perform ance was 

observed in the order EAT-3 > EAT- I > Neat > EAT-2 owing to the varying effects o r Viller. 
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3.7 CONCLUSION 

The recent wo rk has provided much insight as to kno\\ about the effect of additi on of tiw nia 

as reinforc ing phase on va rious propeli ies of epoxy-amine network. Titan ia was generated 

outside the matrix via inorgani c so l-ge l route. Di ffe rent procedures were tri ed and different 

types of particles were synthes ized varying in size and surface morphology. At the end thi s 

work can be summarized by a few basic yet im portant conclusions. 

1. In general addi tion of the titania reinforcement improved the properti es of the 

compos ites. 

2. Better adhes ion between reinforcement and fi ller was achieved by fun cti onali zing the 

surface of the partic les. 

3. Addition of binding agent promotes mi scibility. In absence of coupling agent phase 

separation was observed at 10 wt%, while in the presence of the coup ling agent phase 

separati on appeared at 12.5 wt%. 

5 The smaller size of the reinforcement provided an increased surface area fo r 

interaction with the matr ix, but use of coupling agent was more useful to achieve 

bi nding between matri x and I ler. 

6 The system that perfo rmed best mechani ca lly was the epoxy-amine- Cuncti onali zed 

titania system. The increase in the mechanical properti es was attri buted Lo the 

increased interaction between the matrix and the fill er. The epoxy-amine-calcined 

titania composite system performed the best in therm al analys is ow ing to the highest 

content of ceram ic. 
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2. STRESS-STRAIN CURVES FOR EAT-3 
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