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INTRODUCTION
1.1 Sustainable Development

Sustainable development has come to the forefront of debate in recent years; however, it is not a new idea. “Sustainable development is defined as economic and social development that meets the needs of the current generation without undermining the ability of future generations to meet their own needs with improved environmental quality”[1]. Modern idea of sustainable development is fulfilled if the initiatives are carried out simultaneously by all sectors of society, economy and environment.

The translation of sustainable development into the real world of 21st century, will present a quest for chemists to design novel products possessing acceptable qualities:
· Minimum consumption of energy and raw materials.

· Can reduce greenhouse gas emissions.

· Can be biodegradable, improve waste disposal methods, and reduce the use of landfill sites.

· Can be burned as fuel at their end of life, produce carbon neutral energy.

· Non-toxic: suitable for food/pharmaceutical use.

Producing chemical products and new materials from bio-based resources is not a new idea. Industrial use of agricultural commodities for fuels and consumer products began in the 1920s, but they were soon replaced by petroleum-based chemicals after World War II because of petrochemicals low cost and durability. The important advances made in science with respect to catalysis and polymer chemistry resulted in the rapid development of the petrochemical industry and has benefited mankind in numerous ways[2]. However, with any new technology, negative secondary effects are produced as well. The finite non-renewable resources and negative secondary effects; increasing environmental regulations, emissions during incineration, the shortage of landfill space etc. have encouraged the use of annually renewable and environmentally benign raw materials obtained from agricultural, animal and microbial sources [3, 4] (Figure 1.1). 
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Figure 1.1: Changing sources of feedstock for the chemical industry.

Thus generation of new products from annually renewable agricultural and biomass will make important contributions for a portfolio of “Sustainable Development”. These eco-efficient products can compete in markets currently dominated by products based on petroleum feedstock in applications such as packaging, automotives, building products, furniture and consumer goods. 

1.1.1 Sustainable Agro Based Products

Agriculture offers a broad range of commodities, including forest, plant/crop, farm, and marine animals, that have many uses. Products derived from agro based plant/crop oil as matrices [5, 6] and plant bio-fibers as reinforcements having the capability of recycling, commercial viability and environmental acceptability with triggered biodegradability defined as “Sustainable” agro based products.

Alternatives, in substitution or addition to petroleum derivatives[7], from agro based resources make up the greatest proportion of the current consumption of renewable raw materials in the chemical industry. They offer to chemistry a large number of possibilities for applications which can be rarely met by petro-chemistry. 

Natural plant/crop oils are one of the cheapest and most abundant, annually renewable natural resources available for chemical and technical applications [8-10]. Plant oils constitute about 80% of the global oil and fat production, with 20% (and declining) being of animal origin. Social acceptance of these is high because they represent sustainable translations and with the right application, far more environmentally benign than fossil sources. Although these materials dominate among the agricultural products, various other renewable resources have been used, such as starch, cellulose, sugars, and lignin [11, 12].

The availability of inexpensive plant-based fibers in every part of the world has, in part, fueled their use in the past few years. These fibers offer several other advantages as well. Agro based natural fibers such as flax, hemp, straw, kenaf, jute, and cellulose consists mainly of cellulose, hemicellulose, and lignin. By embedding natural reinforcing fibers into biopolymeric matrix made of plant oils and other derivatives called biocomposites were created and are still being developed.

1.2 Plant Oils 

Plant oil represents one of the cheapest and most abundant agricultural feedstock’s available in large quantities. Its use as starting material offers numerous advantages, such as low toxicity and inherent biodegradability[13], making them an ideal alternative to chemical feedstock’s. They have a long use in the society both as food and for technical uses. 

1.2.1 Structure 

Oils and fats form a part of large family of chemical compounds known as lipids. Oils are predominantly made up of triglyceride molecules, composed of three unsaturated fatty acids side chains[14] joined at a glycerol juncture, shown in Figure 1.2.     

[image: image2.emf]O

O

O

O

O

O

FattyAcid

Glycerol


Figure 1.2: Triglyceride molecule, the major component of plant oils.
1.2.2 Composition 

Most of the common oils contain fatty acids that vary from 14 to 22 carbons in length[15], with 0 to 3 double bonds per fatty acid. The broadest definition includes all chain lengths, but most natural fatty acids are C4 to C22, with C18 most common. The varying composition of fatty acids depends on the plant/crop, the season, and the growing conditions[16]. The number of known fatty acids is very large. The fatty acid part represents around 90% by weight and the glycerin part around 10% of the fat/oil molecule. Fatty acids are almost entirely straight chain aliphatic carboxylic acids.
Table 1.1, lists fatty acids that are prevalent in common oils. The fatty acid part represents around 90% by weight and the glycerin part around 10% of the fat/oil molecule. Fatty acids are almost entirely straight chain aliphatic carboxylic acids.

In terms of fatty acid composition, fatty acids without carbon-carbon double bonds are classified as saturated, and those containing carbon-carbon double bonds are classified as unsaturated. Palmitic and stearic acids are the most common saturated fatty acids, and oleic and linoleic acids are the most common unsaturated fatty acids. Oleic acid is monounsaturated because it has only one carbon-carbon double bond. Linoleic, linolenic, and arachidonic acids are polyunsaturated because they have two, three, and four carbon-carbon double bonds, respectively.
The presence of many types of fatty acid indicates that at the molecular level these oils are composed of many different types of triglycerides with diverse levels of saturation. Table 1.2, lists their distribution in commercially significant oils[15]. Control of the fatty acid distribution function is essential to optimize polymer properties. Such plant oil can be physically treated and chemically modified to meet specific industrial applications[17].Newly developed genetic engineering techniques are likely to make unique contributions to the expansion of plants such as soybean(Table 1.2), flax, and corn. It should be noted that there are also exotic oils composed of fatty acids with other types of functionalities, such as hydroxyl, epoxy, and furanoid groups[18].
1.2.3 Chemistry

Triglyceride molecule contain active sites amenable to chemical reactions; shown in Figure 1.3 (a) ester groups, (b) C=C double bonds, (c) allylic positions, and (d) the α-position of ester groups. Although the most reactive sites in fatty acids are the carboxyl group and double bonds, methylenes adjacent to them are activated, increasing their reactivity[19]. Only rarely do saturated chains show reactivity. Carboxyl groups and unsaturated centers usually react independently[19]. The reactivity of carboxyl groups can be influenced by the presence of a nearly double bond.
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Figure 1.3:  Reactive positions in triglycerides: (a) ester groups, (b) c=c double bonds, (c) allylic positions and (d) the alpha positions of ester groups.
Table 1.1:  Fatty acids in common oils.

Common Saturated Fatty Acids

	Number of Carbon Atoms
	Formula
	Common Names
	Source

	4  
	CH3 (CH2)2 COOH       
	Butyric acid                
	Butter

	6
	CH3 (CH2)4 COOH       
	Caproic acid                
	Butter

	8
	CH3 (CH2)6 COOH                                
	Caprylic acid

	Coconut oil

	10  
	CH3 (CH2)8 COOH                                             
	Capric acid

	Coconut oil

	12
	CH3 (CH2)10 COOH                                              
	Lauric acid                 
	Palm kernel oil

	14
	CH3 (CH2)12 COOH                                               
	Myristic acid             
	Oil of nutmeg

	16
	CH3 (CH2)14 COOH                                              
	Palmitic acid             
	Palm oil

	18  
	CH3 (CH2)16 COOH                                               
	Stearic acid                
	Beef tallow

	18
	CH3 (CH2)7 CH=CH (CH2)7 COOH    
	Oleic acid                   
	Olive oil

	18   
	CH3 (CH2)4 CH=CH CH2 CH (CH2)7COOH              
	Linoleic acid               
	Soybean oil

	18   
	CH3 (CH2) (CH=CH CH2)3 (CH2)6COOH               
	Linolenic acid             
	Fish oils

	20
	CH3 (CH2)4 (CH=CH CH2)4 (CH2)2COOH               
	Arachidonic acid         
	Liver

	22  
	CH3 (CH2)20COOH                                              
	Beheric acid                
	Sesame oil

	Common Unsaturated Fatty Acids

	Number of Carbon Atoms
	Formula
	Common Names
	Source

	16  
	CH3 (CH2)5 CH=CH (CH2)7 COOH                              
	Palmitoleic acid          
	Whale oil

	18      
	CH3 (CH2)7 CH=CH (CH2)7 COOH                                
	Oleic acid                     
	olive oil

	18  
	CH3 (CH2)4 CH=CH CH2 CH (CH2)7 COOH                   
	Linoleic acid                
	Soybean,Sunflower oils                  

	18   
	CH3 (CH2) (CH=CH CH2)3 (CH2)6 COOH                      
	Linolenic acid          
	Fish, linseed oils

	20  
	CH3 (CH2)4 (CH=CH CH2)4 (CH2)2 COOH                        
	Arachidonic acid         
	Liver


Table 1.2: Fatty acid distribution in various plant oils.

	Fatty Acid
	#C: #DB
	Canola
	Corn
	Cottonseed
	Linseed
	Olive
	Palm
	Rapeseed
	Soybean
	High Oleic*

	Myristic
	14:0
	0.1
	0.1
	0.7
	0.0
	0.0
	1.0
	0.1
	0.1
	0.0

	Myristoleic
	14:1
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	Palmitic
	16:0
	4.1
	10.9
	21.6
	5.5
	13.7
	44.4
	3.0
	11.0
	6.4

	Palmitoleic
	16:1
	0.3
	0.2
	0.6
	0.0
	1.2
	0.2
	0.2
	0.1
	0.1

	Margaric
	17:0
	0.1
	0.1
	0.1
	0.0
	0.0
	0.1
	0.0
	0.0
	0.0

	Margarloeic
	17:1
	0.0
	0.0
	0.1
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	Stearic
	18:0
	1.8
	2.0
	2.6
	3.5
	2.5
	4.1
	0.1
	0.4
	3.1

	Oleic
	18:1
	60.9
	25.4
	18.6
	19.1
	17.1
	39.3
	13.2
	23.4
	82.6

	Linoleic
	18:2
	21.0
	59.6
	54.4
	15.3
	10.0
	10.0
	13.2
	53.2
	2.3

	Linolenic
	18:3
	8.8
	1.2
	0.7
	56.6
	0.6
	0.4
	9.0
	7.8
	3.7

	Arachidic
	20:0
	0.7
	0.4
	0.3
	0.0
	0.9
	0.3
	0.5
	0.3
	0.2

	Gadoleic
	20:1
	1.0
	0.0
	0.0
	0.0
	0.0
	0.0
	9.0
	0.0
	0.4

	Eicosadienoic
	20:2
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.7
	0.0
	0.0

	Behenic
	22:0
	0.3
	0.1
	0.2
	0.0
	0.0
	0.1
	0.5
	0.1
	0.3

	Erucic
	22:1
	0.7
	0.0
	0.0
	0.0
	0.0
	0.0
	49.2
	0.0
	0.1

	Lignoceric
	24:0
	0.2
	0.0
	0.0
	0.0
	0.0
	0.0
	1.2
	0.0
	0.0

	Average #DB/triglyceride
	
	3.9
	4.5
	3.9
	6.6
	2.8
	1.8
	3.8
	4.6
	3.0


*Genetically engineered high oleic acid content soybean oil (DuPont). 
These active sites can be modified and capable of polymerization to rigid polymers. These materials have economic and environmental advantages that make them attractive alternatives to petroleum-based materials.

1.2.4 Modifications 

The active sites present in the oils can be used to polymerize the triglycerides directly or first modifying the triglyceride structure by incorporating functional groups using the same routes [20-22] that have been applied in the synthesis of petroleum-based polymers.

Chemical modification is an important route for obtaining useful products from renewable feedstock’s which includes epoxidation, maleinization, amidation, hydroxylation, acrylation and glycerolysis reactions. After modification, different polymerization techniques were used to produce polymers suitable for use in appropriate applications. 
1.2.4.1 Direct Polymerization

Presence of double bonds in the triglyceride molecules allows them for direct polymerization. It is well known that fatty acid double bonds are incapable of homo-polymerization due to the facile chain transfer to the many allylic positions in the molecule[23]. However, the double bonds undergo slow oxidative cross-linking, which has been utilized in drying paints since centuries, but the reaction is to slow for modern industrial purposes. The double bonds in the fatty acid does not for example readily cross-link upon radical initiation, which is a very common method today for resin crosslinking in a composite.

Cationic or free radical polymerizations, without any prior modification, of variety of oils: soybean[24-36], tung [37, 38], fish[39, 40], corn[41] with reactive comonomers (divinylbenzene, styrene, norbornadiene, acrylonitrile, dienes, acrylates, etc.) using  boron trifluoride diethyl etherate (BFE) or related modified initiators have been reported. BFE has proved to be a very effective catalyst in cationic polymerizations[42]. Resulting thermosetting materials possess thermal and mechanical properties comparable to those of industrial plastics, as well as some other useful properties, including high damping and shape memory.

Naturally occurring functional groups can be found in some plants oil, such as hydroxyl and epoxy, capable of crosslink with various hardeners to form polymer networks.

· Vernonia oil comprises triglycerides that contain about 70–80% vernolic acid, which contains a naturally occurring epoxide functional group. The triepoxide functionality of vernonia oil is used to obtain crosslinked polymers with difunctional reagents, such as dibasic acids [43] and aromatic diamines [44].It is also employed in cationic UV-cured coatings.

· Castor oil is basically the triglyceride of ricinoleic acid. Ricinoleic acid has 18 carbon atoms, a double bond (C9=C10), and a secondary hydroxyl group. Due to the presence of natural hydroxyl group, it has been used in polyurethane applications [45]. These polyurethanes further reinforced with natural fillers to form biodegradable composites.

Natural oils have been used directly to produce interpenetrating polymer networks (IPNs). IPNs formed by triglycerides could increase the toughness and fracture resistance of conventional thermosetting polymers[46, 47].

Heat polymerization of natural oils is known to create triglyceride oligomers. Subsequent functionalization can then convert these oligomers to polyols which are further used for urethane applications. Powers[48] reports different reactions that can take place during the heat polymerization like isomerization, ring formation, and diene conjugation.

Various examples of direct addition of a halogen and a carboxylate to a triglyceride can be found in the literature. Addition of bromide and acrylate groups, Figure 1.4 in the presence of acrylic acid and NBS (N-bromosuccinimide) yields bromoacrylated oils[49], which can be free radically copolymerized. These polymers showed good flame-retardant properties due to the presence of bromine in the structure.
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Figure 1.4: Reaction of triglyceride with acrylic acid.

1.2.4.2 Chemical Modifications and Polymerization

Internal double bonds present in the triglyceride are not reactive enough; efforts have been made to modify the oils in order to make them capable of reacting to produce polymers with improved properties. Various chemical modifications are:

1.2.4.2.1 Epoxidation

Epoxidation is one of the most common and important functionalization reaction involving C=C double bonds of the triglyceride oils, Figure 1.5. The Prilezhaev reaction[50], i.e. the epoxidation of alkenes with peracids, is the most applied method. During the reaction, C=C double bonds of unsaturated compounds are converted into three - membered cyclic ethers via acid catalysis called epoxides, also known as oxiranes [51]. 
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Figure 1.5: Epoxidation of triglyceride.

Standard industrial production is based on in-situ epoxidation [52] , in which peracid is generated by reacting acetic or formic acid with hydrogen peroxide in the presence of strong mineral acids such as H2SO4 and H3PO4. Many other types of catalysts such as methyltrioxorhenium, ammonium molybdate, ion exchange resins, Venturello’s catalyst, phase transfer catalysts, lipase-catalyzed chemoenzymatic oxidations and crown ethers have been studied for the purposes of improving the selectivity and increasing the conversion and yield of epoxidation.
Epoxidized oil especially, epoxidized soybean oil (ESO), is primarily use as plasticizer for poly (vinyl chloride) to improve its stability, flexibility, and processability. Epoxidized oil is effectively converted to carbonated oil (CBO)[53] containing five-membered cyclic carbonates by reaction with carbon dioxide in the presence of catalyst . CBO reacts with di- or tri- primary amines to give the corresponding nonisocyanate polyurethane networks (NIPUs)[54].

Probably the most frequently studied polymerization involving plant oils and their derivatives in recent years has been the epoxy resin formation with epoxidized plant oils and fatty acids. These pathways are also accessible via epoxy and hydroxyl functional natural triglycerides [55]. Epoxidized monomers are also subsequently crosslink with amines[56, 57] and anhydrides[58-63] as hardeners producing thermosetting materials with moderate Tg values and good thermal stabilities. Moreover, epoxidized castor oil (ECO) [64], epoxidized soybean oil (ESO) [64]  as well as other epoxidized plant oils[65] are currently evaluated for their potential use as toughening materials in epoxy resin applications[66, 67]. 

Ring opening (RO) of epoxides is an established method to attach further reactive groups on the triglyceride. Epoxidized triglyceride reacts with acrylic acid incorporating acrylate moieties forming acrylated epoxidized triglyceride [68, 69] Figure 1.6. Additional catalysts N, N-dimethylaniline and triethylamine, are commonly used because reaction is partially catalyzed by acrylic acid. Acrylation of various natural oils at different levels of acrylation was also studied[70].
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Figure 1.6: Reaction of triglyceride with an acid.

Acrylated epoxidized oil is free radically copolymerize with reactive diluents such as styrene to obtain solid polymer materials useful in structural applications[70, 71],[64]. Residual epoxy groups left after acrylation can further be reacted with anhydride[72], conducive to stiffening the polymer. These have better properties than unmodified ones. Methods for increasing the stiffness of AESO polymers have also been reported [72].  

Synthesis of the acrylate (and methacrylate) of vernonia oil, their photopolymerization and formation of  IPNs in combination with a cured bisphenol A–type epoxy resin[73] were also reported. Other acids like cinnamic acid can also react with epoxidized oil in the presence of triphenyl phosphine (PPh3) as a catalyst[74] (Figure 1.7). Reaction of ESO with malonic acid[75] formed foamed polymers. Acid hydrolysis of epoxidized soybean oil in the presence of phosphoric acid, yields soybean phosphate ester polyol and has been used in the preparation of polyurethane formulations.
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Figure 1.7: Reaction of triglyceride with cinnamic acid.
Reactions of epoxy rings with hydrogen active compounds produce secondary hydroxyl groups; reacting with water [76] forms vicinal hydroxyl groups and these reacted with maleic anhydride to produce maleate half-ester which radically copolymerized with styrene [22]. Alcoholysis [77] is evaluated for lubricant formulations[78], pu foams [79] and networks[80].With organic or inorganic acids [81] . Catalytic hydrogenation[82]. 

1.2.4.2.2 Hydroxylation

Conversion of double bonds in to hydroxyl groups directly, which do not involve epoxy intermediate is hydroxylation. Hydroxylation is achieved by following ways;
· Ozonolysis reaction, yielding polyols with terminal primary hydroxyl groups and different functionalities[83].

· Reacting oil with paraformaldehyde in the presence of a Lewis acid catalyst has yielded a hydroxymethylated oil derivative.

· Reacting with hydrogen peroxide and acid, yielding diols[84] and used further for polyurethane networks[85].

· Reaction of the hydroxylated triglyceride with cyclic anhydride incorporates maleate half-esters [22, 86, 87] onto the triglyceride. These monomers can be blended with a reactive diluent, similar to most conventional vinyl ester resins, and cured by free radical polymerization.

· Hydroformylation, using either rhodium or cobalt as a catalyst, and subsequent hydrogenation by raney nickel gives primary alcohols[88].

1.2.4.2.3 Maleinization 

The reaction between an alkene having an allylic hydrogen (an “ene”) and a compound containing an electron-deficient carbonyl compound or multiple bond (enophile) to form a new bond by a six-electron pericyclic process is called the ene reaction[89]. It is worth noting that the ene reaction does not consume triglyceride unsaturation, but rather causes only the double bond to shift to a new position. 
Maleinization follows an “ene” reaction path, in which addition of succinic/maleic anhydride to the allylic position of monounsaturated fatty acid was achieved [87, 90] to introduce more than two maleate residues per triglycerides (Figure 1.8). Its subsequent polymerization with different alcohols to the half-ester stage only has been studied. The polymers were soft and tacky, and hence could not be used as structural polymers. However, these new polymers may be suitable for applications such as adhesives, film formers, and textile and paper sizes. 


[image: image8.emf]R

3

O

O

O

O

O

R

2

O

O

O O

R

3

O

O

O

O

O

R

2

O

O

O

O


Figure 1.8: Reaction of triglyceride with maleic anhydride

Maleinated oils used as anhydride-functional curing agents for epoxy resins[91]. Diunsaturated, nonconjugated fatty acids in the naturally occurring plant oils, addition of maleic anhydride[92] follows Diels–Alder reaction[93] for example reaction of maleic anhydride with methyl oleate. Modified oils used in cosmetic applications as a component in shower gels, bar soaps, sunscreens, and skin-treatment products[94].

1.2.4.2.4 Glycerolysis

Conversion of plant oil triglycerides to monoglycerides by the well-known glycerolysis reaction [95, 96]  (Figure 1.9) and the use of the resulting mixture of monoglycerides and diglycerides [97] as the diol component in polyesterification reactions with various diacids [98] and anhydrides is the basis of alkyd resin manufacture [96].
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Figure 1.9: Conversion of triglycerides to mono and di-glycerides.
Alkyd resins have acquired a good reputation because of their economy and ease of application [99].They used as binders in paints and varnishes, surface coatings[100]. Polyaniline (PANI) based alkyd composites is one of the enormous industrial challenges[101]. 

The modified oil can also reacts with anhydride producing the maleinized oil, which is subsequently blended with styrene and produces a copolymer again via free radical polymerization. This maleinized oil-styrene copolymer has a higher Tg than that of acrylate-modified copolymer, through their mechanical properties are relatively the same level. To increase the Tg and modulus of monoglycerides and monoglyceride maleates, more rigid diols[102]  can be added during maleinization reaction and crosslinked with styrene[95, 103]. Friedman and Garti[104] have synthesized monoesters of maleic acid using monoglyceride mixtures derived from tallow oil. These products were then sulfonated and used as wetting agents and surfactants, but no effort was made to maximize maleinization yield or to use the reactive maleate unsaturation in a radical initiated polymerization.

1.2.4.2.5 Amidation

Amide functionality on the triglyceride is obtain by the Ritter reaction[105] between plant oils (such as soybean and sunflower oils) and acrylonitrile in the presence of sulfuric acid[106] (Figure 1.10). Radical initiated copolymerization of the acrylamide derivatives with styrene produced semirigid polymers[106].    
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Figure 1.10: Reaction of triglyceride with acrylonitrile.
1.2.4.2.6 Functionalizing the unsaturation site as well as reducing the triglyceride into monoglyceride

This process can be accomplished by glycerolysis of an unsaturated triglyceride, followed by hydroxylation or by glycerolysis of a hydroxy functional triglyceride. The resulting monomer can then be reacted with maleic anhydride, forming a monomer capable of polymerization by free-radical polymerization.

1.3 Natural Plant Fibers
The use of natural fibers and natural fiber composites are certainly not new to mankind. The interest in using natural fibers such as different plant fibers as reinforcement in plastics has increased dramatically during the last few years. Owing to environmental conditions, it would be very interesting if natural fibers could be used instead of traditional glass and carbon fibers in different applications. A number of researchers have been involved in investigating the exploitation of natural fibers as load bearing constituents in composite materials. 

Fibers can be classified into two main groups: manmade and natural. Natural fibers offer the potential to deliver greater added value, sustainability, renewability and lower costs especially in the automotive industry[107]. In general, natural fibers are subdivided based on their origins, coming from plants, animals or minerals. All plant fibers are composed of cellulose while animal fibers consist of proteins (hair, silk, and wool). Plant fibers can also be classified according to which part of the plant they are obtained from. Depending on this, fibers can be grouped into seed, bast, leaf or fruit qualities[108].  Bast and leaf qualities are so called hard fibres (e.g., flax, jute, sunhemp and ramie)[109]  and are the most used ones[108] .

1.3.1
Composition

Natural fibers can be considered as naturally occurring composites consisting mainly of cellulose fibrils embedded in lignin matrix. The cellulose fibrils are aligned along the length of the fiber, which render maximum tensile and flexural strengths, in addition to providing rigidity. The reinforcing efficiency of natural fiber is related to the nature of cellulose and its crystallinity. The main components of natural fibres are cellulose (alpha-cellulose), hemicellulose, lignin, pectins and waxes.  Table 1.3 lists the chemical composition of some natural fibers, most of which are used in composite technology. 

1.3.1.1 Cellulose

The major component of most plant fibers is cellulose (α-cellulose). Cellulose is a linear macromolecule consisting of D-anhydroglucose (C6H11O5) repeating units joined by β -1, 4-glycosidic linkages at C1 and C4 position [116] with a degree of polymerization (DP) of around 10,000. Each repeating unit contains three hydroxyl groups. These hydroxyl groups and their ability to hydrogen bond play a major role in directing the crystalline packing and also govern the physical properties of cellulose.

The mechanical properties of natural fibers also depend on the cellulose type, because each type of cellulose has its own cell geometry and the geometrical conditions determine the mechanical properties. The crystal structure of natural and regenerated cellulose is known as cellulose I and II respectively. In cellulose I the chains within the unit cell are in parallel configuration [110], while they have anti-parallel configuration [111] in cellulose II.

Table 1.3: Chemical composition of various types of natural fibers.

	Fiber
	Alpha-Cellulose (%)
	Hemi-cellulose
	Lignin (%)
	Ash (%)
	Extracts (%)

	Bark/Stem fiber
	
	
	
	
	

	Bagasse (B)

Bagasse (G)
	55.2

33-50
	16.8
	25.3

19-34
	1.1

1.1-5
	0.7-3.58

	Banana (I)
	60-65
	6-8
	5-10
	1.2
	-

	Flax
	62-71

70-72
	16-18

14
	2-2.5

4-5
	1.5
	6.0

	Jute
	59-71

61-63
	12-13

13
	11.8-12.9

5-13
	0.7

0.14
	0.5-2

	Mesta
	60
	15
	10
	-
	-

	Ramie
	68-76

80-85
	13-14

3-4
	0.6-0.7

0.5
	0.3
	6.4

	Hemp
	67-75

57-77
	16-18
	2.8-3.3

9-13
	0.7

3.0
	0.8

	Palmyrah
	41-52
	11
	42-43
	4.1
	-

	Piacava
	31.6
	-
	48.4
	-
	-

	Rice straw (G)
	51-70

28-48
	-
	12-16
	15-20
	9-14*

	Sunn hemp
	70-78
	18-19
	4-5
	11.14
	3.0

	Talipot
	48.5-49
	19
	28-29
	1-1.5
	-

	Wheat straw
	40

29-51
	28
	18

16-25
	4.5-9
	-



	Leaf fiber

Curaua (B)
	73.6(70.7)
	21.1
	7.5(11.1)
	0.9(0.79)
	2.5-2.8#

	Pineapple (B)

Pineapple (I)
	83

80
	-
	12

12
	0.1-1

-
	4

-

	Sisal

Sisal (B)

Sisal (I)
	-

74-75.2

60-67
	10-13.9

12-13

10-15
	7.6-7.98

/9.9

8-12
	-

0.14-0.87

0.55
	-

1.7-6.0

-

	Fruit/Seed fiber

Coir

Coir (B)

Coir (I)
	36-43

53

43.77
	0.2

<1

-
	41-45

40.77

45
	-

-

-
	-

4.5

-

	Cotton
	92-95/90
	6
	0.7-1.6
	0.8-2
	0.4

	Sponge

gourd (B)
	62
	20
	11.2
	0.40
	3.1

	Oil palm
	65
	-
	19
	2
	-


Values in bracket obtained in (66); B-Brazilian, G- General, I-Indian; $water-free sample, *silica, #unpublished data.
1.3.1.2
Hemicellulose

Hemicellulose is not a form of cellulose and the name is a misnomer. They comprise a group of polysaccharides composed of a combination of 5- and 6- carbon ring sugars. Hemicellulose differs from cellulose in three aspects. Firstly, they contain several different sugar units whereas cellulose contains only 1, 4- beta-D-glucopyranose units. Secondly, they exhibit a considerable degree of chain branching containing pendant side groups giving rise to its non crystalline nature, whereas cellulose is a linear polymer. Thirdly, the degree of polymerization (DP) of native cellulose is 10-100 times higher than that of hemicellulose. Degree of polymerization (DP) of hemicellulose is around 50 to 300. Hemicelluloses form the supportive matrix for cellulose microfibrils. Hemicellulose is very hydrophilic, soluble in alkali and easy hydrolyzed in acids. 

1.3.1.1 Lignin 

Lignin is a complex hydrocarbon polymer with both aliphatic and aromatic constituents. They are totally insoluble in most solvents and cannot be broken down to monomeric units. Lignin is totally amorphous and hydrophobic in nature. It is the compound that gives rigidity to the plants. It is thought to be a complex, three-dimensional copolymer of aliphatic and aromatic constituents with very high molecular weight. Hydroxyl, methoxyl and carbonyl groups have been identified.Lignin has been found to contain five hydroxyl and five methoxyl groups per building unit. It is believed that the structural units of lignin molecule are derivatives of 4-hydroxy-3-methoxy phenylpropane [112]. The main difficulty in lignin chemistry is that no method has been established by which it is possible to isolate lignin in its native state from the fiber. Lignin is considered to be a thermoplastic polymer exhibiting a glass transition temperature of around 90oC and melting temperature of around 170oC [113].It is not hydrolyzed by acids, but soluble in hot alkali, readily oxidized and easily condensable with phenol [114].

1.3.1.2 Pectins and Waxes

Pectins are a collective name for heteropolysaccarides. They give plants flexibility. Waxes make up the last part of fibres and they consist of different types of alcohols. 

1.3.2 Structure

Natural fibers can be considered to be composites of hollow cellulose fibrils held together by a lignin and hemicellulose matrix [115]. The cell wall in a fiber is not a homogenous membrane (Figure 1.11).  Each fibril has a complex, layered structure consisting of a thin primary wall that is the first layer deposited during cell growth encircling a secondary wall. The secondary wall is made up of three layers and the thick middle layer determines the mechanical properties of the fiber. The middle layer consists of a series of helically wound cellular microfibrils formed from long chain cellulose molecules: the angle between the fiber axis and the microfibrils is called the microfibrillar angle. The characteristic value of this parameter varies from one fiber to another. 

[image: image11.emf]
Figure 1.11 Structure of an elementary plant fiber (cell)[116].

Such microfibrils have typically a diameter of about 10-30 nm and are made up of 30 to 100 cellulose molecules in extended chain conformation and provide mechanical strength to the fiber. The amorphous matrix phase in a cell wall is very complex and consists of hemicellulose, lignin and in some cases pectin. The hemicellulose molecules are hydrogen bonded to cellulose and act as cementing matrix between the cellulose microfibrils, forming the cellulose-hemicellulose network, which is thought to be the main structural component of the fiber cell. The hydrophobic lignin network affects the properties of other network in a way that it acts as a coupling agent and increases the stiffness of the cellulose/hemicellulose composite. 

The structure, microfibrillar angle, cell dimensions, defects and the chemical composition of fibers are the most important variables that determine the overall properties of the fibers Table 1.4 [117]. In general, the tensile strength and Young’s modulus of fibers increase with increasing cellulose content of the fibers. The microfibrillar angle determines the stiffness of the fibers. Plant fibers are more ductile if the microfibrils have a spiral orientation to the fiber axis. If the microfibrils are oriented parallel to the fiber axis, the fibers will be rigid, inflexible and have high tensile strength. 
Table 1.4: Crystallinity and microfibrillar angle of various natural fibers 

	Fiber
	Crystallinity (%)
	Microfibrillar angle (%)

	Bark/Stem fiber

Bagasse (sugar cane)

Flax

Jute

Ramie

Sun hemp

Talipot

Palmyrah

Piacava
	47

-

-

-

-

-

-

-
	-

10

7-9

7.5-12

9-10

23-26

29-32

-

	Leaf fiber

Banana

Curaua

Pineapple

Sisal
	-

75.6

55-75

55-65 72.2
	10-12

-

8.15

10-12 20

	Fruit/Seed fiber

Coir

Cotton lint

Sponge gourd

Oil palm
	-

-

59.1

-
	30-45

33-34

-

46


1.3.3 Advantages & Disadvantages

The use of natural fibers[118] as a replacement for synthetic fibers has received attention. Furthermore, the public generally regards products made from renewable raw materials as environmentally friendly [119]. Plant fibers have a number of advantages and disadvantages over traditional glass fibers. Advantages are:
· low density

· have high specific strength and stiffness[120]
· impact resistance

· flexibility and modulus[121]
· hollow cellular structure provides vibration damping[120]
· renewable and biodegradable[122]
· low cost i.e., economical production requiring little energy 

· less equipment abrasion[123, 124]
· Friendly processing atmosphere therefore reduced skin and respiratory irritation

· Enhanced thermal recycling[125]
· Positive environmental impact i.e., carbon dioxide neutral

Disadvantages are

· Non-uniformity and variation in dimensions; variations in mechanical properties.

· Inherently polar and hydrophilic nature; resulting in non-uniform dispersion of fibers in matrix which impairs the efficiency of the composite.

· Restricted processing temperature up to 200oC; fibers undergo degradation at higher temperatures and restricts the choice of matrix material.

· Higher moisture absorption; leading to swelling and voids at the interface resulting in poor mechanical properties and reduces dimensional stability of composites.

· Low microbial resistance and susceptibility to rotting; pose problems in shipping, storage and composite processing.

But it is clear that the advantages outcomes the disadvantages and most of the shortcomings have remedial measures in the form of chemical treatments. The natural fibers have an advantage over synthetic ones since they buckle rather than break during processing and fabrication. In addition, cellulose possesses a flattened oval cross section that enhances stress transfer by presenting an effectively higher aspect ratio.
1.3.4 Natural Fiber Modification

Several studies have shown the influence of various types of chemical modifications on the performance of natural fibers and fiber reinforced composites[126]. Both physical and chemical methods can be used for the modification of the interface. The physical methods used for surface modification involve methods such as stretching, calendering, thermo treatment, electric discharge (cold, corona plasma) etc. These methods do not change the chemical composition of the fiber. However, they change the structural and surface properties of the fiber and thereby influence the mechanical bonding to polymers. Various  chemical treatments includes alkali, silane, benzoylation, acrylation, isocyanates, coupling agents ,latex coating, permanganate, acetylation, monomer grafting under UV radiation and others have achieved various levels of success in improving fiber.

1.3.4.1 Organosilane as Coupling Agents

To enhance the compatibility between phases in a composite, a third component, known as compatibilizer or coupling agent is added or the fibers are surface modified prior to the preparation of the composites [127]. A coupling agent is typically a small molecule that reacts with the fiber surfaces, which improves the degree of cross-linking in the interface region and offers a perfect chemical bonding with the matrix material. Coupling agents are most commonly used with glass fibers but also provide benefit in the use of natural fibers. They are a family of chemicals characterized by being organo-metallic, in most cases organo-silicon compounds, and possessing dual or multiple functionalities. Each metal or silicon atom has attached to it one or more groups which can react with the fiber surface resulting either in the removal of –OH groups or the formation of hydrogen bonds, and one or more groups which, at least in the case of thermosetting resins, can co-react with the polymer during its polymerisation. A chemical bridge is thus formed between fiber surface and polymer. The mechanism of compatibilizing/coupling agent is shown in Figure 1.12 [128]
[image: image12.emf]
Figure 1.12 : Mechanism of coupling agent beween hydrophilic fiber and hydrophobic matrix polymer.

Of coupling agents, organosilanes are the main group of coupling agents commonly used. They were found to be effective in modifying the interface of natural fiber and polymer matrix[129]. Most of the silane coupling agents can be represented by the following formula:

                                          [image: image13.emf]
with n = 0-3; OR', the hydrolyzable alkoxy group; and R , the functional organic group. With the hydrolyzable alkoxy groups (OR'), silane can be hydrolyzed and becomes silanetriol (RSi (OH) 3), which is absorbed and condensed on the natural fiber surface. A hydrogen bond as well as a covalent bond can be formed between the fiber and silane as shown in reactions. 

CH2CHSi (OC2H5)3  (  CH2CHSi (OH) 3 + 3C2H5OH              
 
 (1)

CH2CHSi (OH) 3 + Fiber – OH  (  CH2CHSi (OH) 2O – Fiber + H2O      (2)

On the other hand, the organo functional group (R) causes the reaction as well as interdiffusion with the polymer matrix. Depending on the type of moiety R, there could be a co-polymerisation, and/or the formation of an interpenetrating network Table 1.5 [130]. Addition of coupling agent resulted in an interphase region covalent bond to both the fibre and the matrix[129] .
Table 1.5: Characteristic of representative commercial silane coupling agents

[image: image14.emf]
It was verified that the interaction between the silane coupling agent modified fiber and the matrix was much stronger than that of alkaline treatment, which led to composites with higher tensile strength from silane treated than alkaline-treated fiber [38]. Thermal stability of the composites was also improved after silane treatment [25].

1.4 Soy–Based Composites

Biopolymers are polymers based on natural resources like agricultural products, although some of them can be processed using petroleum oil. Being biodegradable, when these are reinforced with natural fibers, which are also biodegradable, the resulting composites can be considered as real biocomposites.

1.4.1 Soybean Oil

In search of renewable resources based environmentally friendly materials, soybeans can serve as starting materials. Among various plant and animal oils, Soybean oil is the most popular oil, covering 22% of the total oil market. Soybeans are renewable, widely available, biodegradable, and economical raw materials. Soybean is the leading oilseed crop that provides high content of oil and protein. USA is the leading producer of soybeans followed by Brazil and Argentina. Soybean holds a very important position in the Indian agriculture and economy. It stands at the 5th position in the list of the leading soybean producing countries with a production figure of around 7 million tons. Madhya Pradesh has the lead among the soybean producing states in India and is also called the soybean bowl in India. These characters of soybeans make it an attractive alternative for use as chemical raw materials.

1.4.2 Composition

Like any other oil or fat it is a triglyceride of a trihedral alcohol (glycerol) and fatty acids[131]. It is polyunsaturated with three double bonds positioned at carbons 9, 12 and 15 along the 18 carbon aliphatic chains [95, 131]. The most common fatty acid found among the arms is linoleic acid, which is composed of 18 carbons and contains two carbon-carbon double bonds. The next most common acid is oleic acid, which also contains 18 carbons but has only one C=C bond. Approximately 16% of all the arms are saturated fatty acids. It is reported that the fatty acid composition of soybean oil shows a wide variation linked to its region of origin[132].

Because of this high degree of unsaturation, the double bonds can serve as the reactive site for the triglyceride molecules. These double bonds, makes the soybean oil molecule polymerizable by incorporating functionalities or even using the double bonds by themselves as the polymerizable groups. With such modifications, soybean-based polymer [3, 131, 133] can be produced with a higher molecular weight and crosslink density.
1.4.3 Soybean Oil Based Polymers and Composites

Soybean oil (SO) is one of the raw materials with a high potential for new bio resins and biocomposites. Modified SO is a promising alternative in many applications, including plastic sheet-molding compounds, coatings, adhesives and composites.

 Currently, the most common chemical modification of soybean oil is the introduction of epoxy groups that replace some of the double bonds in the fatty esters. The synthesis of epoxidized soybean oil (ESO) was already been patented   and published. ESO with 100 mol % epoxidation (ESO100) was commercialized under various trade names and is used in lubricant application and as a plasticizer of poly (vinyl chloride).

Epoxidized soybean oil (ESO) contains active oxirane moieties in its molecule, which renders it with the energy for some reactions [13, 134]. However, due to its low reactivity and its tendency to intramolecular bonding ESO normally has a low cross-linking density and therefore limited thermal and mechanical properties. Resins from soybean oil are sought as replacement for liquid molding resins, such as unsaturated polyester, vinyl esters and epoxy resins [135]. Soybean oil based resins were used by Henry Ford in 1938 to make the first fiber reinforced car body panel [3].

Various monomers by chemical modifications of ESO by the ring opening can be prepared. The cross-linking capability was also estimated by UV and thermally initiated curing experiments[136].The degradation of the epoxide ring in ESO was studied by Campeanella and Baltanas [137]. The chemical modification of the epoxide ring has been widely studied to obtain new products, including polyol,  lubricant additive, synthetic lubricant, SO–styrene–divinylbenzene copolymer [138], SO monoglyceride maleate– polystyrene copolymer [95] and epoxy methyl esters. The modified monomers, use as a major component of a molding resin [139], blended with stryrene, and reacted by radical polymerizations [138], produces promising thermosetting sheet molding resin.
For instances, a commercial DGEBA epoxy resin (Diglycidyl ether of Bisphenol A) [140] and phenolic resins  have been successfully toughen by introducing partial ESO into the rigid matrix. ESO can tremendously increase the fracture energy of the rigid DGEBA epoxy resin, even more effective than commercial rubbers, commonly used for epoxy toughening. Also the toughening effect of liquid ESO rubber, obtained by ambient temperature curing of ESO and Tris-2, 4, 6 (dimethylamino) methyl phenols have been investigated.

Using bio resins as polymer matrices provides a two fold benefit over thermoset resins in biocomposites. Their presence can improve the impact strength of the resulting bioplastic, as well as produce a material with higher biobased content (more than 50 wt %). Thus substitution of DGEBA with epoxidized oil epoxy cured with different hardeners is an excellent combination, showing high elastic modulus, high glass transition temperature, and high heat distortion temperature (HDT) with larger amounts of epoxidized oil [141].

The soy-based resins hold great potential for environmentally friendly, renewable resource based, and low cost materials for structural applications. Various novel soy-based epoxy resins can be prepared containing various amounts of Epoxidized methyl soyate (EMS)[142], epoxidized allyl soyate (EAS)[143] and ESO. The application of Solid freeform fabrication has been explored to prepare ESO/Epon 828 composites reinforcing E-glass, Franklin, and carbon and wollastonite fibers with di-, tri-, and polyethylene amine as curing agents which are more efficient than polyethylenimine. The resulting composites have sufficient mechanical properties to be used in a wide variety of areas, such as agriculture equipment, civil engineering, the automotive industry and the construction industry.

Reactivity of the epoxide ring makes ESO able to crosslink with a suitable hardener such as amine, anhydrides etc. The so-called biopolymer could be applied to thermosetting derived from crosslinked ESO. The viscoelastic properties of crosslinked ESO have been studied in terms of effects of different curing agents and hydrogel properties.

However, there are few literatures using bio-based materials as curing reagent for ESO. A bio-based curing reagent for ESO, a terpene-derived acid anhydride (TPAn) was used. Also, biocomposites composed of ESO-TPAn and regenerated cellulose (lyocell) fabrics were prepared by compression molding method[144].

Structural composites are also manufactured using triglyceride monomers[145] and reinforced with fiber glass, natural fibers, such as flax[146] and hemp[147], kenaf[148] , cellulose, keratin feather fibers (KF) [149], producing new kind of composites derived from natural renewable agro based soybean oil material with comparable mechanical properties to the composite using petroleum-based resin. 
Various workers developed sunhemp fiber based polyester composites[150, 151]. Epoxidized soybean oil based sunhemp fiber composites are not yet reported. Sunhemp bast fiber was selected as reinforcement materials for soy based bicomposites system due to the following reasons.

First, sunhemp or sunn-hemp (Crotalarea juncea) fibers are one of the important natural bast fiber. The high cellulose content (70-80%)[152] and low microfibril angle (9.8o) of sunnhemp fibers as compared to other common natural fibers[153]  indicate that sunnhemp has potential as reinforcing filler in polymers.
Second, since it is originated in India and Pakistan, is an excellent green manure crop. It is easily available.

Third, it has already been used as reinforcement to thermosetting polyester, but never used to reinforce epoxidized soybean oil based resin.

Composites with high mechanical strength were achieved when kenaf fibers were first treated with (2-aminoethyl)-3-aminopropyl-trimethoxysilane in the reinforcement of these soy-based matrix resins[154].

Although ESO nanocomposites are very interesting because the in situ intercalation can be easily prepared, not many studies have been reported in this field. Titanium (IV) oxide anatase with a particle size of 32 nm was mixed in ESO[155]. There are a few publications reporting nanocomposites prepared from organoclay and ESO [156]. Organoclay was also used in ESO–polymer blends. For example, Liu and Erhan[157] prepared organoclay nanocomposites of epoxy/ESO, unsaturated polyester resins (UPE)/bio based epoxy resin EMS[158]  blends. Lu and Wool[159] used organoclay to reinforce ESO liquid rubber blended with polystyrene. Stable dispersions of impure multiwall carbon nanotubes (multiwall carbon nanotubes and carbon soot) in an acrylated epoxidized soy oil (AESO) based thermosetting resin were obtained by mechanical stirring.Reinforcement of the bio-based resin with nanoclays permits to retain stiffness without sacrificing toughness, while also improving barrier and thermal properties[160].Also nanocomposites composed of photocured ESO and supramolecular HSA nanofibers were prepared by the photo-cationic polymerization of ESO/HSA organogel[161].

Based on above studies, the development of ESO based polymeric systems and composites would be interesting alternatives, which is the objective of the present research work. The research was further divided in three parts:

· Optimization of anhydride/epoxy ratio (R). 

· Modification of ESO by addition of a co-monomer.

· Preparation of ESO based composites. 

Various characterization techniques were used to the study of mechanical, thermo-mechanical, thermal and morphological properties of the different systems.

1.5 Applications

Soybean can be used in different forms broadly divided into Soybean as a whole, Soybean meal, Soy oil. In addition to being served as edible sources, soybean oil and protein are also used in the industrial field. Various industrial uses of soybean oils are: anti corrosion agents, anti-static agents, carpet backing, core oils, crayons, diesel fuels, disinfectants, dust control agents, electrical insulation, epoxy, fungicides ,hydraulic fluids, inks-printing ,insulation, linoleum ,backing, metal-casting/working, oiled fabrics, paints, pesticides, protective coatings, putty, soap/shampoo/detergents, waterproof cements.Various applications in different fields lists in Table 1.6.
Table 1.6: Applications in different fields.

	Automotive industry
	front door linens, rear door linens, boot linens, parcel shelves, seat backs, sunroof sliders, headliners

	Agricultural equipments
	 tractors and farming machines

	Civil engineering 
	bridges and highways

	Marine infrastructures 
	 pipes and offshore equipments

	Construction industries 
	formaldehyde free particle board, ceilings, and engineered lumbers

	Rail infrastructure 
	carriages, box cars, and grain hoppers
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This chapter provides a background about the work done on epoxidized soybean oil, its polymerization techniques, and methods of its modifications. A summarize relationship of epoxidized soybean oil with other commercially available polymers, its composites, characterization of epoxidized   soybean oil based polymers and composites.

Adekunle et al. [162] have synthesized thermosets resins by functionalizing the epoxidized soybean oil with methacrylic acid, acetyl anhydride, and methacrylic anhydride. The obtained resins were characterized with FTIR, H-NMR, and C-NMR spectroscopy. The viscosities of the methacrylated soybean oil resins were also measured. 

Akesson et al. [145] have reported the composites with a high content of renewable material from natural fibers and an acrylated epoxidized soybean oil resin. Composites were prepared by spray impregnation followed by compression moulding at elevated temperature. The composites were studied in terms of tensile strength, flexural strength and dynamical mechanical thermal analysis. The aging properties were finally evaluated.

Alam et al.[163] have reported the synthesis of nanostructured PANI and its composites based on soy oil alkyd. The compositions were studied regard to their morphology, stability, and electronic properties. The effect of loading of nanostructured PANI on the physiochemical, physic-mechanical, morphological, and thermal properties of the composite has been analyzed.

Ali et al.[164] have investigated the blends from the melt blending of poly (lactic acid) (PLA) and epoxidized soybean oil (ESO) with in an internal mixer. The thermal, mechanical and rheological properties of the blends were investigated by means of differential scanning calorimetry, dynamic mechanical analysis, tensile test and small amplitude oscillatory shear rheometry.

Altuntas et al. [165] have reported the preparation of nanocomposites using an in situ polymerization technique in the presence of organically-modified montmorillonite (MMT) clays in different loading degrees. Acrylated epoxidized soybean oil (AESO) and styrene have been used as matrices, whereas modification of MMT has been done by using a new renewable soybean-oil-based intercalant, quarternized functionalized acrylated epoxidized soybean oil. The nanocomposite formation was examined by both XRD and AFM.

Antoon et al. [166] Have presented that Fourier transform infrared spectra, including absorbance difference spectra, indicated that the accepted mechanism of tertiary amine-catalyzed copolymerization of cyclic anhydrides and epoxy resins requires modification. Results also showed that the kinetic model is complicated by the lack of steady-state concentrations of the active species. The effect of silica filler and silane coupling agents on the reaction were also examined.

Balo et al. [167] have reported the 45 kinds of bicomposites from epoxidized soybean oil (ESO), fly ash and natural clay. The compressive strength, tensile strength, abrasion loss, thermal conductivity and oven-dry mass of each sample are measured. The compressive and tensile strengths are varied from 13.53 to 6.31Â MPa and 1.287 to 0.879Â MPa, respectively.

Barie et al. [168] have studied new resin formulations for increasing demand of the aerospace and other industrial applications. BTDA (3,3′,4,4′ benzophenonetetracarboxylic dianhydride)-epoxy resin mixtures were prepared with emphasis on formulation, curing conditions, and testing of the cured products. BTDA can be used alone and in admixture with maleic anhydride (MA) to give homogeneous castings and an empirical equation has been developed to aid in formulating BTDA/ MA mixtures.

Behera et al. [68] have synthesized epoxidized soybean oil acrylate (ESOA) from epoxidized soybean oil (ESO) by reacting acrylic acid with the oxirane group in ESO. The acrylated ESO products were characterized using a variety of analytical techniques such as oxygen value, iodine value, and acid value, infrared and proton NMR spectras. Free-radical initiators, benzoyl peroxide and tertiary butyl peroxy benzoate, were used for the curing of ESOA resin. 

Bettina et al. [169] have studied the curing of bifunctional epoxides bisphenol A diglycidyl ether (BADGE) and hexahydrophthalic diglycidyl ester (HHDGE) as well as the monoepoxides phenyl glycidyl ether (PGE) and cyclohexane carboxylic acid glycidyl ester (CHGE) with hexahydrophthalic anhydride (HHPA) in the presence of benzyldimethylamine (BDMA) or 1-methylimidazole (1-MI) as catalysts. The products were characterized by FTIR, DSC, and 13C-NMR.

Bledzki et al. [130] have reported the physical and chemical methods for the modification of natural fibers which are used for the development of NVF-polymer composite properties. The composites made of NVF combine good mechanical properties with a low specific mass. But the high level of moisture absorption by the fiber, its poor wettability, as well as the insufficient adhesion between untreated fibers and the polymer matrix lead to debonding with age. To build composites with high mechanical properties, therefore, a surface modification of the fibers is necessary.

Boquillon et al. [170] have studied the used of hemp fibers as reinforcement in composites of thermosetting vegetal oil based resin. Boards with fibers content from 0 to 65 vol % were produced by hot pressing. The mechanical properties were investigated with flexural testing and DMA, interfacial adhesion by SEM. 

Boquillon et al. [171] have studied the curing of epoxidised linseed oil with anhydrides. The reactions were catalyzed with different types of tertiary amines and imidazoles. 2-Methylimidazole leads to very interesting properties. The effects of the epoxidised triglyceride structure, made of aliphatic chains, on the network's properties were also examined.

Burgue et al. [172] have presented the development and thermo-physical characterization of a hybrid composite material with increased environmental friendliness that can retain stiffness without sacrificing toughness, barrier and thermal properties. Hybrid bio-composites were made from bio-based resins (blends of unsaturated polyester and epoxidized soybean oil) reinforced with organo-nanoclays and natural fibers (unprocessed industrial hemp).

Chand et al. [173] have prepared composites by placing unidirectional sunhemp fibers first and then carbon fibers. Composite of different contents of sunnhemp fiber and carbon fiber were produced. The composite were tested by tensile test, and morphology by SEM.

Chiang et al. [174] have reported the copolymerization of anhydride cured epoxy resin on fiberglass surfaces treated with a silane coupling agent using FTIR. The number of interfacial bonds formed depends on the amount of silane coupling agent deposited on the fiberglass and the reaction conditions.

Çolak et al. [175] have  synthesized silanized acrylated epoxidized soybean oil (silanized-AESO), a multifunctional monomer, by reacting acrylated epoxidized soybean oil with 3-Aminopropyltriethoxysilane via a Michael addition reaction using less than equivalent amount of the silane. The characterization of silanized-AESO was done by NMR and IR spectroscopy. Free radically initiated homopolymer of silanized-AESO was synthesized by using the residual acrylate groups. Silanized-AESO was copolymerized with styrene in 1: 1 weight ratio via radical polymerization. Silanized- AESO-styrene copolymer was analyzed by DMA (Dynamic Mechanical Analysis), swelling, and surface hardness tests.

Corcuera et al. [176] have studied the copolymerization of hexahydrophthalic anhydride (HHPA) with N,N,N′,N′-tetraglycidyl-4,4′-diaminodiphenylmethane (TGDDM) for several stoichiometric ratios. The rheological, thermal and dynamic mechanical behaviors of these systems were examined. The dynamic mechanical behavior was studied to analyze the influence of both stoichiometric ratio and cure schedule in the viscoelastic properties of the mixtures.

Crivello et al. [177] Have fabricated fiberglass-reinforced composites by the ultraviolet and visible (solar) irradiation of epoxidized vegetable oils in the presence of onium salt cationic photoinitiators. A variety of layup techniques and experimental conditions were explored to optimize composite fabrication. A series of composite samples were prepared using mixtures of epoxidized vegetable oils and synthetic epoxy resins, and their mechanical properties were evaluated.

Czub et al. [178] have reported the modification of Bisphenol A based low-molecular-weight epoxy resin with epoxidized soybean oil. Studies of co-crosslinking of mixed oil-resin compositions using isophorone diamine showed essential decrease of the reaction heat and peak maximum temperature. Mechanical properties, thermal stability, water absorption and chemical resistance of the epoxy resin modified with natural oil, were also investigated. 

Czub et al. [179] have proposed a method of synthesis of liquid high-molecular-weight epoxy resins from modified vegetable oils as natural raw materials. The application of epoxidized soybean, rapeseed, linseed, and sunflower oils as well as hydroxylated soybean and rapeseed oils as raw materials in the fusion process was verified. Reactions of: (i) epoxidized oils, used as low-molecular-weight epoxy resins, with Bisphenol A, and (ii) Bisphenol A-based epoxy resin with hydroxylated natural oils, were carried out in the presence of different catalysts. The epoxy value, color, number/weight-average molecular weight, and polydispersity of the products obtained were studied in relation to the reaction conditions. Finally, the possibility of curing of the increased-molecular-weight epoxy resins, synthesized from the modified natural oils, with 2-methylimidazole, dicyanodiamide, hexahydrophthalic anhydride, and triethylene-tetramine was checked.

Dabade et al. [180] have developed short sun hemp and palmyra fiber reinforced polyester composites using varied fiber lengths and weight ratio. The variation of tensile load at break with varied fiber length and varied weight ratios also studied. The optimum fiber length and weight ratios of respective fibers were also found.

Dan et al. [181] have studied composites from renewable natural fibers and an acrylated epoxidized soybean oil resin. These were prepared by spray impregnation followed by compression moulding at elevated temperature. Composites were tested in term of mechanical properties, dynamical mechanical thermal analysis, and scanning electron microscopy. The aging properties were finally evaluated.

Dearborn et al. [182] have studied that the addition of carboxylic acid to Epon-phthalic anhydride resins accelerates the rate of cure. The maximum thermal yield point corresponds to reaction of all the epoxide groups. Carboxylic acids react directly with epoxide groups to produce secondary alcohols which in turn react with phthalic anhydride, regenerating carboxylic acid groups

Dirlikov et al. [183] have reported the formulations of diglycidyl ether of bisphenol A (DGEBA) epoxy resin and a commercial diamine that contain liquid rubber, based on an epoxidizcd triglyceride oil and diamine, form two-phase epoxy thermosets tinder certain conditions. The effect of two diamines and four epoxidized triglyceride oils (cernonia, soybean, linseed, and crambe oils) has been evaluated. Particle size and phase inversion can be regulated in a broad range by the nature of the epoxidized triglyceride oil and the diamine used for thermoset preparation.

Doǧan et al. [184] have synthesized rigid cellular materials from the reaction of malonic acid with epoxidized soybean oil. Malonic acid reacts with two epoxy groups to give a network polymer. Addition of 1, 4-diazabicyclo [2.2.2] octane (DABCO) as a catalyst also increases the rate of decarboxylation. Soil burial test was done to determine rate of biodegradation of foam samples.

Donnell et al. [185] have prepared composite from plant oil-based resin [acrylated epoxidized soybean oil (AESO)] and natural fiber mats made of flax, cellulose, pulp and hemp by vacuum-assisted resin transfer molding or resin vacuum infusion process. The AESO resin reinforced with woven E-glass fiber was tested as a reference. Recycled paper as a cheap resource of cellulose fiber was used and found to work well with AESO resin in terms of flow, impregnation, and surface bonding, giving a modulus of over five times that of the neat resin

Drzal et al. [186] have determined that the bio-composites designed and engineered from natural/bio-fibers and blends of polyester resin and derivative soybean provide environmental gains, reduced energy consumption, lighter weight, insulation and sound absorption properties, elimination of health hazards and reduce dependence on petroleum based and forest product based materials. Thus a three cornered approach including the use of engineered natural fibers, polymer resin modification and development of a new high volume continuous manufacturing processes was required to achieve the objective of producing an affordable alternative construction material for the housing industry of the 21st century.

Eren et al. [187] have studied the reaction of soybean oil triglycerides with maleic anhydride in an ene reaction to introduce more than two maleate residues per triglycerides. The maleinized soybean oil (SOMA) was then polymerized with diols to the half-ester stage only. Two different types of alcohols were used in this work. The aim was to determine the effect of functionality and chain length by choosing alcohols with increasing number of hydroxyl groups and different chain lengths. The structural analysis of the products was done with 1H-NMR and IR spectroscopy. 

Eren et al. [87] have studied the ene reaction between plant oil triglycerides (such as soybean and sunflower oils) and paraformaldehyde used to introduce homoallylic hydroxyl functionality on the triglyceride. Hydroxymethyl products were reacted with maleic anhydride to produce the maleate half esters. Characterization of new monomers and polymers was done by 1H-NMR, 13C-NMR, and infrared and mass spectrometries. The swelling behavior of the crosslinked network polymers was determined in different solvents. The glass-transition temperature of the cured resin was also determined by differential scanning calorimetry.

Eren et al. [188] have reported the simultaneous addition of bromine and acrylate to the double bonds of fatty acids in triglycerides. First, methyl oleate was bromoacrylated in the presence of acrylic acid and N-bromosuccinimide as a model compound for the application of the reaction to the triglycerides. Next, soybean oil and high oleic sunflower oil were bromoacrylated by using the same procedure. The products were characterized by GC, IR, and 1H-NMR, 13C-NMR, and mass spectrometry. A rigid thermoset polymer was prepared from the radical copolymerization of bromoacrylated soybean oil with styrene. The bromoacrylated sunflower oil-styrene copolymer showed semirigid properties.

Fisch et al. [189] have reported the study of curing of epoxy resins from 2: 2-bis-(4-hydroxyphenyl)propane with phthialic anhydride. Equilibrium is set up in which, after complete reaction of the epoxy groups, there are present anhydride, monoester and hydroxyl groups. The effect of temperature on the content of these groups has been determined and shown to be considerable. A minimum point is obtained in the graph relating loss of weight and amount of anhydride used. 

Fischer et al. [190] have studied the reaction of monoanhydrides and terminal epoxides to give linear polyesters in the presence of tertiary amines. The use of functional epoxides gives polyesters with side-chains modifying their physical and chemical properties. When maleic anhydride has been incorporated, giving styrene-compatible structural polyesters.

Frischinger et al. [191] have studied the homogeneous mixtures of a liquid rubber, based on prepolymers of epoxidized vegetable oils with amines, diglycidyl ether of bisphenol A (DGEBA) epoxy resins and commercial diamines form, under certain conditions, two-phase thermosetting materials which consists of a rigid DGEBA epoxy matrix and randomly distributed small 'vegetable' rubbery particles.

Fu et al. [192] have studied the synthesis of multi-arm star polymer (ESOPLA) obtained by ring-opening polymerization of dl-lactide using multifunctional epoxidized soybean oil (ESO) as an initiator in the presence of a stannous actuate catalyst. The GPC, FTIR, H-NMR, thermal analysis and in vitro degradation were used to qualitatively characterize the synthesized polymers. The surface topography of pre- and post-degradation materials was characterized by scanning electron microscopy (SEM).

Gassan et al. [193] have investigated the composites of epoxy resins reinforced with jute-fibers. The jute-fibers were modified with a silane which works as a coupling agent between fiber and matrix. The introduction of the coupling agent distinctly influences the mechanical properties of the composite. The moisture uptake of composites with silanized fibers was reduced by about 10-20%.

Gassan et al. [194] have discussed the influence of water absorption-desorption cycles on the mechanical properties of natural fiber reinforced plastics. Therefore, epoxy resins with jute woven’s as reinforcement with untreated and silane treated fibers were investigated. Silane treatment of fibers led to increased tensile, flexural strength and Young's modulus of composites with up to 30%.

Gelb et al[195] Have developed three series of resins by curing Diglycidyl ether and epoxidized, natural glycerides with phthalic anhydride. Physical properties of resins were measured by HDT and tensile strength.

Gelb et al. [196] have synthesized epoxy resins from phthalic anhydride and the epoxidized fatty glycerides. Physical properties were evaluated by HDT, tensile strength and modulus of elasticity.

Gerbase et al.[58] have investigated the mechanical and thermal properties of materials prepared by curing epoxidized soybean oil with various cyclic acid anhydrides in the presence of tertiary amines and were characterized by dynamic mechanical thermal analysis and thermogravimetry. All samples presented thermoset material characteristics that were dependent upon the type of anhydride, the anhydride/epoxy molar ratio, and epoxy group content.

Haq et al. [197] have reported the bio-based resins obtained by partial substitution of unsaturated polyester (UPE) with epoxidized soybean oil (EMS). Then bio-based resins were reinforced with nanoclays. After that hybrid bio-based composites were prepared by using industrial hemp natural fiber in a nano-reinforced bio-based polymer. Characterization of different hybrid composites verified this synergistic behavior in which systems with 10% EMS and 1.5 wt% nanoclay retained the original stiffness, strain to failure, and hygro-thermal properties of the original resin while improving toughness.

Haq et al. [198] have manufactured clay/polymer nanocomposites from blends of styrene-based unsaturated polyester and epoxidized methyl soyate using solvent-based processing techniques. Four methods were evaluated to assess limitations related to solvent removal and incorporation of high clay and bio-resin content. Nanocomposite characterization was performed using electron microscopy and tensile tests. 

Hill et al. [199] have presented an overview for fats and oils as oleochemical raw materials. The use of vegetables oils and fats allows the development of competitive, powerful products, which are both consumer-friendly and environment-friendly.

Hong et al. [149] have developed bio-based composite material, suitable for electronic as well as automotive and aeronautical applications, from soybean oils and keratin feather fibers (KF). Keratin fibers are a hollow, light, and tough material and are compatible with several soybean (S) resins, such as acrylated epoxidized soybean oil (AESO). Composite were characterized in terms of coefficient of thermal expansion (CTE), mechanical properties such as storage modulus, fracture toughness, and flexural properties.

Hong et al. [200] have prepared epoxy resins by using polyacids derived from vegetable oils and petrochemical acids and anhydrides. The resins prepared from epoxidized soybean oil and soybean oil polyacids had low crosslinking density and were soft elastomers. They are completely bio-based and are potentially interesting as adhesives, sealants or soft elastomers. 

Hu et al. [201] have prepared epoxidized soybean oil-modified-phenolic resin/clay nanocomposites. The coupling agent- benzyldimethylphenylammonium chloride was adopted to modify the interface between the organic and inorganic phases. The effect of the nanocomposite structure on its physical and chemical properties was discussed.

Hüseyin et al. [202] have studied the reaction of epoxidized soybean oil (ESO) with monomethyl maleate with AMC-2 catalyst. 1H-NMR, 13C-NMR, and IR spectra of the new derivative confirmed the proposed structure. MESO was photopolymerized with ultraviolet light and was free radically homopolymerized and copolymerized with styrene (STY), vinyl acetate (VA), and methylmethacrylate (MMA). MESO was also reacted with maleic anhydride at the newly formed hydroxyl groups to give maleinized MESO, (MESOMA).

Imai et al. [203] have developed composite consisting of poly(L-lactic acid) nanofibers and network polymers of epoxidized soybean oil. The mechanical properties improved as compared with those of each solo material, and the composite showed relatively good transparency.

Imai et al. [204, 205] have prepared new bio-based composite materials by an acid-catalyzed curing of epoxidized soybean oil (ESO) in the presence of terpene - modified phenol resin or rosin - modified phenol resin. These composites were found to exhibit improved mechanical properties as compared with those of the ESO homopolymer.

Imai et al. [206] have fabricated new high-performance composite materials composed of bio-based nanofibers and epoxidized soybean oil (ESO). It was found that these composite materials exhibited improved mechanical properties as compared with those of the ESO homopolymer or the bio-based nanofiber sheets.

Imai et al. [207] have fabricated new high-performance composite materials composed of poly(L-lactic acid) (PLLA) nanofibers and epoxidized soybean oil (ESO). It was found that these composite materials exhibited improved mechanical properties as compared with the ESO homopolymer and the PLLA non-woven mat.

Jain et al. [208] have described the curing and thermal behavior of diglycidyl ether of bisphenol A with phthalic anhydride (PA)/pyromellitic anhydride/diaminodiphenyl sulfone (DDS) or a mixture of anhydrides and amines in varying ratios as curing agents. The activation energy of the curing reaction as determined in accordance with Ozawa's method was found dependent on the structure of the anhydride and on the ratio of amines to anhydrides.

Jin et al. [209] have reported the preparation of epoxy materials from diglycidylether of bisphenol-A (DGEBA) and epoxidized soybean oil (ESO) with a thermally latent initiator. The effects of ESO content on the impact and adhesive strengths of the ESO-reinforced DGEBA epoxy system were investigated using several techniques and the mechanical properties of the DGEBA/ESO blends were studied by means of measurements of the flexural strength and elastic modulus.

Jin et al. [210] have reported the preparation of epoxy materials from diglycidyl ether of bisphenol A (DGEBA) and epoxidized vegetable oils (EVOs) (epoxidized soybean oil and epoxidized castor oil) with a thermally latent initiator. The effects of EVO content on the thermomechanical properties of the EVO-modified DGEBA epoxy resins were investigated using several techniques.

Joshi et al. [211] have reviewed comparative life cycle assessment studies of natural fiber and glass fiber composites. Natural fiber composites are environmentally superior to glass fiber composites in most cases for the following reasons: (1) natural fiber production has lower environmental impacts compared to glass fiber production; (2) natural fiber composites have higher fiber content for equivalent performance, reducing more polluting base polymer content; (3) the light-weight natural fiber composites improve fuel efficiency and reduce emissions in the use phase of the component, especially in auto applications; and (4) end of life incineration of natural fibers results in recovered energy and carbon credits.

Khot et al. [22] have synthesized several different monomers such as acrylated epoxidized soybean oil from triglyceride oils derived from plants for use in structural applications. These monomers have been found to form polymers with a wide range of physical properties. They exhibit tensile moduli in the 1-2 GPa range and glass transition temperatures in the range 70-120°C, depending on the particular monomer and the resin composition. Composite materials were manufactured utilizing these resins and produced a variety of durable and strong materials using glass, flax and hemp fibers. The properties exhibited by both the natural- and synthetic fiber-reinforced composites can be combined through the production of "hybrid" composites. 

Lee et al.[212] have reported the epoxidation of virgin and RSBOs, alcoholysis and amidation of ESBO and SBO. The reaction products were carefully analyzed by means of 1H-NMR, FT-IR spectroscopies and GC-MS spectrometry. Finally, the structures of cross linked products synthesized from ESBO and SBO with 1,6-hexamethylendiamine were proposed.

Levy et al. [213] have developed a series of formulations having a very wide range in the anhydride: resin ratio (40-160 phr).These were developed using the epoxy resins Epon 828 (diglycidyl ether of bisphenol A) and DEN 438 (an epoxylated novalak) with chlorendie anhydride as the curing agent. This range was made possible by the use of metal chelate catalysis.

Li et al. [32] have synthesized a series of new shape memory polymers by the cationic copolymerization of regular soybean oil, low saturation soybean oil (LoSatSoy oil), and/or conjugated LoSatSoy oil with styrene and divinylbenzene, norbornadiene, or dicyclopentadiene initiated by boron trifluoride diethyl etherate or related modified initiators. The shape memory properties of the soybean oil polymers are characterized by the deformability (D) of the materials at temperatures higher than their glass-transition temperatures (Tg), the degree to which the deformation is subsequently fixed at ambient temperature (FD), and the final shape recovery (R) upon being reheated.

Liu et al.[214] have prepared soybean oil/epoxy-based composites by an extrusion freeform fabrication method. These composites were reinforced with a combination of organically modified clay and fibers. The intercalated behavior of the epoxy resin was investigated by X-ray diffraction and transmission electron microscopy.The composites cured by curing agent Jeffamine EDR-148 were found to have lower mechanical properties than those cured with triethylenetetramine, diethylenetriamine, and polyethylenimine. 

Liu et al. [215] have prepared the soybean oil based composites reinforced with protein coated and lipid acylated flax fibers and compare their water uptake properties. Influences of fiber length, fiber loading and pressure on mechanical properties were also reported. The composite with lipid acylation of the flax fiber exhibited to enhance tensile strength and water resistance properties.

Liu et al. [216] have studied the curing behavior and thermal properties of bisphenol A type novolac epoxy resin (bisANER) with methylhexahydrophthalic anhydride (MHHPA) at an anhydride/epoxy group ratio of 0.85 with Fourier transform infrared (FTTR) spectroscopy, differential scanning calorimetry (DSC), and thermogravimetry.

Liu et al.[217] have prepared soybean oil/epoxy-based composites by solid freeform fabrication (SFF) methods. The mixture of epoxidized soybean oil and epoxy resin is modified with di-, tri-, or polyethylene amine gelling agent to solidify the materials until curing occurs. E-glass, carbon, and mineral fibers are used in the formulations. The type of fiber affects the properties of the composites. It was found that a combination of two types of fibers could be used to achieve higher strength and stiffness parts than can be obtained from a single fiber type. In addition, the effects of curing temperature, curing time, and fiber concentration on mechanical properties of composites are studied and reported.

Liu et al. [218] have studied the ring-opening polymerization of epoxidized soybean oil (ESO) catalyzed by boron trifluoride diethyl etherate in methylene chloride. The resulting polymerized ESO (PESO) were characterized using infrared (IR) spectroscopy, differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), 1H NMR, 13C NMR, solid state 13C NMR and gel permeation chromatography (GPC). The resulting crosslinked polymers can be converted into hydrogels by chemical modification, such as hydrolysis. These soy based hydrogels will find applications in personal care and health care areas.

Liu et al.[219] have manufactured green composites from soy based bioplastic and pineapple leaf fiber using twin-screw extrusion and injection molding. Thermal, mechanical and morphological properties of composites were evaluated with DMA, United Testing System (UTS) and ESEM. The effects of fiber loading, a polyester amide grafted glycidyl methacrylate (PEA-g-GMA) as compatibilizer on morphology and physical properties of pineapple leaf fiber reinforced soy based biocomposites were investigated.

Liu et al. [157] have prepared epoxidized soybean oil (ESO)-based "green" composites and nanocomposites. The composites and nanocomposites are formed through flax fiber and organoclay reinforcement. The epoxy resin, 1,1,1-tris(p-hydroxyphenyl)ethane triglycidyl ether (THPE-GE) is used as a co-matrix for flax fiber-reinforced composites. For the clay-reinforced nanocomposites, the dispersion of the clay layers is investigated by X-ray diffraction (XRD) and by transmission electron microscopy (TEM). Mechanical properties of both materials are investigated. As curing agent, triethylenetetramine (TETA) is used for both systems

Liu et al. [220] have used extrusion freeform fabrication to make bars of fiber-reinforced epoxidized soybean oil (ESO)/epoxy resin. Freeform fabrication methods build materials by the repetitive addition of thin layers. Glass, carbon and mineral fibers are used in the fiber reinforcement. In addition, the effects of curing agents, curing temperature, epoxy/ESO ratio, and fiber loading on mechanical properties of composites are studied and reported.

Liu et al. [146] have reported the "green" composites obtained from a mixture of epoxidized soybean oil and epoxy resin, 1,1,1-tris(p-hydroxyphenyl)ethane triglycidyl ether (THPE-GE), reinforced with flax fiber. The compression molding method is used for making the composites. Curing agent’s triethylenetetramine and diethylenetriamine provide better physical properties of the composites than Jeffamine agents D-230 and EDR-148. The flax fiber length affected the mechanical properties of the composites: the longer the fiber length, the better are the mechanical properties observed.

Liu et al. [221] have fabricated Indian grass fiber reinforced soy based biocomposites by using twin-screw extrusion and injection molding technology. Indian grass fiber were treated with alkali solution significantly improved the mechanical properties. The thermal, mechanical properties and the morphology of the biocomposites were evaluated using a DMA, UTS, and ESEM.

Liu et al. [222] have prepared epoxidized soybean oil (ESO)/clay nanocomposites with triethylenetetramine (TETA) as a curing agent. The dispersion of the clay layers is investigated by X-ray diffraction (XRD) and transmission electron microscopy (TEM).Thermal stability by TGA, glass transition temperature by DSC, and dynamic measurements were carried out

Liu et al. [148] have fabricated the bicomposites from soy based plastic and kenaf fiber by extrusion or compression molding. Effect of processing methods, fiber length, fiber content and fiber orientation were characterized with dynamic mechanical analysis (DMA) and mechanical properties measurements. The morphology was studied with optical and electron microscopy. 

Liu et al. [223] have prepared soybean oil-based composites by the solid freeforming fabrication (SFF) method. Epoxidized soybean oil is solidified with a gelling agent, and composites are formed by fiber reinforcement. Glass, carbon, and mineral fibers are used in the formulations. The type of fiber and degree of fiber alignment affect the properties of the composites. In addition, the effects of curing agents, curing temperature, fiber combination, and fiber loading on mechanical properties of composites and dynamic analysis are studied and also reported.
Lu et al. [72] have synthesized novel thermosetting resins from linseed oil for the application of SMC compounds. The C=C bonds were opened by epoxidation, followed by acrylation, and then maleinization. Resins were charctrized by proton NMR, DMA and TGA.

Lu et al. [159] have reported the methods to increase the toughness of triglyceride-based thermoset resins. Three methods have been used to increase toughness of triglyceride-based thermoset resins. Among these three toughening methods, the nano-filler was the best as there is no trade off with other mechanical or thermal properties

Lu et al. [224] have synthesized thermosetting resins for sheet molding compound (SMC) and bulk molding compound applications from soybean oil. The SMC resins were prepared from maleated hydroxylated soybean oil (MHSO) and maleated acrylated epoxidized soybean oil (MAESO) with styrene. The polymers were studied by tensile and flexural strength. 

Lu et al. [225] have synthesized thermosetting resins from soybean oil, which are suited to sheet molding compound (SMC) applications. It was achieved by introducing acid functionality and C=C groups onto triglyceride molecules. Acrylated epoxidized soybean oil (AESO), was used as starting material. The hydroxyl groups on AESO reacted with maleic anhydride (MA) to render acid groups on the molecule. The effect of styrene as a comonomer was also examined, and a final formulation for SMC was optimized.

Mack et al. [226] have presented a formulation and cure cycle study for an anhydride-cured epoxy-novolac system (with a tertiary amine accelarator).Statistical analysis of tensile strength results indicates no significant difference in room temperature strength between the formulations studied, but an increase in strength at 350° F. for formulations of increased accelerator content. 

Miao et al. [227] have investigated the conjugation of epoxidized soybean oil (ESO) with lactic acid (LA) through ring-opening reaction. , It was demonstrated that 1000 mg of ESO and 600 mg of LA were charged in a reactor that contained a stirrer bar. The reactor was purged with nitrogen for around 15 minutes to remove the air and it was sealed..

Min et al. [228] have reported natural fiber reinforced plastic foams based on plant oil with excellent compressive performance and biodegradability. Firstly, epoxidized soybean oil (ESO) was converted into its acrylate ester AESO, which can be free-radically copolymerized with reactive diluents like styrene to give thermosetting resins and their foam plastics. The bio-foam composites were produced using short sisal fiber as the reinforcement. Effects of fiber loading, length and surface treatment on properties of the foam composites were investigated. 

Miyagawa et al. [59] have synthesized epoxy materials containing functionalized vegetable oils (FVO), such as epoxidized linseed oil (ELO) and epoxidized soybean oil (ESO), processed with an anhydride curing agent. A percentage of diglycidyl ether of bisphenol F (DGEBF) was replaced by ELO or ESO. The selection of the DGEBF, FVO, and an anhydride-curing agent resulted in an excellent combination to produce a new biobased epoxy material having a high elastic modulus and high glass transition temperature. Izod impact strength and fracture toughness were significantly improved dependent on FVO content, which produced a phase-separated morphology.

Miyagawa et al.[229] have investigated the mechanical and thermophysical properties of biobased epoxy nanocomposites reinforced with organo-montmorillonite clay and PAN-based carbon fibers. A sonication technique was utilized to process the organically modified clay into glassy biobased epoxy networks. This process resulted in clay nanoplatelets being homogeneously dispersed and completely exfoliated in the matrix.DMA, TEM was conducted. Also, carbon fiber reinforced plastics (CFRP) were processed using the new biobased epoxy/clay nanocomposites as the matrices.

Miyagawa et al. [230, 231] have reported the synthesis, and thermophysical, mechanical properties of anhydride-cured biobased epoxy containing diglycidyl ether of bisphenol F (DGEBF) epoxy and epoxidized linseed oil (ELO) reinforced with fluorinated single-wall carbon nanotubes (FSWCNT). Sonication was used to disperse FSWCNT in the biobased glassy epoxy network, resulting in great improvement of the modulus of nanocomposites containing extremely small amounts of FSWCNT. The properties were determined by DMA.

Miyagawa et al.[232] have processed the biobased epoxy containing epoxidised linseed oil (ELO) and its clay nanocomposites with an anhydride curing agent. The certain amount of diglycidyl ether of bisphenol F (DGEBF) was replaced by ELO. The selection of the DGEBF, ELO, an anhydride curing agent, and organo-montmorillonite clay resulted in an excellent combination, to provide new biobased epoxy/clay nanocomposites showing high elastic modulus, high glass transition temperature, and high fracture toughness with larger amount of ELO.

Miyagawa et al. [233] have studied the biobased epoxy nanocomposite containing functionalized vegetable oils (FVOs), such as epoxidized linseed oil (ELO) and epoxidized soybean oil (ESO), processed with organomontmorillonite and silanized alumina nanowhiskers.  The certain amount of diglycidyl ether of bisphenol F (DGEBF) was replaced by ELO or ESO in the matrix. The selection of the DGEBF, FVO, an anhydride curing agent, and organomontmorillonite clay/alumina nanowhiskers resulted in an excellent combination, to provide new biobased epoxy nanocomposites showing a high elastic modulus, a high glass transition temperature, and high fracture toughness with larger amounts of FVO.

Miyagawa et al. [234, 235] have studied the biobased unsaturated polyester (UPE) materials containing epoxidized methyl soyate (EMS) processed with cobalt naphthenate as a promoter and 2-butanone peroxide as an initiator. A certain amount of the UPE resin was replaced by EMS. The combination of the UPE and EMS resulted in an excellent combination for a new biobased thermoset material with a relatively high elastic modulus and a constant glass transition temperature with up to 25 wt % replacement with EMS. 

Miyagawa et al. [236] have investigated the thermo-physical properties of epoxy nanocomposites reinforced by fluorinated single wall carbon nanotubes (FSWCNT) and vapor grown carbon fibers (VGCF) were. A sonication technique using a suspension of FSWCNT and VGCF in acetone was utilized to process nanocomposites in anhydride-cured epoxy.  

Miyagawa et al. [237] have reported the biobased nanocomposites processed from anhydride-cured epoxidized linseed oil (ELO)/ or octyl epoxide linseedate (OEL)/diglycidyl ether of bisphenol F (DGEBF) epoxy matrix and organomontmorillonite clay. The selection of anhydride curing agent and biobased epoxy resulted in an excellent combination to provide an epoxy matrix having high elastic modulus, high glass transition temperature, and high heat distortion temperature (HDT), with higher amounts of functionalized vegetable oil (FVO), compared with amine-cured biobased epoxy. 

Miyagawa et al. [238] have discussed the biobased neat epoxy materials containing epoxidized linseed oil (ELO) processed with an anhydride curing agent. A defined amount of the diglycidyl ether of bisphenol F (DGEBF) was replaced by ELO. The selection of the DGEBF, ELO, and an anhydride curing agent resulted in an excellent combination, to provide a new biobased epoxy material showing high elastic modulus, high glass transition temperature, and high heat distortion temperature (HDT) with larger amounts of ELO. 

Miyagawa et al. [61] have processed epoxy materials containing epoxidized linseed oil (ELO) with an amine curing agent. A defined amount of diglycidyl ether of bisphenol F (DGEBF) was replaced by ELO. The thermophysical properties of the amine-cured biobased neat epoxy were measured by dynamic mechanical analysis (DMA). The Izod impact strength increased with an increase in the amount of ELO added. The change in the Izod impact strength was correlated with the thermophysical properties measured by DMA.

Mohanty et al. [239] have presented an overview on biofibres, biodegradable polymers and biocomposites. The structural aspects and properties of several biofibers and biodegradable polymers, recent developments of different biodegradable polymers and biocomposites are discussed

Mohanty et al. [240] have presented a portfolio for sustainable products. Biodegradable plastics and bio-based polymer, natural/biofiber composites can form the basis for a portfolio of sustainable development. The combination of biofibers such as kenaf, hemp, flax, jute, henequen, pineapple leaf fiber, and sisal with polymer matrices from both nonrenewable and renewable resources to produce composite materials that are competitive with synthetic composites requires special attention, i.e., biofiber-matrix interface and novel processing.

Morye et al. [241] have presented an investigation of the mechanical properties of glass/flax hybrid composites based on soybean oil and other triglycerides thermosets as matrix materials. Composites with different glass/flax ratios and different fiber arrangements were made using a modified soybean oil matrix material. The fiber arrangement was varied to make symmetric and unsymmetric composites. 

Mustaţǎ et al. [242] have investigated mixtures based on diglycidyl ether of bisphenol A (DGEBA) epoxy resin and epoxidized castor oil or epoxidized soybean oil with oils up to 20% w/w regarding their rheological and thermal behaviour. The rheological properties of the mixtures were studied by means of a viscometer. The thermal stability of the DGEBA epoxy resin/epoxidized oil mixtures is lower than that of DGEBA epoxy resin alone. 

Ochi et al. [243] have investigated mechanical and dielectric beta relaxations for bisphenol-A-type epoxide resin cured with succinic anhydrides with and without substituent linear or branched alkyl side chains. The dielectric beta relaxation is due solely to the motion of the diester segment which is formed in the network from the reaction with the acid anhydride. 

Oztu et al. [244] have synthesized base catalyzed epoxy-anhydride and alcohol-anhydride polyesters by using the anhydride on SMA, the epoxy or secondary alcohol groups on the triglyceride based monomers. Styrene maleic anhydride co-polymer is grafted and/or crosslinked with epoxidized methyl oleate, epoxidized soybean oil, methyl ricinoleate (MR), castor oil (CO), and soybean oil diglyceride. The characterizations of the products were done by DMA, TGA, GPC, DSC and IR, NMR spectroscopies.

Park et al. [245] have synthesized epoxy resin, i.e. epoxidized soybean oil (ESO) to toughen the tetrafunctional epoxy resins. The ESO was blended with the epoxy resins to obtain the modified network having ESO content from 0 to 20 wt. %. The neat epoxy resins and modified networks were characterized by the thermal and mechanical properties.

Park et al.[246] have studied the cationic polymerization and physicochemical properties of epoxy resin based on epoxidized castor oil (ECO), initiated by N-benzylpyrazinium hexafluoroantimonate (BPH) and N-benzylquinoxalinium hexafluoroantimonate (BQH) as thermally latent catalysts. Both BPH and BQH show an activity at different temperatures in the present systems. 

Pfister et al. [247, 248] have prepared "green composites” using a conjugated soybean oil-based resin and corn stover as a natural fiber. The effect of the amount of filler, the length of the fiber, and the amount of the crosslinker on the structure and thermal and mechanical properties of the composites has been determined using Soxhlet extraction analysis, thermogravimetric analysis, dynamic mechanical analysis, and tensile testing. Water uptake data indicated that increasing the amount and fiber length of the corn stover results in significant increases in the absorption of water by the composites.

Quirino et al. [249] have studied the composites made by the free radical polymerization of conjugated soybean oil (CSO)-based resin reinforced with soy hulls. The effects of reinforcement particle size and filler/resin ratio have been assessed. The tensile and flexural properties, thermal stability of composites also studied.

Sanadi et al. [150] have discussed that the tensile and impact behaviour of polyester composites reinforced with continuous unidirectional sunnhemp fibers. The composites were characterized by tensile strength, young’s modulus, impact test. The results indicated that sunnhemp fiber have potential as reinforcing agent in order to produce materials with high toughness.

Sanadi et al. [151] have indicted that natural fibers cannot be modeled along the same lines as carbon and glass fibers. The high specific tensile properties coupled with high impact strength and low cost suggested that natural fiber reinforced composites have potential for low-performance reinforced plastics.

Sánchez et al. [250] have investigated the composites based on acrylated-epoxidized soybean oil-co-butyl methacrylate with carbon black. By varying the concentration of the carbon black in the polymer matrix, the team found that the transition point from nonconductive to conductive state could be changed. 

Scala et al. [251] have prepared triglycerides with acrylate functionality from various oils and model triglycerides. The triglyceride-acrylates were homopolymerized and copolymerized with styrene. The cross-link densities of the resulting polymer networks were predicted utilizing the Flory-Stockmayer theory. The tensile strength and modulus of triglyceride-based polymers increased exponentially at low levels of acrylate functionality, but increased linearly at higher levels of acrylate functionality, as predicted by vector percolation theory.

Shabeer et al. [143] have prepared soy-based resin by the process of transesterfication and epoxidation of regular food-grade soybean oil. The soy-based resin was used as a reactive diluent and also as a replacement of bis A epoxy resin in an anhydride-cured polymer. The curing efficiency was studied using differential scanning calorimetry, Physico-chemical properties and fracture behavior using dynamic mechanical analysis and fracture toughness measurements, respectively. Morphology of the fractured specimens has been analyzed by scanning electron microscopy.

Shabeer et al. [252] have prepared Epoxidized allyl soyate (EAS) based epoxy resin by the process of transesterfication and epoxidation of regular food grade soybean oil. Two types of crosslinking agents were employed in the study. The effects of the concentration of EAS, type of crosslinking agent, effect of frequency on the storage modulus, on the dynamic mechanical behavior of the soy based resin system have been investigated. 

Shibata et al. [161] have studied the synthesis of bio-based gelatinous material from a mixture of epoxidized soybean oil (ESO), (ESO)-12-hydroxystrearic acid (HSA) and a photoinitiator for cationic polymerization in the ESO/HSA weight ratio 10/1 was heated to 100Â°C and gradually cooled to room temperature. The photo-curing of the gel afforded a nanocomposite composed of crosslinked ESO and supramolecular HSA nanofibers. The photo cured ESO/HSA were investigated by TEM, DSC and tensile strength.

Shimamura et al. [253] have fabricated the plant-based thermoset composites by using jute yarns and acrylated epoxidized soybean oil resin (AESO). AESO is made out of soybean oil, and the addition of a few percentage of initiator may trigger free radical reactions to cure.. First, the optimum mixture condition of AESO resin was investigated for initiator and styrene contents. The basic mechanical properties are investigated by comparing the bending strength and modulus. 

Shimbo et al. [254] have investigated the mechanism of low-temperature mechanical relaxation in epoxide resins cured with various acid anhydrides by comparing dynamic mechanical properties and chemical structures of these networks. One mechanical relaxation, denoted as the beta relaxation, is observed at about minus 70 degree C. It was concluded that the beta -relaxation mechanism of the anhydride-cured systems involves the motion of diester segments included in the network structures.

Sithique et al.[255] have studied the preparation and mechanical characterization of bio-based polymers from renewable resources. Epoxidized soybean oil at various concentrations was cured with an amine curing agent. The prepared matrices have been chemically modified with three types of bismaleimides, namely N, N'-bismaleimido-4, 4'-diphenyl methane (BMI-1), 1,3-bis(maleimido)benzene(BMI-2) and 3,3'-bis(maleimido phenyl)phenyl phosphineoxide (BMI-3). The crosslinked matrices thus developed were characterized for their mechanical properties such as tensile strength, tensile modulus, flexural strength, flexural modulus, and impact strength.

Situ et al. [256] have prepared epoxidized soybean oil (ESO) internally toughened phenolic resin (ESO-IT-PR). FTIR was adopted to investigate the molecular structure of modified phenolic resins and SEM was used to observe the micro morphology of their impacted intersections. The main modifying mechanism is the etherification reaction between phenol hydroxyl and ESO catalyzed by triethanolamine and the chain extension polymerization between ESO and multi-amine gives the long-chain ESO epoxy grafting on the phenolic resin prepolymer.

Song et al. [257] have determined the quasi-static and dynamic compressive properties of three soybean oil-based polymeric materials, which were made through the reaction of epoxidized soybean oil with diamine compounds. Quasi-static properties were determined with hydraulically driven testing machine, whereas dynamic experiments were conducted with a split Hopkinson pressure bar (SHPB) modified for low-impedance material testing. 

Song et al. [258] have conducted high- and low strain-rate compression experiments on epoxidized soybean oil (ESO)/clay nanocomposites with nanoclay weights of 0%, 5%, and 8%. A pulse-shaped split Hopkinson pressure bar (SHPB) was employed to conduct high strain-rate experiments. Strain-rate and nanoclay weight effects on the compressive properties of the nanocomposites were experimentally determined. 

Steinmann et al. [259] have studied the anhydride curing of epoxides by performing copolymerizations of epichlorohydrin, phenyl glycidyl ether (PGE), or bisphenol-A-diglycidyl ether (BADGE) with phthalic anhydride (PSA). As initiators, tertiary amines or ammonium salts were used. In the case of epichlorohydrin, linear polyesters were obtained. The reaction of phenyl glycidyl ether with phthalic anhydride gave linear, strongly alternating copolymers. 

Sundararaman et al. [260] have studied the impact response of an epoxy resin improved by addition of a soy-based resin system. Glass fiber reinforced composite panels manufactured using pultrusion process. The soy-based resin was prepared by the process of transesterfication and epoxidation of regular food grade soybean oil. Soy epoxy resin system was studied using DSC, dynamic mechanical analysis.

Sundararaman et al. [261] have synthesized and evaluated a novel soy based resin, Epoxidized Allyl Soyate (EAS). Glass fiber reinforced composite panels were manufactured using pultrusion machine with pure Epon, 25% EAS and 50% EAS resin systems. The experimental results were compared with finite element simulations, which employed a three-dimensional finite element model developed for impact analysis using ABAQUS finite element code. The simulation results were in good agreement with the experimental findings. 

Takahashi et al. [144] have studied the curing of epoxidized soybean oil (ESO) with a terpene-based acid anhydride (TPAn). The properties were compared with ESO cured with hexahydrophthalic anhydride (HPAn), maleinated linseed oil (LOAn), or thermally latent cationic polymerization catalyst (CPI).The glass transitions temperature of the resins were evaluated by DMA. Bicomposites were also prepared from ESO-TPAn and cellulose (lyocell) fabric by compression molding method.

Takayama et al. [262] have developed a new class of shape memory polymers with semi-IPN structure by an acid-catalyzed curing of epoxidized soybean oil in the presence of polycaprolactone (PCL). The temporary shapes were fixed by heating the polymers above the melting temperature of PCL, deforming, and cooling down to room temperature. 

Takayama et al.[263] have prepared new green polymers by acid-catalyzed curing of epoxidized soybean oil (ESO) with epoxidized fatty acid ester and investigated their mechanical properties. Storage modulus and glass-transition temperatures of the cured polymers of ESO and epoxidized fatty acid ester composites were found to be lower than those of the ESO homopolymer.

Tanrattanakul et al. [264] have reported the mechanical properties of epoxy resins cured by thermal heating and microwave heating. Epoxy-anhydride (100:80) resins were cured in a domestic microwave oven and in a thermal oven. The hardening agents included methyl tetrahydrophthalic anhydride and methyl hexahydrophthalic anhydride. Three types of accelerators were employed. All cured resins were investigated with respect to their tensile properties, notched Izod impact resistance, and flexural properties (three-point bending) according to ASTM standards. 

Tanrattanakul et al. [156] have investigated the effect of epoxide content on the mechanical properties and characteristics of epoxidized soybean oil (ESO) and to compare the mechanical properties of ESO-organoclay nanocomposites with different epoxide contents.ESO was synthesized by in situ epoxidation with acetic acid and hydrogen peroxide and ESO bioplastic sheets from ESO by curing with methyltetrahydrophthalic anhydride and 1-methylimidazole. The samples were characterized by using DMA, mechanically by impact, tensile and flexural and thermal degradation by TGA.

Thulasiraman et al. [265] have prepared chlorinated soy epoxy (CSE) resin from soybean oil. The CSE was characterized by spectral, and titration method. The prepared CSE was blended with commercial epoxy resin in different ratios and cured at 85Â°C for 3 h, and post cured at 225 C for 2 h using m-phenylene diamine (MPDA) as curing agent. The composite laminates were fabricated using epoxy /CSE/MPDA-glass fiber at different compositions. The thermal, mechanical, fracture toughness of composites were evaluated.

Tsujimoto et al. [266] have developed a new class of hybrid materials based on renewable resources. An acid-catalyzed curing of epoxidized soybean oil (ESO) in the presence of poly (lactic acid) produced hybrid materials of semi-IPN structures. Their mechanical and thermal properties were improved, as compared with those of the film obtained from ESO solely. The resulting materials showed good shape memory properties.

Ueda et al. [267, 268] have developed green polymers based on renewable plant oil by an acid-catalyzed curing of epoxidized soybean oil (ESO) with rosin pentaerythritol ester or rosin modified phenol resin. These polymers exhibited improved mechanical properties as compared with the ESO homopolymer.

Weiss et al. [269] Have reported that anhydride hardeners are effective curing agents for epoxy resins. Depending on the resin, curing schedule produced products of desirable properties.

Williams et al. [270] have developed new chemistries to synthesize rigid polymers from plant oils. The resins produced contain at least 50% plant triglycerides and have mechanical properties comparable to commercially available synthetic resins such as vinyl esters, polyesters and epoxies. The natural fibers and plant-based resins have been shown to combine to produce a low cost composite with good mechanical properties. Composites from renewable resources offer significant potential for new high volume, low cost applications

Wool et al. [271] have reported the advances in genetic engineering and composite science offer significant opportunities for new improved materials from renewable resources with enhanced support for global sustainability. 

Wu et al. [272] have prepared biofoam composites using short sisal fibers and acrylated epoxidized soybean oil. The compressive properties of the composites were examined as a function of fiber loading, fiber length and foam density. Surface pre-treatment of the sisal using an alkali or silane coupling agent was carried out. The treatments brought about positive effects on interfacial interaction and compressive strength of the composites. 

Xu et al. [273] have studied the use of epoxidized soybean oil (ESO) as a novel plasticizer of poly (lactic acid).Blends were prepared with the twin-screw plastic extruder at five concentrations, 3, 6, 9, 12, and 15 wt %,of ESO  respectively. Rheological behaviors about shear viscosity and melt strength analysis are discussed based on capillary rheology measurements. The tensile strength and melt strength, elongation at break of the blends were also investigated.

Xu et al. [274] have investigated that that epoxidized soybean oil (ESO) was blended as plasticizer with poly (lactic acid) (PLA) and its effects on the melt rheological properties, such as melt flow index, apparent shear viscosity, and melt strength of the blends. PLA was blended by the twin-screw plastic extruder at five mass fractions: 3%, 6%, 9%, 12%, and 15% (based on PLA mass).Melt rheological properties were studied by a capillary rheometer in a temperature range of 160-180 Â°C. 

Xu et al. [275, 276] have synthesized epoxidized soybean oil (ESO)-benzoxazine-phenolic copolymer (ESO-PA-PF). The modified resin was characterized by FTIR, DSC and action mechanism of modifier on the curing behavior of modified resin was investigated. Thermogravimetry analysis (TG) analysis showed the thermal stability. The modified resin has higher flexural strength and impact toughness. Scanning electron microscope (SEM) was used to observe the micro morphology of the resin intersections with impaction, and the toughening mechanism was investigated.

Xu et al. [277] have investigated the viscoelastic properties of several biomaterials made from ESO cross-linked by different amounts of two different cross-linking agents. Comparing agent triethylene glycol diamine (TGD) with agent triethylenetriamine (TETA), found that the material cross-linked by TETA had a higher glass transition temperature and stronger viscoelastic solid properties than the material cross-linked by the agent TGD.

Yang et al. [278] have investigated the characteric -structure relationship of epoxidized soybean oils (ESO) with various degrees of epoxidation has been investigated. FTIR analysis was used to identify the relative extent of epoxidation of the samples during the epoxidation reaction. Thermogravimetric analysis (TG) of ESO was used to investigate the thermodynamic behavior of the samples. Differential scanning calorimeter (DSC) indicated that the melting point of ESO was higher than that of soybean oil. Gel permeation chromatography (GPC) indicated the molecular mass. 

Zhan et al. [279] have studied the modification of cyanate ester (CE) resin with epoxidized soybean oil (ESO). The effects of ESO content on the curing co-reaction, morphologies, and water absorption behaviors, thermal and mechanical properties of CE/ESO blends were studied. DSC, FTIR, SEM, and DMA were employed to characterize the ESO-modified CE polymer networks. 

Zhu et al. [280] have developed alternative epoxy resin system based on soybean oil. Epoxidized methyl soyate (EMS) and epoxidized allyl soyate (EAS) have been synthesized. These materials consist of mixtures of epoxidized fatty acid esters. The curing behavior and glass transition have been monitored with differential scanning calorimetry.

Zou et al. [281] have synthesized biodegradable star-shaped PLLA-ESO copolymers by the bulk copolymerization of l-lactide (l-LA) and epoxidized soybean oil (ESO) with stannous octanoate as the catalyst.Effects of molar ratios of monomer to catalyst, and various amounts of ESO on copolymerization were studied. The resulting copolymers were characterized by FTIR, H-NMR, GPC, etc., which confirmed the successful synthesis of star-shaped copolymers of l-LA and ESO. The thermal and mechanical properties of samples were also investigated by means of DSC, TGA and tensile testing.
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Chapter 3 
EXPERIMENTAL AND CHARACTERIZATION

3.1 Experimental details

The present chapter provides a view about the use of various chemicals and raw materials followed by an outlay for the preparation of polymeric samples and their composites. Various characterization techniques were used for the study of mechanical, thermal and morphological properties of all the systems.

3.2 Raw materials 

The following materials were used during the research study.

· Epoxy resins: Epoxidized Soybean Oil (ESO) procured from Prayag Polyvinyl Pvt. Ltd., New Delhi, a clear pale liquid with epoxide equivalent = 250. Araldite GY 250, the Diglycidylether of Bisphenol-A based epoxy resin (DGEBA) purchased from Huntsman Advanced Materials Pvt. Ltd. It is a clear liquid with epoxide equivalent = 185-190. 

· Curing agent: Phthalic anhydride (PA) purchased from Merck Chemicals was used as received.

· Catalyst: Pyridine (pry) purchased from BDH used without further purification.

· Silicon oil from BDH used as mold release agent and Acetone of industrial grade was used as a mould-cleaning agent. 

· Silane coupling agent (Z-6011) purchased from Dow Corning is 3-Aminopropyltriethoxysilane used for fiber modification. 

· Sunnhemp fiber obtained from local market and used as reinforcement.

· Mould a single plate open mould with dimensions 150x150x3 mm3 was used. It was made out of tool grade steel. All the moulding surfaces were well ground and polished.

3.3 Preparation of samples

Preparation of samples is divided in three parts:

1. Optimization of anhydride/epoxy ratio (R). 

2. Modification of ESO by addition of a co-monomer.

3. Preparation of ESO based composites. 

3.3.1 Optimization of Anhydride/Epoxy Ratio (R)

Reaction of Epoxidized Soybean Oil with Anhydride hardener 

Numerous structurally different anhydrides can be used as epoxy curing agents. Anhydride cured formulations exhibit better thermal stabilities than similar amine cured systems. The feasibility of curing epoxidized natural oils for the preparation of thermosets was demonstrated[282]. It was reported that these modified oils react more rapidly with anhydrides than with amines because with polyamine hardeners, amide formation takes place resulting in cured products of poor quality[283]. Depending on the type of anhydride curing agent [58, 59, 171, 284], the resulting crosslinked polyesters may be flexible or rubbery to stiffer in nature with higher glass transition temperatures. However, when cure with cyclic acid anhydrides yields highly crosslinked amorphous polyester materials.
A number of authors have studied the mechanism and kinetics of curing of epoxy resins. The mechanism of anhydride curing of epoxy resins is complex due to several competing reactions which can occur, especially when accelerators are added to enhance cure rates. 

It has been shown [285-288] that in the absence of catalysts, epoxy/anhydride polymerization reactions occur mainly through consecutive addition/esterification steps, leading to a crosslinked polyester network. According to Fisch and Hofmann[289, 290] anhydride does not react with epoxy groups directly, but the anhydride ring is opened first by reaction with hydroxyl groups, (Figure 3.1) The carboxyl group of monoester then reacts with epoxies one. Diester and a new OH group originate, which can continue the polymerization process by esterification with another anhydride molecule[291]. Since the first reaction is faster, monoester accumulates in the reaction mixture. 

On the contrary, basic catalysts such as tertiary amines accelerate the reaction leading to esters, and the generation of ether formations is suppressed [190, 289].  Accelerators commonly used for the cure of epoxy resins with anhydrides are Lewis bases such as tertiary amines and imidazoles. These accelerators open the anhydride rings to form internal salts (betaines), which then act as initiators of cure, (Figure 3.2) The resulting carboxylate ions react with further anhydride molecules to form carboxylate anion functional esters[291] . These can then react with further epoxide groups and continuation of this alternating sequence leads to the formation of a polyester.
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Figure 3.1: Epoxy anhydride reaction in the absence of a catalyst.
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Figure 3.2: Epoxy anhydride reaction in the presence of a catalyst.

Varying structure of the anhydride can have the effect of widely differing cured mechanical properties of the epoxy resin. Dianhydrides provide increasing cross-link density and, as a result, increased heat, solvent and chemical resistance. The anhydrides are usually used at ratios of 0.85:1.1 moles anhydride carboxyl group per epoxy equivalent.
3.3.1.1 Preparation of ESO/PA formulations 

In the present work, curing reaction of phthalic anhydride as curing agent and the internal epoxy groups of the epoxidized soybean oil in the presence of tertiary amine as catalyst will be studied. Three formulations of ESO/PA were prepared with varying ratios R. Depending upon the ratios i.e., the epoxy rich phase, stoichiometric ratio and the anhydride rich phase determines the properties of the resulting product. The stoichiometric ratio R was defied as

R = anhydride equiv/ epoxy equiv


   = anhydride groups/ epoxy groups

Formulations shown in Table 3.1 were prepared by mixing ESO and PA in three different ratios (R = 0.7, 1.0, 1.3) for about 15 minutes, after which the catalyst 2 % (w/w) was added. During mixing no trace of sublimation was observed. The mixtures were poured into a preheated open mould. The mold was then placed in a hot air oven for a standard curing schedule. The de-molded samples were conditioned for a period of 24 hours at room temperature (25oC) and RH (relative humidity) of ±50oC.
Table 3.1:  Formulations for different R values.


	S. No.
	Composition
	Stoichiometric Ratio (R)
	ESO:PA

	1.
	ESO/PA(.7)
	0.7
	1:0.7

	2.
	ESO/PA(1)
	1.0
	1:1.0

	3.
	ESO/PA(1.3)
	1.3
	1:1.3


3.3.2 Modification of ESO by Addition of a Co-monomer 

The bio-based polymers have difficulties in commercial applications due to their inferior mechanical and thermo-physical properties in comparison with the conventional petroleum-based polymers that are intended to replace. Therefore, it is difficult to completely replace petroleum-based polymer materials for nothing more than the necessary mechanical and thermo-physical properties. As a result, a good solution combines different features and benefits of both synthetic and bio-based materials to reduce the dependence on petroleum. Consequently, bio-based materials were used to partly replace thermosetting resins, such as epoxy resin and unsaturated polyester [238, 242, 292-294].
ESO, while abundant and inexpensive, however, alone as a material does not offer satisfactory properties, rigidity and strength, have been too low and limit their use. They must be chemically modified with suitable functional groups that can then be cross linked to yield a soy-based thermoset matrix. 

Mostly, they can act as self plasticizer for the developed polymer. For instance, a commercial DGEBA have been successfully toughened by incorporating ESO into the rigid epoxy matrix. ESO can tremendously increase the fracture energy of the rigid DGEBA epoxy resin, even more effective than using CTBN. Also the toughening effect of ESO liquid rubber has been investigated. However, the amount of epoxidized soybean oil used was only a minor component in the polymer matrix, causing a phase inversion in the system.

A common approach is to make blends/composites of ESO and other synthetics to produce materials of satisfactory properties and a low overall cost with improved processability. Thus rigid chemicals may be used for incorporation into ESO polymer chains in order to increase stiffness of the final products. Generally, epoxy resins offer very good miscibility with epoxidized soybean oil and can be co-crosslinked with the resins into homogenous matrix using typical hardeners as used for conventional epoxy resins. 
3.3.2.1 Preparation of DGEBA modified ESO system

In this work, the preparation of ESO as a main component modified with epoxy resin based on Diglycidyl ether of Bisphenol-A (DGEBA) as a second component have been studied and not yet reported at the best of our knowledge. The purpose of addition of rigid epoxy resin is to increase the rigid portion into the ESO polymer network, therefore to increase the glass transition temperature (Tg) and mechanical properties of the final products. 

Modified epoxy resins were prepared by mixing ESO and DGEBA at varying content of DGEBA (10-30 phr). Here DGEBA 10 wt% was used for the easy processing of the composites.The compositions given in Table 3.2 were mixed and heated in an oil bath at 70oC for 30 minutes. Then, anhydride hardener was added at a stoichiometric ratio (R = 1) to all compositions, mixed well and poured into the prepared mold with a mold release agent for complete curing. The de-molded samples were conditioned for a period of 24 hours at room temperature of 25oC and RH (relative humidity) of ±50oC.
Table 3.2:  DGEBA modified ESO systems.
	S. No.
	Composition
	ESO:DGEBA

	1.
	ESO/DGEBA(10)
	100:10

	2.
	ESO/DGEBA(20)
	100:20

	3.
	ESO/DGEBA(30)
	100:30


3.3.3 Preparation of ESO based composites 

This chapter is sub-divided in to three parts: 
· Fiber modification using 3-Aminopropyltriethoxysilane.
· Preparation of ESO/Sunhemp fiber (raw and silane treated) composites.
· Preparation of modified (ESO/DGEBA (10))/Sunhemp fiber (raw and silane treated) composites. 
The properties and the performance of composites depend on the properties of the individual components and their interfacial adhesion. In general, fibers are the principal load-bearing materials, while the surrounding matrices keep them in the desired location, and orientation acts as the load transfer medium between them and protects them from environmental damage. An interphase can be formed in composites due to preferential adsorption of resin components onto the surface of the fibers, resulting in a gradient of cure and mechanical properties[295]. The fiber surface treatment before introducing into the matrix material can modify the interphase region and alter the adhesion between the fiber and the matrix.
The use of silanes as coupling agents in reinforced polymer composites of natural fiber is analogous to that of synthetic fiber. The large-scale commercial availability of silanes with a variety of reactive functional groups has led to the development of new bonding technologies for organic materials[296, 297]. 

The silanes RSi (OR() 3 are organosilicon compounds and possess multiple functionalities. With the hydrolyzable alkoxy groups (OR(), silane can be hydrolyzed and becomes silanetriol (RSi (OH) 3), which is absorbed and condensed on the fiber surface, Figure 3.3. A hydrogen bond as well as a covalent bond can be formed between the fiber and silane. On the other hand, the organo functional group (R) causes the reaction as well as inter-diffusion with the polymer matrix. Depending on the type of moiety R, there could be a co-polymerization, and/or the formation of an interpenetrating network.

The silane treatment effectively increases the thermo-mechanical properties of the composites. This offers the utilization of agricultural resources and enables the cost effectiveness.
3.3.3.1 Fiber Modification with 3-Aminopropyltriethoxysilane 

Sunnhemp fibers were purchased from local market, so they first undergone cleaning where they were washed thoroughly in 2 % detergent solution followed by washing with water, dried in sunlight and further in an air oven. Prior any treatment, fibers were cut to approximately 5 cm long pieces, after which they were chopped in a mixer. The final length of the fibers obtained was about 1-2 mm. 

For higher fiber-resin matrix adhesion, fibers were treated with a silane coupling agent 
(3-Aminopropyltriethoxysilane). For this fibers were dewaxed first and then silane modified.

For dewaxing, fibers were kept in a mixture of ethanol and benzene (1:1) for 24 hours, in order to remove the starch and waxes present on the outer surfaces of the fibers; subsequently the fibers were washed with ethanol followed by distilled water and dried.

After dewaxing, fibers were soaked in 2 wt% solution of 3-Aminopropyltriethoxysilane (H2NCH2CH2CH2)-Si-(OCH2CH3)3 in water–ethanol (40:60 w/w) mixture and stirred for 1 hr for its hydrolysis. The fibers-to-silane aqueous solution was maintained at 1:10. Silane aqueous solution was acidified to pH 3.5-4 with acetic acid. Fibers were then washed and kept in air for 3 days. Lastly, the fibers were oven dried till the fibers were fully dry.
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Figure 3.3: Schematic illustration of silane treated natural fibers[298].  

3.3.3.2 Preparation of Composites 
Composite sheets were prepared by impregnating the mixture of untreated and silane treated fibers with the epoxy resins (neat ESO and modified ESO) to which stoichiometric anhydride and catalyst were added in an open mould with dimensions of 150x150x3 mm3. The air bubbles were removed carefully in a vacuum oven. The mold was kept in an air oven for a standard curing schedule. The de-molded samples were conditioned for a period of 24 hours at room temperature of 25oC and RH (relative humidity) of ±50oC. Compositions of composites prepared with untreated and silane treated fiber at different weight percentages given in Table 3.3.

Table 3.3:  Composition of untreated and silane treated fiber composites. 

	S. No.
	Composition
	Fiber (wt. %)*

	1.
	ESO/PA
	0.5

	2.
	ESO/PA
	1.5

	3.
	ESO/PA
	2.5

	4.
	ESO/DGEBA (10)
	0.5

	5.
	ESO/DGEBA (10)
	1.5

	6.
	ESO/DGEBA (10)
	2.5


*Indicates the wt % for both untreated and silane treated fibers.
3.3.4 Characterization Techniques

3.3.4.1 
Titrimetry: Determination of Epoxide Equivalent by the Hydrogen Bromide Method[299]
Weight the amount of sample desired (to the nearest milligram) into a flask. Add 10 ml of benzene, 5ml distilled water to the sample, and use a magnetic stirrer until sample is dissolved. Add 4-6 drops of crystal violet indicator solution, place rubber stopper in position, and lower the burette tip to a point just above the solution. Titrate the solution with 0.1 N hydrogen bromide (HBr) in acetic acid (HAc) to the blue-green end point to the crystal violet indicator. The titration rate shall be showed near the end point to allow sample time for the reaction to go to completion. An effort was made to obtain the same color at the end point as that obtained during standardization of the reagent.

Calculation:

Weight per epoxy equivalent = (w) (1000)/ (S-B) (N)



Where, w = weight of sample

S = milliliters of HBr used in titrating sample

B = milliliters of HBr used in titrating blank

N = Normality of HBr

3.3.4.2 Fourier Transform Infrared (FTIR) Spectroscopy

Infrared spectroscopy (IR spectroscopy) is the subset of spectroscopy that deals with the infrared region of the electromagnetic spectrum. Its principal strengths are: (i) it is a quick and relatively cheap spectroscopic technique, (ii) it is useful for identifying certain functional groups in molecules and (iii) an IR spectrum of a given compound is unique and can therefore serve as a fingerprint for this compound.

The infrared region of the electromagnetic spectrum extends from 14,000 cm-1 - 10 cm-1. The region of most interest for chemical analysis is the mid-infrared region (4,000 cm-1 - 400 cm-1) which corresponds to changes in vibrational energies within molecules. The far infrared region (400 cm-1-10 cm-1) is useful for molecules containing heavy atoms such as inorganic compounds but requires rather specialized experimental techniques.

The infrared spectrum of a sample is recorded by passing a beam of infrared light through the sample. Examination of the transmitted light reveals how much energy was absorbed at each wavelength. This can be done with a monochromatic beam, which changes in wavelength over time, or by using a 

transform" 

Fourier transform
 instrument to measure all wavelengths at once.

The early-stage IR instrument is of the dispersive type, in which the infrared spectrum of a sample is recorded by passing a beam of infrared light through the sample. The dispersive instrument is characteristic of a slow scanning. In Fourier transform infrared (FTIR) spectroscopy instead of recording the amount of energy absorbed when the frequency of the infra-red light is varied (monochromator); the IR light is guided through an interferometer, Figure 3.4. After passing through the sample, the measured signal is the interferogram. This measures all of infrared frequencies simultaneously. Performing a Fourier transform on this signal data results in a spectrum identical to that from conventional (dispersive) infrared spectroscopy.
 Fourier Transform Infrared Spectroscopy (FTIR) is a powerful tool for identifying types of chemical bonds in a molecule by producing an infrared absorption spectrum that is like a molecular "fingerprint". This refers to a fairly recent development in the manner in which the data is collected and converted from an interference pattern to a spectrum. 
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Figure 3.4: Schematic illustration of FTIR system.
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Figure 3.5:  Nicolet 380 FTIR Spectrophotometer.
Today's FTIR instruments are computerized which makes them faster and more sensitive than the older dispersive instruments.
The FTIR spectra are usually presented as plots of intensity versus wavenumber (in cm-1). Wavenumber is the reciprocal of the wavelength. The intensity can be plotted as the percentage of light transmittance or absorbance at each wavenumber. Consequently, a transmittance spectrum is obtained as follows.

%T = I/Io

Where %T is transmittance; I is the intensity measured with a sample in the beam (from the sample single beam spectrum); Io is the intensity measured from the back ground spectrum. The absorbance spectrum can be calculated from the transmittance spectrum using the following equation.

A = -log10 T
Where, A is the absorbance.

For all the prepared samples and fibers, infrared spectra’s has been recorded on FTIR spectrophotometer model NICOLET 380 (Figure 3.5) between 400 cm-1 - 4000 cm-1 at 4 resolution with each scans. IR spectra were recorded by using KBr pellet technique.

3.3.4.3 Thermal Properties

Thermogravimetric Analysis (TGA) and Dynamic Mechanical Analysis (DMA) were used to study the thermal properties.

3.3.4.3.1 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis or thermal gravimetric analysis (TGA) is a type of testing that is performed on samples to determine changes in weight in relation to change in temperature. Such analysis relies on a high degree of precision in three measurements: weight, temperature, and temperature change. A derivative weight loss curve can be used to tell the point at which weight loss is most apparent.

TGA is commonly employed in research and testing to determine characteristics of materials such decomposition temperatures, thermal stabilities, moisture content, competitive product evaluation, evaluation of polymer flammability’s etc.
The analyzer usually consists of a high-precision balance with a pan (generally platinum) loaded with the sample. The pan is placed in a small electrically heated oven with a thermocouple to accurately measure the temperature. The atmosphere may be purged with an inert gas to prevent oxidation or other undesired reactions. A computer is used to control the instrument.

The analytical results are a plot of the mass or the percentage of original mass remaining at temperature or time. The weight losses accompanying the devolatilization and decomposition process in thermogravimetric analysis do not occurs at precisely defined transition temperatures but occurs in ranges that are highly dependent on both the physical  and chemical characteristics of the material and as well as on instrumental and environmental factors. 

Thermal degradation of polymer systems were analyzed on TA instrument model Q 20 thermogravimeter and weight loss of samples was subjected to controlled temperature program (Figure 3.6). The sample was taken in the crucible situated in the electric furnace and heated from 50oC to 650oC at the controlled heating rate of 10oC/ min in the nitrogen atmosphere. The approximate 6 to 10 mg of each sample was used for analysis. The shape of the thermograms gives the clue about the nature of decomposition.
3.3.4.3.2 Dynamic Mechanical Analysis (DMA)

Dynamic Mechanical Analysis (DMA) also known as Dynamic Mechanical Spectroscopy is a thermal analysis technique yields information about the mechanical properties of a specimen placed in minor, usually sinusoidal, oscillation as a function of time and temperature by subjecting it to a small, usually sinusoidal, oscillating force.
The viscoelastic property of polymer is studied by dynamic mechanical analysis, 
Figure 3.7, where a sinusoidal force (stress σ) is applied to a material and the resulting displacement (strain) is measured. For a perfectly elastic solid, the resulting strain and the stress will be perfectly in phase. For a purely viscous fluid, there will be a 90 degree phase lay of strain with respect to stress[300]. 
Viscoelastic polymers have the characteristics in between where some phase lag will occur during DMA tests[300]. The equations derived are:

Stress:
σ = σo sin (tω + δ) [300]
Strain:
 ε = εo sin (tω)

Where, ω is period of strain oscillation, t is time, and δ is phase lag between stress and strain.
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Figure 3.6: Thermogravimetric (TGA) Instrument.
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Figure 3.7: Dynamic stress behaviour and material response.
The storage modulus measures the stored energy, representing the elastic portion, and the 

modulus" 

loss modulus
 measures the energy dissipated as heat, representing the viscous portion[300]. The tensile storage and loss moduli are defined as follows:

Storage Modulus:  
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Loss Modulus: 
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Phase angle, Tan (delta): 
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The storage modulus E' represents the stiffness of a viscoelastic material and is proportional to the energy stored during a loading cycle.

The loss modulus E(( is defined as being proportional to the energy dissipated during one loading cycle. It represents, for example, energy lost as heat, and is a measure of vibrational energy that has been converted during vibration and that cannot be recovered. Modulus values are expressed in MPa, but N/mm2 is sometimes used.

The phase angle δ is the phase difference between the dynamic stress and the dynamic strain in a viscoelastic material subjected to a sinusoidal oscillation. The phase angle is expressed in radians (rad).

The loss factor tan δ is the ratio of loss modulus to storage modulus. It is a measure of the energy lost, expressed in terms of the recoverable energy, and represents mechanical damping or internal friction in a viscoelastic system. The loss factor tan δ is expressed as a dimensionless number. A high tan δ value is indicative of a material that has a high, non-elastic strain component, while a low value indicates one that is more elastic.

As we move from a very low temperature, where the molecule is tightly compressed, we first pass through the solid-state transitions as shown in  Figure 3.8 [301]. As the material warms and expands, the free volume increases so that localized bond movements (bending and stretching) and side chain movements can occur. This is the gamma transition, Tγ, which may also involve associations with water[302].As the temperature and the free volume continue to increase, the whole side chains and localized groups of four to eight backbone atoms begin to have enough space to move and the material starts to develop some toughness. This transition, called the beta transition (Tβ), is not always as clearly defined as we are describing here. Often it is the Tg of a secondary component in a blend or of a specific block in a block copolymer. 

The DMA instrument used for the study of research samples is Perkin Elmer DMA 8000 shown in Figure 3.9.
Heating rate used for all sample analysis: -25oC to 200oC at ramp of 3oC/min.

Frequency used for analysis: 1 Hz. 

For multi frequency scans: 0.1, 1, 5 and 10 Hz.

Sample arrangement mode: single cantilever 

Sample dimensions: According to ASTM D-3039: 25mm x13mm x3 mm.

From DMA we evaluate Tg, peak factor, activation energies, Fox equation,Tg-composition relationship, storage modulus, crosslink density, effective coefficient value C for composites.

3.3.4.4 Mechanical Properties

Mechanical properties include the study of tensile strength, flexural strength and impact strength along with the modulus.

3.3.4.4.1 Tensile Test (ASTM D-638)

Among the many mechanical properties of plastic as well as composite materials, tensile properties are probably the most frequently considered, evaluated, and used throughout the industry. In a broad sense, tensile test is a measurement of the ability of a material to withstand forces that tend to pull it apart and to what extent the material stretches before breaking. The stiffness of a material which represented by tensile modulus can be determined from stress-strain diagram. The force per unit area (MPa or psi) required to break a material in such a manner is the ultimate tensile strength or tensile strength at break.

Tensile Elongation: The ultimate elongation of a material is the percentage increase in length that occurs before it breaks under tension. Ultimate elongation values of several hundred percent are common for elastomers and film/packaging polyolefins. Rigid plastics, especially fiber reinforced ones, often exhibit values under 5%. The combination of high ultimate tensile strength and high elongation leads to materials of high toughness.

[image: image25.emf]
Figure 3.8:  Idealized temperatures scan of a polymer[308].
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Figure 3.9:  Perkin Elmer DMA 8000.

Tensile Modulus: The tensile modulus is the ratio of stress to elastic strain in tension. A high tensile modulus means that the material is rigid - more stress is required to produce a given amount of strain. In polymers, the tensile modulus and compressive modulus can be close or may vary widely. This variation may be 50% or more, depending on resin type, reinforcing agents, and processing methods. The tensile and compressive moduli are often very close for metals.

As the tensile test starts, the specimen elongates; the resistance of the specimen increases and is detected by a load cell. This load value (F) is recorded until a rupture of the specimen occurred. Instrument software provided along with the equipment will calculate the tensile properties for instance tensile strength, yield strength and elongation at break. Below are the basic relationships to determine these properties: tensile yield strength, tensile strength at break (ultimate tensile strength), tensile modulus (Young's modulus), and elongation at yield and break.

1. The tensile strength (σ) is given by

σ = F/bh

Where, F = load,

 b = width of the sample,

h = thickness of the sample

2.
Strain or elongation is defined as:


ε = Δl/lo 

Where, Δl = is the extension,


l0 = the initial gauge length

The Young's modulus in tension (Et) is the slope of the stress vs. strain curve evaluated at small strains, where the response is linear.



All the samples were tested on Universal Testing Machine (Instron 3369) was used at cross-head speed of 10 mm/minute for tensile test. The specimen size according to ASTM standard is 125mm x 25mm x 3mm.  Minimum five samples of each composition were tested. The Tensile strength, % Elongation at break and tensile modulus were directly displayed on the screen. 
3.3.4.4.2 Flexural Test (ASTM D-790)

The flexural test measures the force required to bend a beam under three point loading conditions shown in Figure 3.10. The data is often used to select materials for parts that will support loads without flexing. Flexural modulus is used as an indication of a material’s stiffness when flexed.
There are two methods that cover the determination of flexural properties of material: three-point loading system and four point loading system. As described in ASTM D790, three-point loading system applied on a supported beam was utilized. Flexural test is important for designer as well as manufacturer in the form of a beam. If the service failure is significant in bending, flexural test is more relevant for design and specification purpose than tensile test.

According to ASTM D790, specimens of test pieces were prepared with dimension of 127mm × 12.7mm × 3.2mm. Universal Testing Machine (Instron 3369) was used at cross-head speed of 5mm/minute. Minimum five samples of each composition were tested. Flexural strength and modulus of elasticity were directly displayed on screen.

There were two important parameters being determined in the flexural test, they are flexural strength and modulus of elasticity in bending.
1. Flexural Strength

Flexural strength is the maximum stress in the outer specimen at the moment of break. When the homogeneous elastic material is tested with three-point system, the maximum stress occurs at the midpoint. This stress can be evaluated for any point on the load deflection curve using following equation:


σf  = 3PL/2bd2
Where, σf = stress in the outer specimen at midpoint, MPa [psi], 

P = load at a given point on the load deflection curve, N [lbf], 

L = support span, mm [in]

b = width of beam tested, mm [in]

d = depth of beam tested, mm [in]
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Figure 3.10:  Flexural testing arrangement.
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Figure 3.11:  Notched Izod Impact strength Instrument.

2. Modulus of Elasticity
Modulus of elasticity or flexural modulus is a measure of the stiffness during the initial of the bending process. This tangent modulus is the ratio within the elastic limit of stress to corresponding strain. A tangent line will be drawn to the steepest initial straight line portion of the load deflection curve and the value can be calculated using formula:


EB = L3m/4bd3
Where, EB = modulus of elasticity in bending, MPa [psi] 

L = support span, mm [in]

m = slope of the tangent to the initial straight line portion of the load-deflection   
curve, N/mm [lbf /in] of deflection 

b = width of beam tested, mm [in] 

d = depth of beam tested, mm [in]
3.3.4.4.3 Notched Izod Impact Resistance (ASTM D-256)

The impact properties of the material are directly related to the overall toughness which is defined as the ability to absorb applied energy. Area under the stress-strain curve is proportional to the toughness of a material. Nevertheless, impact strength is a measure of toughness. 

Notched Izod Impact is a single point test that measures a material resistance to impact from a swinging pendulum (Figure 3.11). Izod Impact is defined as the kinetic energy needed to initiate fracture and continue the fracture until the specimen is broken. This test can be used as a quick and easy quality control check to determine if a material meets specific properties or to compare material for general toughness.
Impact-strength tests were performed using an izod impact tester (Make- Ceast) according to ASTM D 256 with 453g pendulum. Notch cutter with a micrometer screw gauge, Vernier calipers of accuracy-0.01 mm. The dimensions of the notched izod impact specimens used were 63.5mm × 12.7 mm × 3 mm. A minimum of 5 specimens for each compositions were tested.

Impact Strength:

Izod Impact Energy = (Energy required breaking the specimen- Air resistance energy) / Thickness of the specimen.

3.3.4.3 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy (SEM) technique provides adequate information about the surface morphology, phase domains, pinholes defects and patterns and also about other topological features of blends. Scanning Electron Microscopy reveals the indirect information about the particle size, about the nature of cross linking between two polymers and also provides the information about the mixing pattern of the two polymers and some information concerning the nature of the bond between the fibers and matrix.

Scanning Electron Microscopy techniques, shown in Figure 3.12, an electron beam is focused into a fine probe which interacts with the sample in a vacuum (10-4 torr) to create signals. These signals are highly localized to the area directly under beam and by using these signals to modulate the brightness of the cathode ray tube, scanning takes places in synchronism with the electron beam as a result of which image is formed on the screen. This image is highly magnified and usually has the look of a traditional microscopy but a much greater depth of field. The contrast in the images is a result of differences in scattering from surface areas as a result of geometrical differences. 

For the characterization of polymer, fibers and composites, the impact fractured samples were analyzed by using LEO Electron Microscope Ltd 435-25-20. Scanning Electron Microscopy and before running the samples, a fine gold coating was given by using the Biorad fine gold coat ion sputtering-coating instrument  under the vacuum of about 10-3 torr.
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Figure 3.12:  SEM instrument and internal diagram.
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Chapter 4 
Optimization of Anhydride/Epoxy Ratio (R)

4.1 Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis has been used widely to characterize the epoxy resins.  DMA is a method with great sensitivity for detecting changes on internal molecular mobility. Typical dynamic mechanical spectra’s for various anhydride/epoxy ratios (R) are shown in Figure 4.1 and Figure 4.5.  
4.1.1 Loss Factor (tan δ) 

In Figure 4.1, distinct broad transitions were observed for the epoxy systems. The high temperature loss transitions centered in the range from 45oC to 70oC has been clearly identified as the glass transition temperature (Tg), also known as the α-relaxation in which polymer-chain segments acquire considerable mobility. In examining the influence of hardener stoichiometry (R) on comparing the dynamic mechanical properties of the epoxy systems, no pronounced low temperature transition was observed[58].

However, pronounced changes in the loss factor tan δ were observed for temperatures higher than room temperature with changes in the hardener ratio. This effect is a direct consequence of the influence of stoichiometry at the onset of the glass transition. In common with other epoxy/anhydride mixtures, the increase in Tg with increasing hardener content shown in Figure 4.2 suggests increasing molecular weight and/or crosslinking. However, the maximum in Tg observed as well as the further decrease exhibited by our data with increasing hardener content supports the contention that any deviation from stoichiometry lowers Tg because a negative departure from stoichiometry results in a less densely corsslinked network (when R<1), whilst unreacted hardner (when R>1) provides a plasticization effect on Tg [291, 303, 304]. 

4.1.2 Peak Factor

Just the opposite trend (with reference to Tg) was observed for the loss factor intensities, since it decreased up to a stoichiometric ratio R of 1 and then increased slightly. This behavior indicates that a more crosslinked network, and therefore a higher restriction on molecular mobility, was obtained for compositions containing a low epoxy excess, in agreement with the literature [305-309].  

It is known that crosslinking also leads to a significant broadening of the glass transition. The broadening of the glass-to-rubber transition region is often assumed to be due to a broader distribution in molecular weight between crosslinks of some other kind or heterogeneities in the network structure [310, 311].

Thus, the wider transition region suggests more complex nature as indicated by peak factor values, as shown in Figure 4.2. The peak factor is defined as the value of full-width at half maximum (FWHM) divid ed by the height of the peak. This parameter can give a qualitative assessment of the homogeneity of the epoxy network and the distribution of the molecular weight. Thus this behaviour indicates that a more crosslinked network, and so a higher restriction on molecular mobility, was obtained for compositions containing a low epoxy excess, so agreeing with the findings in the literature [310, 311]. 

4.1.3 Activation Energy (Ea)
From the variation of  Tg with frequency in the range of 0.1-10 Hz, transition maps of log (f) vs. 1/Tx1000 shown in Figure 4.3 were made using the Arrhenius equation (1) from which the activation energy could be calculated from the slope.

F = A exp (-Ea/RT) -------------------- (1)

where R ,T, f, Ea and A are the gas constant, T the absolute temperature at which the maximum of tan δ is observed (K), f the frequency (Hz), Ea the activation energy (kj/mol) and A the pre exponential factor (Hz).

In Figure 4.4, activation energy Ea increases for slight epoxy excess with respect to stoichiometry and passed through a maximum at stoichiometric ratio. The maximum for Ea at the Tg region suggests that molecular mobility is the most restricted at the stoichiometric ratio since the degree of crosslinking is the highest at that ratio. For composition over stoichiometry, the Ea decreases giving the region of low cross link density which explains the incomplete conversion of monoester-monoacid to diester in the epoxy system.
4.1.4 Storage Modulus (E')
Plots of the storage modulus of different R values are shown in Figure 4.5. The increase in Tg and its further reduction with the corresponding effect in peak heights becomes evident if we examine the storage modulus (E') as a function of temperature. 
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Figure 4.1: Temperature dependence of loss factor (tan δ) for various ratios (R).
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Figure 4.2: Glass transition temperature (Tg) and Peak factor as a function of R.
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Figure 4.3: log f versus 1/T×1000.
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Figure 4.4: Tg and activation energy (Ea) versus R.

The onset of the glass transition of the systems can be seen by the decrease in E' and increase in tan δ. As the temperature is increased, the material becomes softer as E' continues to decrease along with a corresponding rise in tan δ, indicating increased segmental mobility in the polymer chains. However, upon further increase in temperature the modulus E' start decreasing while the tan δ reaches a maximum at the same temperature, indicating that the material is becoming harder and that the mobility of the macromolecular chains is decreasing. 

The appearance of the plateau at higher temperature indicates that stable crosslinked network exists[312]. The Elastic rubber modulus (Er) values at Tg + 25°C for all systems R = 0.7, 1.0, 1.3 studied were 5.89 × 107, 1.03× 108, 7.90 ×107 Pa respectively.
4.1.5 Crosslink Density (νe)

The cross-linking density (νe) can be calculated from the rubber elasticity equation (2)

E’ = 3 νe RT----------------------------------------- (2)

Where E', R and T are the storage modulus at (Tg +25oC), the gas constant, and T the absolute temperature. As crosslinking hindered the segmental motion in the polymers, this behavior shown in Figure 4.6 is similar to the change in Tg of the networks. In general, polymers with high cross-link density have higher glass transition temperatures. However, this behavior was not observed in our system. For composition over stoichiometry, crosslinking density (νe) decreases this may be due to the rigidity of the diester segment formed [58] , containing a carbon-carbon double bond which reduces the probability of molecular conformation.
4.2 Mechanical Properties
[image: image34.emf]
It includes the study of impact strength, tensile and flexural properties of various systems.
4.2.1 Tensile Strength, Tensile Modulus and % Elongation at break

An increasing trend was observed for tensile strength upto R ≤ 1but after that it decreases or almost became constant, Figure 4.7, which indicates that the stable crosslinked polymer network were formed. This is further supported with the rapid decreases in % elongation at break values (Figure 4.8) till R=1 and then become constant. Again this is due to the possible respond of polymer networks from stiff to towards brittle behaviour[58].
It was reported that the storage modulus measured by DMA for anhydride cured epoxies was found to be the unbiased estimator of the elastic modulus that was measured by mechanical testing because of lack of plastic behaviour[313]. Here the trend similar to storage modulus was observed for tensile modulus upto R ≤ 1, Figure 4.7. 

4.2.2 Flexural Strength and Flexural Modulus

A linear increase in flexural strength and modulus, Figure 4.9 was observed. This is possibly attributed to the increase in molar mass because of unreacted hardener units with the simultaneous brittle behaviour of polymeric networks. 

4.2.3 Impact Strength

The impact strength, Figure 4.8, is radically increased and further decreased following the same behavior as the crosslink density. Thus the ability to absorb energy dissipated in the form of mechanical stress is maximum at stoichiometric ratio R = 1 as supported by the SEM micrographs. 

For R > 1, impact decreases since the molecular segments are unable to disentangle and respond against the rapid application of mechanical stress and produces brittle behavior.
4.3 Scanning Electron Microscopy
Figure 4.10 to Figure 4.12 showed SEM micrographs of the different impact failure surfaces of an anhydride-cured epoxidized soybean oil epoxy resin. 

It is necessary to observe the SEM micrographs to examine the effect of stoichiometric ratio. The micrograph Figure 4.10 for R = 0.7, showed that the failure surface was not completely flat and featureless.
But micrograph for R = 1.0, Figure 4.11, showed the flat surface and the crack arrest lines suggesting that the crack propagated with minimal hindrance. These crack lines indicates the ductility for stoichiometric ratio. Micrograph for R = 1.3, Figure 4.12, showed a clear phase separation i.e. this system was not transparent. It is likely that presence of some particle like features may be due to unreacted hardener was observed on the failure surface.

4.4 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis enables us to understand the behavior of samples at elevated temperature. It gives information about the mass losses by a rise in temperature of the samples. Degradation occurs and the mass remaining decreases as the temperature increases. 
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Figure 4.5: Temperature dependence of the storage modulus E' for various ratios (R).
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Figure 4.6: Tg and crosslink density (νe) with R.
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Figure 4.7: Tensile strength and tensile modulus against R
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Figure 4.8: % Elongation at break and impact strength against R.

[image: image39.emf]0

10

20

30

40

50

0.6 0.8 1 1.2 1.4

R

Flexural Strength (MPa)

200

400

600

800

1000

1200

Flexural Modulus (MPa)

Flexural Strength

Flexural Modulus


Figure 4.9: Flexural strength and flexural modulus against R.
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Figure 4.10: Impact failure surface of R = 0.7.
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Figure 4.11: Impact failure surface of R = 1.0.
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Figure 4.12: Impact failure surface of R = 1.3.
The thermal stability of ESO/PA networks was studied by TGA. Figure 4.13 showed that the initial temperature of polymer decomposition accompanying final endset at 440oC onwards. 

Generally the cured epoxy resin shows thermal stability up to 300oC followed by single step decomposition in temperature range of 300- 410oC. In general, the expected decrease in thermal stability was observed when anhydride/epoxy ratio increases. Our result showed the same trend, Table 4.1. 

A sharp increase in thermal degradation (at 2%) has been observed initiating from R = 1.0 to 1.3. This is due to an initial weight loss shown by an initial shoulder corresponding to the single step resin degradation because. At this point all epoxies have reacted; the entire sample is essentially one macromolecule. Thus the initial weight loss indicated complete anhydride conversion. 

Beyond the equivalence point, the dibasic acid functioned as a chain stopper in that the dangling carboxyls have no epoxide to combine with and have destroyed the potentiality of those epoxides with which they have reacted for further reaction with anhydride hardener.

Table 4.1: Onset and endset temperatures for various ratios R.

	Ratio (R)
	Onset temperature (oC)
	Endset temperature (oC)

	0.7
	180
	465

	1.0
	195
	460

	1.3
	190
	457
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Figure 4.13: TGA thermograms of various ratios (R).
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Chapter 5 
Modification of ESO by Addition of a Co-monomer

5.1 Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis (DMA) is a method that measures the stiffness and mechanical damping of a cyclically deformed material as a function of temperature. The loss factor (tan δ) is a sensitive indicator of crosslinking and the glass transition temperature (Tg) value is assumed as the temperature corresponding the maximum of tan δ versus temperature curve, therefore, the Tg of sample could indicate the cross-linking density of a polymeric material.
5.1.1 Loss Factor (tan δ)
In this part, we discussed the ESO/DGEBA systems with different contents of DGEBA, prepared by melt mixing using phthalic anhydride as hardener. Here DGEBA used as co-monomer for the modification of ESO resin.

Figure 5.1 showed the temperature dependency curves of loss factor tan δ for anhydride-cured ESO materials containing DGEBA. From tan δ plots, single peak for all the systems were observed.  The symmetric peaks of the loss factor tan δ indicated that complete cure of the anhydride-cured epoxy matrix had taken place.
The peak position of the loss factor curves essentially shifts towards higher temperature for unmodified ESO at 68.3oC to 107.3oC due to the incorporation of DGEBA i.e., from 10-30 phr.  The presence of external epoxy groups in DGEBA makes it more reactive than ESO. Thus the respective increase in crosslink density (νe) increases the glass transition temperature. 

Figure 5.2 showed the relation between the glass transition temperature, Tg, determined from the peak position of the loss factor curve, and the amount of DGEBA used to replace ESO. The relation linearly correlated; the Tg was increased with an increase in the amount of DGEBA epoxy till 30 phr. 
5.1.2 Peak Factor
But just the opposite trend was observed for the loss factor intensities, since it decreased till 30 phr DGEBA. As the peak intensities decreases, the loss factor peaks became broader with the addition of a larger amount of DGEBA suggesting a more complex nature as given by peak factor values (Figure 5.2). 
This parameter can give a qualitative assessment of the homogeneity of the epoxy network and the distribution of the molecular weight. Therefore, the broader the peak, larger is the value of the peak factor. Thus, the peak factor of all modified epoxy materials was increased radically with an increase in the amount of DGEBA.

5.1.3 Storage Modulus (E’)

Figure 5.3 gives the storage modulus curves of ESO/DGEBA systems. In Figure 5.3 the storage modulus below the glass transition temperature increased after the addition of DGEBA. 
The onset of the glass transition of the systems can be seen by the decrease in E' and increase in tan δ. As the temperature is increased, E' continues to decrease along with a corresponding rise in tan δ, indicating increased segmental mobility in the polymer chains. However, upon further increase in temperature the modulus E' start decreasing while the tan δ reaches a maximum at the same temperature.
5.1.4 Crosslink Density (νe)

The cross-link density of the anhydride-cured ESO based epoxy materials was evaluated by DMA. The crosslink density of the cured specimens was calculated according to the rubber elasticity theory and plotted against temperature, Figure 5.4.
E' = 3 (νe) RT-------------------------- (2)

Where, E', νe, R, and T are the storage modulus at (Tg + 35) oC, the cross-link density, the gas constant (8.314 J. (K.mol)-1), and temperature in K, respectively.

Figure 5.4 showed the change of cross-link density calculated from Equation (2) using the storage modulus at Tg + 35oC. The crosslink densities of the ESO/DGEBA systems were systematically increased with the addition of DGEBA. This increase in crosslink density can be attributed to the addition of bulky segments of DGEBA into the ESO systems, which increases the rigidity of the ESO network resulting in decreased motion of the macromolecular segments in the ESO/DGEBA systems. The νe value of the ESO/DGEBA systems was higher than that of the unmodified ESO resin
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Figure 5.1: Tan δ curves versus temperature for different ESO/DGEBA systems.
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Figure 5.2: Glass transition temperature (Tg) and Peak factor against DGEBA content (phr).
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Figure 5.3: Storage modulus curves versus temperature for ESO/DGEBA systems.
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Figure 5.4: Glass transition temperature and crosslink density versus DGEBA content (phr).

5.1.5 Tg – Composition Relationship

 There are several theoretical and empirical equations such as the Fox equation[314], Gordon–Taylor equation [315], Couchman equation [316] and Kwei equation [317]to describe the dependence of glass transition temperature on composition. In this work, the Fox[314] and Gordon-Taylor equation[315]  was applied to account for Tg-composition relationship of this system. The Fox equation is
[image: image48.emf]-----------------------(3)
And the Gordon-Taylor equation is
[image: image49.emf]----------------(4)
Where Tg is the glass transition temperature of the system, Tg1 and Tg2 are the glass transition temperatures of components 1 and 2, respectively, w1 and w2 are the weight fractions of components 1 and 2, respectively, and k is an adjusting parameter related to the degree of curvature of the Tg –composition curve. Prud’ homme and co-workers[318, 319]  proposed that the k value can be taken as a semi-quantitative measure of the miscibility and strength of intermolecular interactions between the two components.

Figure 5.5, showed the curve drawn using the Gordon-Taylor equation with a k value of 0.34 (which was obtained by the best fit curve) and is in good agreement with the experimental data. 

The value of k (0.34) taken as obtained for this system suggests that the interaction between ESO and DGEBA is medium in strength. Thus, the Gordon–Taylor equation gives a good correlation with the experimental values, whereas the Fox equation deviates from the experimental values.

5.2 FTIR Spectroscopy

FTIR was used to monitor the curing reaction of the modified systems. In FTIR spectra’s (Figure 5.6), hydrogen bonded vibrations in the systems were reflected by broad bands. 

The absorption band sites of hydrogen-bonded hydroxyls shifts little to the direction of higher frequency along with a shoulder appeared at 3565 cm-1 for 30 phr DGEBA. 

Due to the addition of DGEBA, higher shifts or the production of new chemical bonds was not observed which suggested that only weak interaction existed in the modified systems.

5.3 Mechanical Properties
[image: image50.emf]
It includes the study of impact strength, tensile and flexural properties of various systems. A series of tensile and flexural tests were carried out to study the effect of DGEBA content on the mechanical properties of the blends. The results for tensile and flexural testing of the modified systems are presented in Figure 5.7 to Figure 5.9. 

5.3.1 Tensile Strength, Tensile Modulus and Elongation at break 

The tensile strength gradually increases and then decreases with increasing concentration of DGEBA as shown in Figure 5.7. This might be caused by the difference of reactivity of ESO with epoxy resin. The epoxy groups of ESO have much lower reactivity than the most common type of epoxy resin (such as DGEBA) due to the stereo effect in ESO; therefore, it can only cured partially with epoxy resin. Also, the addition of DGEBA which is brittle in nature is responsible for the increase in Tg. 

However, only a modest increase in tensile strength was observed up to DGEBA at 20phr, whereas reduction in tensile strength was observed for DGEBA at 30phr.This is in agreement with the previous work of toughening by ESO in epoxy systems can result in a dramatic decay of the tensile strength with a higher content of vegetable oil[320].

At higher DGEBA content (30phr), both the tensile strength and elongation at break (Figure 5.8) began to decrease but the extent was much less pronounced. As a matter of fact, the modulus did not show any degradation at 20 phr DGEBA modified system. The result showed that the potential exist of adding more DGEBA as supplement for ESO epoxy resin.
Compared with neat ESO resin, all compositions with DGEBA showed lower values before breaking, (Figure 5.8). Only at10 phr DGEBA gives high elongation (up to nearly 6.4%) compared to neat resin. There is hardly any change in the percentage elongation at break up to 20phr DGEBA, whereas a significant decrease in elongation was observed for modified networks having 30phr DGEBA and presence of some features on the surface.
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Figure 5.5: Experimental and theoretical glass transition temperatures versus DGEBA content (phr).
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Figure 5.6: Infrared spectrums of ESO/DGEBA systems.
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Figure 5.7: Tensile strength and tensile modulus of ESO/DGEBA systems against DGEBA content (phr).
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Figure 5.8: % Elongation at break of ESO/DGEBA systems against DGEBA
content (phr).
5.3.2 Flexural Strength and Flexural Modulus

Similar trends were found for the flexural properties, Figure 5.9. For modified networks the flexural strength and modulus gradually increases with increasing concentrations of DGEBA. The decrease in elongation at break and increase in flexural modulus leads to brittle behavior. 

5.3.3 Izod Impact Strength

Figure 5.10 showed the change of Izod impact strength of anhydride-cured ESO/DGEBA systems with different amounts of DGEBA.  The anhydride-cured ESO/DGEBA samples had a high crosslink density; therefore, the value of the Izod impact strength was relatively low in comparison with neat ESO epoxy. 

As it can be seen, the impact strength of the unmodified ESO is higher than that of the modified networks; however, the impact strength was significantly declined by the addition of DGEBA. The addition of brittle DGEBA into the flexible ESO network leads to a decrease of the dissipation of internal stress within the network structure, which is probably due to the increased crosslink density.

This also suggested that the glassy epoxy materials, having a high glass transition temperature, were obtained even when a considerable amount of ESO was replaced by DGEBA, since rubbery epoxy materials, having a low glass transition temperature, show a much higher Izod impact strength [321]. These result agreed with the fracture morphologies of ESO/DGEBA systems by SEM observation. 
5.4 Scanning Electron Microscopy
For polymer blend, the morphology is one of the most important factors that control the properties of the modified systems. The morphologies of impact fractured surfaces of modified systems were investigated by using scanning electron microscopy are shown in Figure 5.11 to Figure 5.14. 

The unmodified ESO, Figure 5.11, showed that ESO and PA were homogeneously mixed and then cured. Almost similar morphologies were observed for all ESO/DGEBA based systems.

The neat ESO (Figure 5.11) showed the flat surface with crack arrest lines suggesting that the crack propagated with minimal hindrance. The micrographs of the modified systems revealed regulative cracks suggesting the brittle behavior. The edges of cracks for 10 DGEBA (Figure 5.12) were rougher than 20 DGEBA (Figure 5.13) that resist more deformation and crack propagation. Series of micrographs revealed, the morphologies changed from homogeneous to separated particles, which become more complex with increasing DGEBA concentration (Figure 5.14).
5.5 Thermogravimetric Analysis
The effects of DGEBA content on the thermal stability of the ESO/DGEBA systems were studied by TGA. The results are shown in Figure 5.15. TGA curves were characterized by thermal stability factors, including the initial decomposition temperature (IDT) and the temperature at T50wt% loss.

The results of IDT and T50wt% for the ESO/DGEBA systems as a function of DGEBA content are shown in the Table 5.1. 

The initial degradation of neat ESO epoxy resin was started at about 285oC, whereas initial decomposition temperature (IDT) (at 5% degradation) of the modified systems increased slightly upon addition of DGEBA, which may be attributed to the bulky phenyl groups in DGEBA with increment in crosslinking density. A slight increase in the temperature of maximum rate of degradation (T50 wt %) was also observed. As the DGEBA content was increased the thermal stability of the systems were also increased. This may be due to the bulky phenyl groups present in DGEBA epoxy resin.
Table 5.1:  IDT and T50 wt% values for ESO/DGEBA systems.

	ESO/DGEBA
	IDT (oC)
	T50wt% (oC)

	100/0
	285.0
	397.7

	100/10
	292.6
	403.3

	100/20
	305.3
	420

	100/30
	322.4
	423
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Figure 5.9: Flexural strength and flexural modulus of ESO/DGEBA systems against DGEBA content (phr).
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Figure 5.10: Impact strength of ESO/DGEBA systems against DGEBA content (phr).
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Figure 5.11: Impact fractured surface of neat ESO matrix.
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Figure 5.12: Impact fractured surface of ESO/DGEBA (10). 
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Figure 5.13: Impact fractured surface of ESO/DGEBA (20). 
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Figure 5.14: Impact fractured surface of ESO/DGEBA (30). 
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Figure 5.15: TGA curves for ESO/DGEBA systems with various DGEBA contents.

Chapter –6

Preparation of ESO Based Composites

Chapter 6 
PREPARATION OF ESO BASED COMPOSITES
This chapter is sub-divided into three parts:

6.1
Fiber modification using 3-Aminopropyltriethoxysilane.

6.2
Preparation of ESO/Sunhemp fiber (raw and silane treated) composites.

6.3
Preparation of modified (ESO/DGEBA (10))/Sunhemp fiber (raw and silane treated) composites. 
PART-I

6.1 Fiber Modification Using 3-Aminopropyltriethoxysilane
One of the most important factors for obtaining good fiber reinforcement in the composite is the bonding strength between fiber and polymer matrix. Due to the presence of pendant hydroxyl and polar groups in various constituents of fiber, moisture absorption of fiber is very high which leads to poor interfacial bonding with the hydrophobic matrix polymers. Therefore in order to develop composites with better mechanical properties it is necessary to impart hydrophobicity to the fibers by suitable chemical treatments. Such treatments will decrease the moisture absorption and hydrophilic character of fibers. Surface modification is therefore necessary to obtain better performance of the resulting composites. The chemical modification and characterization of lignocellulosic fibers has been highlighted by Jacob et al[322].
Sunhemp or sunn-hemp (Crotalarea juncea) fibers are one of the important natural bast fiber. The high cellulose content (70-80%)[152] and low microfibril angle (9.8o) of sunhemp fibers as compared to other common natural fibers[153]  indicate that sunhemp has potential as reinforcing filler in polymers.
Sunhemp fiber reinforced epoxy composites were prepared by open mould technique. Fiber surface modification by silane treatment was done to improve the fiber - matrix interactions. The modified fiber surface was characterized by FTIR, SEM and TGA measurements. It was found that treatment of fiber has significant influence on the mechanical properties of the composites. 

6.1.1 FTIR Spectroscopy
Both untreated and silane treated sunhemp fibers were characterized by FTIR in order to confirm the chemical reaction takes place between silanes and cellulose backbone of sunhemp fiber. The FTIR spectra as depicted by the % Transmittance versus the wavenumber are presented in Figure 6.1 and Figure 6.2 for the range from 4000 cm-1-400 cm-1.

Figure 6.1 shows the FTIR spectra for untreated sunhemp fiber. Figure 6.2 shows the FTIR spectra for silane treated sunhemp fiber. In the case of organosilane coupling agent treated sunhemp fiber, amine was introduced to the fibers as demonstrated by the broadening of peak correspond to 3200 – 3400 cm-1 NH2. In addition, strong absorptions related to Si-O and Si-O-Si was observed at 1285, 1075 and 1018 cm-1, respectively. These absorptions due to the reaction between silanol of silane and hydroxyl group of cellulose.

Other important changes related with the reduction of peaks between 3200-3600 cm-1 that correspond to the reduction of some hydroxyl groups associated with the vibration modes of chemical substances as carbohydrates[323]and fatty acids present in the fibers[324]. These results confirmed with the observations of other authors for different vegetable fibers[323, 325, 326].

6.1.2 Thermogravimetric Analysis

The thermogravimetric analytical technique offers a precise control of heating condition, such as variable temperature range and accurate heating rate and it needs only a small quantity of sample for analysis. Thermogravimetric scans of untreated and silane treated fibers up to 600 °C are shown in Figure 6.3. Three step analysis of untreated sunhemp fibers:
(i) The first weight loss occurred between 30 -100 °C, can be referred to the release of moisture (heat of vaporization of water) present in the fiber. 
(ii) The second weight loss in the region 230 - 340°C is due to thermal depolymerization of hemicelluloses and the cleavage of glucosidic linkages of cellulose.

(iii) The third weight loss at about 350°C may be due to the further breakage of the decomposition product of stage (ii). 
Table 6.1 gives the temperatures at which 5 wt%, 50 wt% and 80 wt% weight loss occurred. 

Table 6.1: Percentage weight loss (5wt%, 50wt% and 80wt %) of untreated and silane treated sunhemp fibers. 

	Fibers
	5 wt%
	50 wt%
	80 wt%

	Untreated
	70°C
	355°C
	452°C

	Silane treated
	90°C
	363°C
	463°C
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Figure 6.1: FTIR spectrum of untreated Sunhemp fiber.
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Figure 6.2: FTIR spectrum of silane treated Sunhemp fiber.
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Figure 6.3: TGA thermograms of (i) untreated and (ii) silane treated fibers.
n comparing the weight losses, it can be seen that after treatment, the thermal stability of the silane treated fiber was increased to some extent. 

The onset of thermal degradation can be identified by a dramatic decrease in sample weight and increase in the temperature difference due to the exothermic combustion reactions taking place. The thermal degradation of untreated sunhemp fiber begins at around 70°C, and the thermal degradation of silane treated sunhemp fiber starts at around 90°C. 

The main decomposition of sunhemp fiber occurred at 355oC. The treated fibers registered an increment on maximum degradation peak temperature of 363oC.

Untreated fiber degrades at lower temperature due to the presence of thermally unstable fiber constituents such as hemicelluloses and pectins, whereas the silane treated fiber is somewhat more stable. In silane treated fiber, the interpenetration of the coupling agent into the cell wall of fibers through pores and its deposition in the interfibrillar region, generating a barrier that hinders the moisture access to fibers and reduces its hydrophilic nature.

6.1.3 Scanning Electron Microscopy

Morphological analysis of both the fibers were carried out using SEM. Figure 6.4 and Figure 6.5 gives a clear picture of morphological changes on the sunhemp fiber before and after silane treatment.

Compared with the untreated fiber surface which is rather rough, the treated fiber shows smoother surface.  Rough surface of untreated fiber is due to the presence of impurities such as wax and natural oils which cover the external surface of the cell wall of fibers which may be removed by silane treatment to improve adhesion between fiber and resin matrix.
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Figure 6.4: SEM photograph of untreated Sunhemp fiber.
[image: image66.png]


 

Figure 6.5: SEM photograph of silane treated Sunhemp fiber.

PART-II
6.2 Preparation of Eso/Sunhemp Fiber (Raw and Silane Treated) Composites
6.2.1 Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) is a very useful thermal analysis technique used to measure changes in the viscoelastic response of a material as a function of temperature, time, or deformation frequency. Generally, DMA can provide more information about a given polymer matrix than other mechanical tests since it can cover a wide range of temperatures and frequencies which are not possible with others[327]. 

Among all the techniques employed to characterize the composites, DMA is generally a good tool because it provides a non-destructive direction. The damping property as denoted by tan δ is an indication of all kinds of molecular movement existing in the materials. In a composite, molecular motion at the interface contribute damping of the material. 

A dynamical mechanical[328] test measures the response of a material as it is deformed due to a sinusoidal or other periodic stress. The three important parameters that can be obtained during a dynamic mechanical test are as follows: (i) storage modulus, which is a measure of the maximum energy, stored in the material during one cycle of oscillation. It also gives an idea of stiffness behavior and load bearing capability of composite material; (ii) loss modulus which is proportional to the amount of energy that has been dissipated as heat by the sample; and (iii) mechanical damping term tan d, which is the ratio of the loss modulus to storage modulus it is related to the degree of molecular mobility in the polymer material. The other useful quantities that can be characterized by DMA are storage and loss compliance, dynamic and complex viscosity, creep compliance, and the stress–relaxation modulus.

Dynamic tests over a wide range of temperature and frequency are especially sensitive to all kinds of transitions and relaxation processes of matrix resin and also to the morphology of the composites. The dynamic mechanical properties of a composite material depend on the fiber–matrix interphase, fiber content, and presence of the additives like filler, compatibilizer, fiber orientation, and the mode of testing. A number of studies have indicated that chemical modification of fibers has a profound effect on the dynamic mechanical properties of composites. 
6.2.1.1 Loss Factor (tan δ) 

Tan δ relates to the impact resistance of the material[329]. As the damping peak occurs in the region of the glass transition region where the material changes from a rigid to a more plastic state, it is associated with the movement of small groups and chains of molecules within the polymer structure all of which are initially frozen in. In a composites system, tan δ is affected through the incorporation of fibers. 
The glass transition temperature (Tg) can be defined as the maximum of the transition in the loss modulus curve or in the loss tangent curve. It is usually interpreted as the peak of the tan δ or loss modulus curve that is obtained during a dynamic mechanical test conducted at low frequency.

The variation of loss factor tan δ for the ESO based untreated and silane treated sunhemp fiber composites as a function of temperature measured at a frequency of 1Hz showed in Figure 6.6 and Figure 6.7.
Figure 6.6 compared the tan δ curves of ESO-untreated fiber composites at different fiber contents. The value of peak tan δ decreased with increasing fiber loading in the range of 82.7oC, 81.6oC to 80.4oC but higher than neat ESO (68.3oC) resin (Figure 6.8). The decrease in Tg is due to catalytic effect created by the fibers. The hydroxyl groups present on the fibers took part in epoxy-anhydride catalysis reaction which decreases the encounter probability between the reactive species. Their exists a region of unreacted epoxy and anhydride hardener, which had plasticizing effect and reduces the Tg of the system [330-332].

Figure 6.7, compared the tan δ curves of ESO-silane treated fiber composites.  A number of studies have indicated that chemical modification of fibers has profound influence on the dynamic mechanical properties of composites[333] . The glass transition temperature of treated composites was found shifted towards higher temperature region with increasing fiber loading. Tg lies in the temperature range of 82.8oC to 87.7oC and higher than untreated composites as well as neat ESO matrix (Figure 6.8). The positive shift in Tg showed the effectiveness of the fiber as a reinforcing agent i.e., higher polymer-filler interactions. The shifting of Tg to higher temperatures can be associated with the decreased mobility of the polymer chains due the addition of fibers. This suggested an increase in the rigidity of the fiber-matrix interfacial zone due to improved fiber-matrix interaction[334], which reduces molecular mobility in the interfacial zone.
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Figure 6.6: Tan δ for ESO-untreated sunhemp composites.
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Figure 6.7: Tan δ for ESO-silane treated sunhemp composites.

Magnitude of the tan δ peak is indicative of the nature of the polymer system. Higher the tan δ peak value, greater is the degree of molecular mobility[335]. The introduction of fibers reduces the magnitude of the tan δ peaks. Since in an unfilled system, the chain segments are free to move but after the incorporation of fibers the movement of polymer molecules become restricted and so the peak height reduces. 

It was evident from the Figure 6.6 and Figure 6.7 that the height of tan δ peaks for all the six composites (untreated and silane treated) were reduced [336-338] compared to neat resin. The peak height of silane treated composites was lower than untreated ones though the difference was not big. This indicates that all six composites possess the same order of damping capabilities.
6.2.1.2 Peak Factor

As the peak height reduces the tan δ peaks become broader than that of the neat matrix. This indicates the presence of some restricted molecular motions in the composites which are not present in the neat matrix. The value of full-width at half maximum (FWHM) divided by the height of the peak is defined as the peak factor.
This parameter can give a qualitative assessment of the homogeneity of the epoxy network and the distribution of the molecular weight. Thus this behaviour indicates that a more crosslinked network, and so a higher restriction on molecular mobility, was obtained for compositions containing a low epoxy excess, so agreeing with the findings in the literature. 

Figure 6.9 showed the peak factor of untreated and silane treated ESO composites as a function of fiber loading. The peak factor of silane treated composites was higher than untreated composites which supported the decrease in peak height. The higher peak factor attributed to the fact that silane composites possess higher molecular motions at the interfacial region. These molecular motions at the interfacial region generally contribute to the damping of the material apart from those of the constituents[339] and higher inhomogeneity due to the difference in the physical state of the matrix surrounding the fibers to the rest of the matrix fiber, matrix and immobilised polymer layer matrix[340-342].

6.2.1.3 Storage Modulus (E')

The importance of the dynamic storage modulus in many structural applications is well known. A clear understanding of the storage modulus-temperature curve obtained during a dynamic mechanical test provides valuable insight into the stiffness of a material as a function of temperature. In simple words, the storage modulus (E') is the property to assess the total load bearing capacity of the materials. This curve is useful in assessing the molecular basis of the mechanical properties of materials since it is very sensitive to structural changes such as molecular weight, degree of cross linking, and fiber–matrix interfacial bonding.

The effect of temperature on the storage modulus for untreated and silane treated composites at different fiber loadings given in Figure 6.10 and Figure 6.11.
Figure 6.10 depicts that the storage modulus of untreated composites, increases with increasing sunnhemp fiber content. The effect is visible at both lower and higher temperature regions. Although the increment in E' was not much affected in the glassy state below Tg because the storage modulus of the neat matrix and composites were close to each other. But the increment in E' was clearly observed at the rubbery plateau region. The graph indicated that modulus falls slowly around the glass transition temperature region. The maximum increase in E' at rubbery region was obtained for 2.5wt% loading.

Same increment behaviour for E' was observed in silane treated fiber composites, Figure 6.11. 

Thus both the composites had increasing E' values with increasing fiber content. This is because of the increasing mobilities of the macromolecules counteracted by the fibers which increase the modulus. Also the addition of fibers allows greater stress transfer at the interface, which consequently increases the storage modulus. 

However, the dynamic modulus of the silane treated composites was higher than the untreated composites. In the case of untreated composites, the hydrophilic nature of sunhemp fibers (hydroxyls present on the surface) induced poor wettability and presence of moisture at the fiber-matrix interface promotes the formation of voids and produced composite of lower stiffness and strength. 
For silane-treated composites, the moisture absorbing capacity of fibers was reduced, making the fiber stiffer[343]. And provide improved interfacial bond with the matrix giving rise to a composite with much high modulus. Another reason for treated composites is that since treated fibers have more surface area, so there exists probability of formation of more crosslinks within the ESO-fiber network leading to high modulus. Therefore, large amount of mechanical energy has to be spent in order to destroy the structure.
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Figure 6.8: Variation of Tg of ESO-untreated & silane treated composites 
with fiber content.
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Figure 6.9: Variation of peak factor for ESO-untreated and silane treated composites with fiber content.
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Figure 6.10: Storage modulus (E') for ESO-untreated sunhemp composites.
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Figure 6.11: Storage modulus (E') for ESO-silane treated sunhemp composites.
6.2.1.4 Constant C

The effectiveness of fillers on the moduli of the composites can be calculated by a coefficient C such as[334, 344] 
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where E'g and E'r are the storage modulus values in the glassy and rubbery region respectively. The higher the value of the constant C obtained, the lower is the effectiveness of the filler. The constant C was calculated by using E' values measured at 25oC and 115oC for neat ESO matrix and their composites.

Figure 6.12 shows the obtained C values for both the composites. It can be seen that the constant C first decreased upto 1.5 wt% loading and then increased for 2.5 wt% loading. After 1.5 wt% loading the increase in C value was very small, it almost become constant for untreated composites. 

The lowest value has been obtained at 1.5 wt% fiber loading and higher at 2.5 wt%. Thus the effectiveness of the filler is higher at 1.5 wt% for both the composites. This is the optimum fiber content in ESO untreated and silane treated composites. At this fiber loading maximum stress-transfer between the fiber and matrix takes place. On further addition of fiber, fiber to fiber contact increases, this diminishes the effective stress transfer between the fiber and the matrix.

6.2.1.5 Crosslink Density (νe)

The cross-linking density (νe) can be calculated from the rubber elasticity equation (2)

E’ = 3νeRT----------------------------------------- (2)

Where E', R and T are the storage modulus at (Tg +35oC), the gas constant, and T the absolute temperature.

Figure 6.13 showed the variation of crosslink density against fiber loading. Graph depicted the linear behaviour of crosslink density with increasing fiber loading in both the composites. Silane treated composites obtained higher crosslink densities than untreated ones, also apparent from their higher storage moduli values.

 In untreated composites the rise in crosslink density after 1.5 wt% becomes constant. However crosslink density increases upto 2.5 wt% in case of silane treated composites. This corresponds to the C values obtained.            

6.2.2 Mechanical Properties

Mechanical properties include the study of tensile strength and modulus, flexural strength and flexural modulus and impact energy.

6.2.2.1 Tensile Strength, Tensile Modulus and % Elongation at break

Variation of tensile strength and tensile modulus of ESO-untreated sunhemp fiber composites are shown in Figure 6.14. A considerable increase in tensile strength was observed when the fiber content increases from 0.5 wt% to 1.5 wt%. For 2.5 wt%, the tensile strength was not much increased.

This is because at low fiber content the matrix is not restrained and highly localised strain occurs in the matrix at low stresses, causing the bond between matrix and fiber to break leaving the matrix filled of non-reinforcing de-bonded fibers. As the fiber content increases, results in more and probably larger voids formation, this leads to micro crack formation under loading and therefore reduces the tensile strength. 

Figure 6.14 shows the steady increase of tensile modulus with an increase in fiber content. These are consistent with the results of storage modulus observed in DMA studies. Tensile modulus is highest for 2.5 wt% fiber loading though the difference between 1.5 wt% and 2.5 wt% is not large.

Figure 6.15 showed the tensile strength and tensile modulus values obtained for ESO-silane treated composites. Both the tensile strength and modulus increased linearly and higher than untreated composites. The silane coupling agent enhances the mechanical properties. The hydrolyzable alkoxy group and amino groups of aminosilane used helped to bond with hydroxyl groups of fibers (formed polysiloxane structures) and capable of interacting with epoxy resins [345]respectively. Thus silane treatment reduces the hydrophilic nature of the cellulosic sunnhemp fibers and thereby improves the fiber-matrix interfacial bonding results in a more efficient transfer of stress along the fiber/matrix interface.
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Figure 6.12: Constant C for ESO-untreated and silane treated composites 
with fiber content.
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Figure 6.13: Variation of crosslink density for ESO-untreated & silane treated composites with fiber content.
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Figure 6.14: Variation of tensile strength and tensile modulus for ESO-untreated composites with fiber content.
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Figure 6.15: Variation of tensile strength and tensile modulus for ESO-silane treated composites with fiber content.
Figure 6.16 gives the variation of elongation at break for both the composites. It can be seen that elongation at break for treated composites is lower than that for untreated composites at similar loading. This can be attributed to better strength and high stiffness achieved from strong adhesion between silane treated fiber and ESO matrix. Higher extension is obtained from weak interfacial adhesion as seen for untreated composites. 

6.2.2.2 Flexural Strength and Flexural Modulus

Figure 6.17 and Figure 6.18 illustrated the effect of fiber content on flexural behavior of untreated and treated sunhemp fibers composites. With comparison to flexural properties of neat ESO matrix, the flexural strength and flexural modulus values enhanced regularly with increasing fiber loading percentages for both the composites.

Reduction in flexural properties for untreated composites is due to the moisture present in fibers whereas the presence of hydrolysable alkoxy groups into the treated fiber, capable of interacting with the epoxy resin[345], can originate the enhancement of fiber/matrix adhesion.

6.2.2.3 Impact Strength

Figure 6.19 showed the variation of impact strength for ESO-untreated and silane treated fiber composites. Impact strength decreases for untreated composites. The moisture present in the fibers leading to poor adhesion, and lowering of impact.
Additionally, it was found that after adding the silane coupling agent to the composite, the impact strength improved compared with the composite without the compatibilizer. This suggests that coupling agent played the role of an interfacial agent, which increases the adhesion between fiber and matrix. But a strong interfacial link provides poor toughening.
6.2.3 Scanning Electron Microscopy

Scanning electron microscopy is a common method to analyze the level of fiber/matrix adhesion. Many studies have been conducted to evaluate the bonding between matrix and fiber. The authors found that at low and high levels of fiber loading the interfacial adhesion was quite poor while at intermediate levels of loading interfacial adhesion was found to be good as the population of fibers was just right for uniform stress transfer.

The extent of fiber/matrix adhesion and morphology of impact fractured surfaces was analyzed by scanning electron microscopy shown in Figure 6.20 to Figure 6.25.
In untreated composite (Figure 6.20 to Figure 6.22), the bonding between matrix and fiber is weak and hence it shows holes indicating fiber pull out from the matrix resin easily when stress is applied leaving behind gaping cavities, which has taken place due to poor wetting.     

In case of silane treated composites, from Figure 6.23 to Figure 6.25, matrix was seen adhering to the fibers. As the moisture content of the fibers is greatly reduced. Also more surface area is available for forming links with the ESO matrix. As a result, a stronger bonding between fiber and matrix will take place. This is evident from the short broken fiber ends projecting out of the matrix that can be seen in the micrographs. In contrast to untreated fibers, treated fibers showed the brittle texture with extensive fiber tearing and less fiber pullout. Thus treatment with aminosilane appears to result in strong, rigid-fiber matrix adhesion which prevents the debonding. Thus scanning electron microscopic studies further supports the indication of better adhesion by chemical treatment.
6.2.4 Thermogravimetric Analysis
The TGA thermograms are shown in Figure 6.26 to Figure 6.27. Figure 6.26 shows the TGA curves of ESO-untreated fiber composites. Curves showed two steps degradation of composites. The percentage weight loss at 5wt%, 50 wt% and 80 wt% occurred at different temperatures given in Table 6.2. 
Composites present a region associated with the fiber constituent decomposition appearing at 210 –350°C. The initial degradation begins at a lower temperature of 215oC indicating that the addition of fiber reduces the overall thermal stability of the composites. 
As the fiber content increases the initial degradation temperature is also increases. The major degradation occurred at temperature 296oC to 303oC and the decomposition is almost completed at a temperature of 405oC. 

The TGA curves of silane treated composites shown in Figure 6.27 suggested that the thermal stability of treated composites is higher than that of untreated fiber composites. This is also clear from the percentage weight losses of these composites given in Table 6.3. 

In silane treated fiber composites, the degradation initiated from 225oC to 234oC with increasing fiber loading. The major degradation occurred at temperature range of 362oC to 375oC. Treated fiber composites present a slight increase on thermal stability with 
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Figure 6.16: Variation of % Elongation at break for ESO-untreated & silane treated composites with fiber content.
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Figure 6.17: Variation of flexural strength and flexural modulus for ESO-untreated composites with fiber content.
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Figure 6.18: Variation of flexural strength and flexural modulus for ESO-silane treated composites with fiber content.
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Figure 6.19: Variation of Impact strength for ESO- untreated and silane treated composites with fiber content.
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Figure 6.20: SEM micrograph of ESO-untreated fiber composite (0.5 wt %).
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Figure 6.21: SEM of ESO-untreated fiber composites (1.5 wt %).

[image: image84.png]e o 5 Wi




Figure 6.22: SEM image of ESO-untreated fiber composites (2.5 wt %).
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Figure 6.23: SEM images showing improved adhesion of ESO-silane treated 
fibers (0.5wt %). 
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Figure 6.24: SEM images showing improved adhesion of ESO-silane treated 
fibers (1.5wt %).
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Figure 6.25: SEM images showing improved adhesion of ESO-silane treated 
fibers (2.5 wt %).

respect to that for untreated fiber composites in the region of fiber constituents 
(210 –350°C) to that for untreated fiber composites.

These results are possibly associated with the enhancement obtained by effect of treatments on thermal behavior of sunnhemp fibers. It can be seen that the fiber conditions the thermal stability of the composites. Here, the thermal stability is higher for ESO ST 25.
Table 6.2:  Percentage weight loss of untreated sunhemp fiber composites at 5wt%, 50wt% and 80wt%.

	Composites
	5wt%
	50wt%
	80wt%

	ESO UT 05
	215oC
	296oC
	329oC

	ESO UT 15
	213oC
	301oC
	325oC

	ESO UT 25
	208oC
	303oC
	324oC


Table 6.3: Percentage weight loss of silane treated sunhemp fiber composites at 5wt%, 50wt% and 80wt%.

	Composites
	5wt%
	50wt%
	80wt%

	ESO ST 05
	225oC
	362oC
	420oC

	ESO ST 15
	229oC
	368oC
	422oC

	ESO ST 25
	234oC
	375oC
	425oC
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Figure 6.26: TGA curves for ESO untreated fiber composites with fiber content.
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Figure 6.27: TGA curves for ESO silane treated fiber composites with fiber content.

PART-III
6.3 Preparation of modified (ESO/DGEBA (10))/Sunhemp fiber (raw and silane treated) composites. 
6.3.1 Dynamic mechanical properties

Refer to section 6.2.1 page 153.

6.3.1.1 Loss factor (tan δ) 

The variation of loss factor tan δ for the ESO/DGEBA (10) based untreated and silane treated sunhemp fiber composites as a function of temperature measured at a frequency of 1Hz showed in Figure 6.28 and Figure 6.29. 

Figure 6.28, compared the tan δ curves of ESO/DGEBA (10)-untreated fiber composites at different fiber contents. The value of tan δ decreased with increasing fiber loading in the range of 98.0oC, 97.6oC to 95.1oC but higher than neat ESO/DGEBA (10) (91oC) resin (Figure 6.30). The decrease in Tg is again due to catalytic effect created by the fibers. Also in ESO/DGEBA (10) untreated composites, 10wt% of DGEBA was present which have external highly reactive epoxy groups.  So there exists a region of unreacted epoxy and anhydride hardener, which had plasticizing effect and reduces the Tg of the system [330].

Figure 6.29, compared the tan δ curves of ESO/DGEBA (10) silane treated fiber composites.  The glass transition temperature of treated composites was found shifted towards higher temperature region with increasing fiber loading. Tg lies in the temperature range of 102.5oC to 105.0oC and higher than untreated composites as well as neat ESO/DGEBA (10) matrix (Figure 6.30). 

The positive shift in Tg   again showed the effectiveness of the fiber as a reinforcing agent i.e., higher polymer-filler interactions. This suggested an increase in the rigidity of the fiber-matrix interfacial zone due to improved fiber-matrix interaction[334], which reduces molecular mobility in the interfacial zone. Additionally, the DGEBA present provided some rigidity to the system.

6.3.1.2 Peak Factor

Magnitude of the tan δ peak is indicative of the nature of the polymer system. Higher the tan δ peak value, greater is the degree of molecular mobility. The introduction of fibers reduces the magnitude of the tan δ peaks. Since in an unfilled system, the chain segments are free to move but after the incorporation of fibers the movement of polymer molecules become restricted and so the peak height reduces.

It was evident from the Figure 6.28 and Figure 6.29, that the height of tan δ peaks for all the six composites (untreated and silane treated) were reduced compared to neat resin. The peak height of silane treated composites was smaller than untreated ones though the difference was not big. 
As the peak height reduces the tan δ peaks become broader than that of the neat matrix. This indicates the presence of some molecular motions in the composites which are not present in the neat matrix. 
Figure 6.31, showed the peak factor of untreated and silane treated composites as a function of fiber loading. The peak factor of silane treated composites was higher than untreated composites. The higher peak factor attributed to the fact that silane composites possess higher molecular motions at the interfacial region. These molecular motions at the interfacial region generally contribute to the damping of the material and higher inhomogeneity due to the difference in the physical state of the matrix surrounding the fibers to the rest of the matrix fiber, matrix and immobilised polymer layer matrix.
6.3.1.3 Storage modulus (E')

The effect of temperature on the storage modulus for untreated and silane treated composites a at different fiber loadings given in Figure 6.32 and Figure 6.33. Figure 6.32, depicts that the storage modulus of untreated composites, increases with increasing sunnhemp fiber content. The effect is visible at both lower and higher temperature regions. Although the increment in E' was not much affected in the glassy state below Tg because the storage modulus of the neat matrix and composites were close to each other. But the increment in E' was clearly observed at the rubbery plateau region. Same increment behaviour for E' was observed in silane treated fiber composites, 
Figure 6.33.  
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Figure 6.28: Tan δ for ESO/DGEBA (10) untreated composites.
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Figure 6.29: Tan δ for ESO/DGEBA (10) silane treated composites.
[image: image92.emf]80

90

100

110

0 0.5 1 1.5 2 2.5 3

Fiber content (wt.%)

Tg (

o

C)

Untreated 

Silane treated


Figure 6.30: Variation of Tg of ESO/DGEBA (10) untreated & silane treated composites with fiber content.
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Figure 6.31: Variation of peak factor for ESO/DGEBA (10) untreated and silane treated composites with fiber content.
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Figure 6.32: Storage modulus (E') for ESO/DGEBA (10) untreated composites.
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Figure 6.33: Storage modulus (E') for ESO/DGEBA (10) silane treated composites.

Thus both the composites had increasing E' values with increasing fiber content. However, the dynamic modulus of the silane treated composites was higher than the untreated composites. In the case of untreated composites, the hydrophilic nature of sunnhemp fibers (hydroxyls present on the surface) induced poor wettability and presence of moisture at the fiber-matrix interface promotes the formation of voids and produced composite of lower stiffness and strength. For silane-treated composites, the moisture absorbing capacity of fibers was reduced, making the fiber stiffer. 

6.3.1.4 Constant C

The effectiveness of fillers on the moduli of the composites can be calculated by a coefficient C such as
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where E'g and E'r are the storage modulus values in the glassy and rubbery region respectively. The higher the value of the constant C obtained, the lower is the effectiveness of the filler. The constant C was calculated by using E' values measured at 25oC and 115oC for neat ESO/DGEBA (10) matrix and their composites.

Figure 6.34, shows the obtained C values for both the composites. It can be seen that the constant C first decreased upto 1.5 wt% loading and then increased for 2.5 wt% loading for untreated composites. For silane treated ESO/DGEBA (10) composites, C value was decreased with increasing fiber loading. 

The lowest value has been obtained at 1.5 wt% and at 2.5 wt% fiber loading for untreated and silane treated composites respectively. Thus the effectiveness of the filler is higher at 1.5 wt% for untreated fiber composites and at 2.5 wt% for silane treated ones. This is the optimum fiber content in ESO/DGEBA (10) untreated and silane treated composites. At this fiber loading maximum stress-transfer between the fiber and matrix takes place. 
6.3.1.5 Crosslink Density (νe)

The cross-linking density (νe) can be calculated from the rubber elasticity equation ()

E’ = 3νeRT----------------------------------------- (2)

Where E', R and T are the storage modulus at (Tg +25oC), the gas constant, and T the absolute temperature.

Figure 6.35 showed the variation of crosslink density against fiber loading. Graph depicted the linear behaviour of crosslink density with increasing fiber loading in both the composites. Silane treated composites obtained higher crosslink densities than untreated ones, also apparent from their higher storage moduli values.

6.3.2 Mechanical Properties

Mechanical properties include the study of tensile strength and modulus, flexural strength and flexural modulus and impact energy.
6.3.2.1 Tensile Strength, Tensile Modulus and % Elongation at break
Variation of tensile strength and tensile modulus of ESO/DGEBA (10)-untreated sunhemp fiber composites are shown in Figure 6.36. In both the composites, presence of reactive DGEBA epoxy provides additional rigidity.

A considerable increase in tensile strength was observed when the fiber content increases from 0.5 wt% to 1.5 wt%. For 2.5 wt%, the tensile strength becomes constant. This is because at low fiber content the matrix is not restrained and highly localised strain occurs in the matrix at low stresses, causing the bond between matrix and fiber to break leaving the matrix filled of non-reinforcing de-bonded fibers. As the fiber content increases, results in more and probably larger voids formation, this leads to micro crack formation under loading and therefore reduces the tensile strength.
Figure 6.36, shows the steady increase of tensile modulus with an increase in fiber content. These are consistent with the results of storage modulus observed in DMA studies. Tensile modulus is highest for 2.5 wt% fiber loading though the difference between 1.5 wt% and 2.5 wt% is not large.

Figure 6.37, showed the tensile strength and tensile modulus values obtained for ESO/DGEBA (10)-silane treated composites. Both the tensile strength and modulus increased linearly and higher than untreated composites. The silane coupling agent enhances the mechanical properties. The hydrolyzable alkoxy group and amino groups of aminosilane used helped to bond with hydroxyl groups of fibers (formed polysiloxane structures) and capable of interacting with epoxy resins[345] respectively. 
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Figure 6.34: Constant C for ESO/DGEBA (10) untreated and silane treated composites with fiber content.
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Figure 6.35: Variation of crosslink density for ESO/DGEBA (10) untreated & silane treated composites with fiber content.
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Figure 6.36: Variation of tensile strength and tensile modulus for ESO/DGEBA (10) untreated composites with fiber content.
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Figure 6.37: Variation of tensile strength and tensile modulus for ESO/DGEBA (10) silane treated composites with fiber content.
Figure 6.38, gives the variation of elongation at break for both the composites. It can be seen that elongation at break for treated composites is lower than that for untreated composites at similar loading. This can be attributed to better strength and high stiffness achieved from strong adhesion between silane treated fiber and ESO/DGEBA matrix. DGEBA gives extra rigidity to the system.
6.3.2.2 Flexural strength and flexural modulus

Figure 6.39 and Figure 6.40, illustrated the effect of fiber content on flexural behavior of untreated and treated sunhemp fibers composites. With comparison to flexural properties of neat ESO matrix, the flexural strength and flexural modulus values enhanced regularly with increasing fiber loading percentages for both the composites.

Reduction in flexural properties for untreated composites is due to the moisture present in fibers whereas the presence of hydrolysable alkoxy groups into the treated fiber, capable of interacting with the epoxy resin, can originate the enhancement of fiber/matrix adhesion.

6.3.2.3 Impact Strength

Variation for impact strength of both the composites is shown in Figure 6.41. Impact strength decreases for untreated composites, the fibers reduce the crack propagation rate by forcing a crack around the fiber and bridging crack through fiber pullout leading to a deccrease in the impact strength.

Additionally, it was found that after adding the coupling agent to the composite, the impact strength improved compared with the composite without the coupling agent, and decreases after 1.5 wt% fiber content.

6.4 Scanning Electron Microscopy
Scanning electron microscopy is a common method to analyze the level of fiber/matrix adhesion. Many studies have been conducted to evaluate the bonding between matrix and fiber. The authors found that at low and high levels of fiber loading the interfacial adhesion was quite poor while at intermediate levels of loading interfacial adhesion was found to be good as the population of fibers was just right for uniform stress transfer.

The extent of fiber/matrix adhesion and morphology of impact fractured surfaces of ESO/DGEBA (10) was analyzed by scanning electron microscopy shown in Figure 6.42 to Figure 6.47.
In untreated composite from Figure 6.42 to Figure 6.44.  the bonding between matrix and fiber is weak and hence it shows holes indicating fiber pull out from the matrix resin easily when stress is applied leaving behind gaping cavities, which has taken place due to poor wetting.     
In case of silane treated composites, matrix is seen adhering to the fibers. As the moisture content of the fibers is greatly reduced. Also more surface area is available for forming links with the ESO matrix. The short broken fiber ends projecting out of the matrix that can be seen in the micrographs from Figure 6.45 to Figure 6.47. 

6.4.1 Thermal Analysis of Composites

The TGA thermograms are shown in Figure 6.48 to Figure 6.49. 

Figure 6.48, the TGA curves of ESO/DGEBA (10)-untreated fiber composites. Curves showed two steps degradation of composites. The percentage weight loss of 5wt%, 50 wt% and 80 wt% occurred at different temperatures given in Table 6.4. Composites present a region associated with the fiber constituent decomposition appearing at 
210 –350°C.

The initial degradation begins at a lower temperature of 240oC which was higher than ESO-untreated composites. This is due to the presence of DGEBA epoxy resin having bulgy phenyl group’s providing thermal stability to the composites. But as the fiber content increases the degradation was lowered down indicating that the addition of fiber reduces the overall thermal stability of the composites. 
The major degradation occurred at temperature 348oC to 358oC and the decomposition is almost completed at a temperature of 418oC. The maximum degradation temperature was again higher from ESO-untreated composites. 
The TGA curves of silane treated composites shown in Figure 6.49, suggested that the thermal stability of treated composites is higher than that of untreated fiber composites. This is also clear from the percentage weight losses of these composites given in Table 6.5.

In silane treated fiber composites, the degradation initiated from 258oC to 265oC with increasing fiber loading. The major degradation occurred at temperature range of 378oC to 388oC. Treated fiber composites present a slight increase on thermal stability with respect to that for untreated fiber composites in the region of fiber constituents 
(210 –350°C) to that for untreated fiber composites.
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Figure 6.38: Variation of % Elongation at break for ESO/DGEBA (10) untreated & silane treated composites with fiber content.
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Figure 6.39: Variation of flexural strength and flexural modulus for ESO/DGEBA (10) untreated composites with fiber content.
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Figure 6.40: Variation of flexural strength and flexural modulus for ESO/DGEBA (10) silane treated composites with fiber content.
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Figure 6.41: Variation of Impact strength for ESO/DGEBA (10) untreated and silane treated composites with fiber content.
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Figure 6.42: SEM image showing untreated fiber (0.5wt. %) completely dissociated from the ESO/DGEBA (10) matrix.
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Figure 6.43: SEM image showing untreated fiber (1.5wt. %) completely dissociated from the ESO/DGEBA (10) matrix.
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Figure 6.44: SEM image showing untreated fiber (2.5wt. %) completely dissociated from the ESO/DGEBA (10) matrix.
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Figure 6.45: SEM images showing improved adhesion of silane treated fibers (0.5 wt %) with ESO/DGEBA (10) matrix.
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Figure 6.46: SEM images showing improved adhesion of silane treated fibers (1.5 wt %) with ESO/DGEBA (10) matrix.
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Figure 6.47: SEM images showing improved adhesion of silane treated fibers (2.5 wt. %) with ESO/10 DGEBA matrix.

These results are possibly associated with the enhancement obtained by effect of treatments on thermal behavior of sunnhemp fibers. It can be seen that the fiber conditions the thermal stability of the composites. Here, the thermal stability is higher for ESO ST 25.
Table 6.4: Percentage weight loss of untreated sunnhemp fiber DGEBA (10) composites at 5wt%, 50wt% and 80wt%.

	Composites
	5wt%
	50wt%
	80wt%

	ESO/DGEBA (10) UT 05
	240oC
	348oC
	418oC

	ESO/DGEBA (10)  UT 15
	234oC
	352oC
	422oC

	ESO/DGEBA (10)  UT 25
	230oC
	358oC
	420oC


Table 6.5 Percentage weight loss of untreated sunnhemp fiber DGEBA (10) composites at 5wt%, 50wt% and 80wt%.

	Composites
	5wt%
	50wt%
	80wt%

	ESO/DGEBA (10) ST 05
	258oC
	378oC
	433oC

	ESO/DGEBA (10) ST 15
	261oC
	385oC
	444oC

	ESO/DGEBA (10)  ST 25
	265oC
	388oC
	438oC
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Figure 6.48: TGA curves for ESO/DGEBA (10) untreated fiber composites 
with fiber content.
[image: image112.png]



Figure 6.49: TGA curves for ESO/DGEBA (10) silane treated fiber composites 
with fiber content.
Chapter –7

Summary and Conclusions

Chapter 7 
SUMMMARY AND CONCLUSIONS
T

he increasing environmental regulations generated by disposal of conventional plastics and related polymers from petrochemicals have intensified researches into polymers that have their origin from annually renewable resources such as plant oils, cellulose and lactic acid. The use of crude oil as a raw material is associated with the generation of increased carbon dioxide levels due to combustion of waste materials. Secondly crude oil is a limited resource, with estimated reserves corresponding to 70 – 80 years of use.

As part of the solution to these problems concerted efforts are being made by scientists and researchers in both research and educational institutions to design novel products possessing acceptable qualities;

· Minimum consumption of energy and raw materials.

· Can reduce greenhouse gas emissions.

· Can be biodegradable, improve waste disposal methods, and reduce the use of landfill sites.

· Can be burned as fuel at their end of life, produce carbon neutral energy.

· Non-toxic: suitable for food/pharmaceutical use.

Polymer composites manufactured by using agro based [3, 346]  plant/crop oil as matrices[5] [130]and bio-fibers such as flax, hemp, sisal, kenaf and wood, as reinforcements are having the capability of recycling, commercial viability and environmental acceptability with triggered biodegradability defined as “Sustainable” agro based products. These eco-efficient products can compete in markets currently dominated by products based on petroleum feedstock in applications such as packaging, automotives, building products, furniture and consumer goods. 

Initially the bio-fibers were combined with synthetic thermoplastics and thermoset resins. Later composites of 100 % renewable origin have been made by using biobased thermoplastic resins, such as polylactic acid or starch based thermoplastics. Thermoset resins of biological origin are not yet as common as the thermoplastics. The benefit with a thermoset is the low viscosity which makes the fiber impregnation easy, and a room temperature processing by simple infusion techniques possible.
The most interesting raw material candidates for biobased thermosets can be found among the plant oils [13, 244]. The plant oils are triglycerides, composed of glycerol combined with fatty acids[347] [9]into an ester


[22] ADDIN EN.CITE . There are many sources for plant oils, and these can be grown almost all over the world. Soybean, linseed, rape seed, corn, canola, palm or sun flower are some oils. For their use in thermosets 348


[ ADDIN EN.CITE ]
, the triglyceride compound must be isolated and purified, and also functionalized to obtain reactivity. The plant oil is then cross-linked in a similar manner as crude oil based thermosets. Various chemical modifications17[]
 349[]
 for the plant oil are possible; and they utilize the unsaturated double bonds in the fatty acid part of the triglyceride. 
In this contribution we describe the use of agro based chemically modified plant oil i.e., epoxidized soybean oil (ESO) via the epoxidation of the unsaturation present in the hydrocarbon chain. The objectives of this research work are to develop new epoxidized soybean oil (ESO) based polymers. The research work is divided in three parts: 

1. Optimization of anhydride/epoxy ratio.

2. Modification of ESO by addition of a co-monomer. 

3. Preparation of ESO based composites.

This will surely increases the demand of epoxidized soybean oil as raw material for industrial applications.

Various characterization techniques were used to the study of mechanical, thermo-mechanical, thermal and morphological properties of the different systems.
Chapter 1 Introduction
This chapter presents an overview of recent developments in the chemistry of plant oil and plant oil based polymers. Topics such as chemical nature, origin, abundance are revealed. Then, the main chemical reactions that plant oils undergo are disclosed, emphasizing the one which is closely related to this thesis, i.e. epoxidation50[]
. This chapter also includes a discussion on the natural fibers, which explains the sources, their structure and constituents, the surface modification mechanism. The final part of the introduction explains various studies performed on epoxidized soybean oil based resins and sunnhemp fiber based composites, which are the most relevant materials used for the thesis.
Chapter 2 Literature Review
Epoxidized soybean oil has been used solely as PVC stabilizer but has had less use as an epoxy resin. This chapter reviewed about the literature on the successful use of epoxidized soybean oil in preparing various polymers, and different curing agents. It also summarized the relationship of epoxidized soybean oil and their blends, the use and characterizations of natural fibers, sunnhemp fiber based composites and composites having ESO as a matrix for manufacturing products all from agricultural resources.

Chapter 3 Experimental and Characterization

This chapter contains the whole experimental work containing epoxidized soybean oil.

Optimization of anhydride/epoxy ratio

Epoxidized oils are potential sources for substituting Bisphenol- A (BPA) based epoxy resin. But epoxidized oil has internal epoxy groups which are different from conventional epoxy resins in terms of reactivity. Anhydrides are the principal curing agents for cycloaliphatic and epoxidized olefin resins. With polyamine hardeners, amide formation takes place resulting in cured products of poor quality. One of the aims is to optimize the hardener ratio to yield the stoichiometric composition. In this work, ESO is cured with phthalic anhydride using pyridine as catalyst in three different stoichiometric ratios (R). The mixtures were poured into a preheated open mould for a standard curing schedule. Depending upon the ratios i.e., the epoxy rich phase, stoichiometric ratio and the anhydride rich phase determines the properties of the resulting products.
Modification of ESO by addition of a co-monomer
ESO alone as a material does not offer satisfactory properties since ESO triglyceride has three fatty acid chains which imparts flexibility to the derived product. Therefore, they can acts as self plasticizers for the developed polymer. In order to overcome these, rigid component such as conventional epoxy resin based DGEBA as co-monomer (10-30 phr) were used to modify the neat ESO. This co-monomer increases the stiffness within the ESO polymer chains and provides strength to the final product. For instance, commercial DGEBA have been successfully toughened by incorporating ESO into the rigid epoxy matrix.  But addition of DGEBA epoxy resin as a second component have been studied as the second aim of this research work and not yet reported at the best of our knowledge. The purpose of addition is to increase the rigid portion in ESO polymer network, therefore to increase the Tg and mechanical properties. 

Preparation of ESO based composites

ESO based polymers have been successfully used as matrices for natural fibers reinforced composites. This part which is the third aim of this research work explained the effect of fiber surface modification and preparation of composites. Fibers were first cleaned, dewaxed then silane treated. Sunhemp fiber on reaction with 3-Aminopropyltriethoxysilane modify the interphase region and alter the adhesion between the fibers and the matrix. Treatment with silane formed the covalent bond between the fiber and silane which effectively increases the thermo-mechanical properties of the composites. Composite sheets were prepared by impregnating untreated and silane treated fibers (in three weight % 0.5 t0 3.5) with the ESO and modified ESO (ESO/DGEBA (10)) to which stoichiometric anhydride were added and then cured using standard curing schedule. These composites are economical, renewable and environment friendly. 
Finally the samples will be analyzed using various techniques in accordance with ASTM methods:

· Fourier transforms infrared spectroscopy (FTIR). 

· Thermomechanical properties by dynamic mechanical analysis (DMA).

· Mechanical properties by Tensile, Flexural and Impact tests.

· Morphology was analyzed by scanning electron microscopy (SEM) technique.

· Degradation studies were carried by thermo gravimetric analysis studies (TGA).

Chapter 4 Optimization of anhydride/epoxy ratio
Chapter 4 explained the optimization of hardener ratio. DMA has been used widely to characterize the epoxy resins. Typical DMA spectra’s of tan δ and storage modulus E’ for various stoichiometric ratios (R) have been observed. The Tg centered in the range from 45oC to 70oC. However, no pronounced low temperature transition was observed. The Tg first increased and then decreased with increasing R.  Just the opposite trend was observed for the loss factor intensities, since it decreased up to a stoichiometric ratio r = 1 and then increased slightly. This is evident by the corresponding decrease in E’ values and increase in tan δ indicating increased segmental mobility in the polymer chains. Crosslink densities were calculated using Elastic rubber modulus values for all systems. Here the crosslink density decreases for R > 1. From the variation of Tg with frequency in the range of 0.1-10 Hz, transition maps of log (f) vs. 1/Tx1000 were used to calculate the activation energies which increases for slight epoxy excess with respect to stoichiometry and passed through a maximum at stoichiometric ratio.
Mechanical properties comprise Tensile (strength, modulus, and elongation), Flexural (strength, modulus) and impact tests. Increase in tensile strength and modulus as well as rapid decrease in % elongation at break may be due to the possible respond of polymer networks from stiff to towards brittle behaviour. A linear increase in flexural strength and modulus was observed. The impact strength is radically increased and further decreased following the same behavior as the crosslink density.
SEM micrographs of impact failure surfaces showed that the failure surface was not completely flat and featureless for R < 1. As R increases flat surface and the crack arrest lines suggesting that the crack propagated with minimal hindrance whereas for R > 1 clear phase separation i.e. this system is not transparent was observed.

Thermogravimetric analysis enables us to understand the behavior of samples at elevated temperature showed that the initial temperature of polymer decomposition accompanying final endset at 440oC onwards. The expected decrease in thermal stability was observed when anhydride/epoxy ratio increases. Although there is a sharp increase in degradation has been observed initiating from R = 1.
Chapter 5 Modification of ESO by addition of a co-monomer
This chapter gives the explanation of incorporation of rigid component into the soft ESO with more than 50wt% of ESO in the matrix.DMA spectra’s showed that addition of DGEBA essentially shifts the single loss factor tan δ peak towards higher temperature for unmodified ESO, from 68.3 0C, to 107.3 0C. Thus the respective increase in crosslink density calculated from rubber elasticity theory increases the glass transition temperature. The ρ value of the ESO/DGEBA systems was higher than that of the unmodified ESO. Tg-composition relationship of ESO/DGEBA systems was calculated using Fox and Gordon-Taylor equations. k value of 0.34 is obtained which is in good agreement with the experimental data. 
FTIR spectral showed a shoulder appeared at 3565 cm-1 for 30 phr DGEBA.

Mechanically, the tensile strength gradually increases and the percentage elongation at break decreases with increasing DGEBA. However, only a modest increase in tensile strength was observed up to DGEBA at 20phr, whereas reduction in tensile strength was observed for DGEBA at 30phr. There is hardly any change in the percentage elongation at break up to 20phr DGEBA, whereas a significant decrease in elongation was observed for modified networks having 30phr DGEBA and presence of some features on the surface. Similar trends were found for the flexural properties

These result agreed with the fracture property of ESO/DGEBA systems determined by impact strength measurement and SEM observation. Impact strength of the unmodified ESO is higher than that of the modified networks due to the the addition of DGEBA as a comonomer. Thus the addition of brittle DGEBA into the flexible ESO network leads to a decrease of the dissipation of internal stress within the network structure, which is probably due to the increased crosslink density.

Impact fractured surfaces were investigated by SEM. The micrograph of the modified systems reveals regulative cracks suggesting the brittle behavior. The edges of cracks for 10 DGEBA were rougher than 20 DGEBA that resist more deformation and crack propagation.

TGA gives the thermal stabilities of ESO/DGEBA systems. The initial degradation of neat ESO epoxy resins is started at about 285oC, whereas initial decomposition temperature of the systems increased slightly upon addition of DGEBA. A slight increase in the temperature of maximum rate of degradation (Tmax) was also observed.

Chapter 6 Preparation of ESO based composites

Chapter 6 is sub-divided in three parts: 

· Fiber modification using 3-Aminopropyltriethoxysilane.
· Preparation of ESO/Sunhemp fiber (raw and silane treated) composites.
· Preparation of modified (ESO/DGEBA (10))/Sunhemp fiber (raw and silane treated) composites. 
Fiber modification using 3-Aminopropyltriethoxysilane
Fibers on treatment with silane coupling agent showed IR absorption peaks indicating that the silane has reacted on the fiber surface.
SEM micrograph of untreated fiber showed that it has rough surface and some surface impurities were also present whereas surface impurities has been removed and surface becomes smoothens in silane treated fiber. 
Thermogravimetrical analysis offers a precise control of weight loss steps on temperature. As with other fibers three regions of degradation were observed: 
(i) At the first region below 100°C, the weight loss is assigned to release of moisture present in the fiber. 

(ii) The second and third regions, between 210°C and 450°C, are associated with the decomposition of the fiber constituents such as hemicellulose, lignin, and cellulose. 

On comparison, reduction in moisture uptake in silane treated fiber was observed. In second and third regions, the treated fiber showed improvement in maximum degradation peak temperatures.

Preparation of ESO/Sunhemp fiber (raw and silane treated) composites
In DMA spectral, observed distinct loss factor tan δ transitions for both the composites. In untreated fiber composites, the Tg was decreased with increasing fiber amount in the range of 82.6°C to 80.37°C whereas it increases from 82.8°C to 87.7°C for silane treated composites. The decrease is may be due to the presence of free hydroxyl groups on the fiber surfaces taking part in epoxy-anhydride catalysis. Although the Tg’s of composites were higher than neat ESO resin value. With increasing fiber amount both the peak factor and peak width also decreases i.e., the loss transitions becomes broader. The storage modulus E( values were reported for both the composites in glassy and rubbery regions. The effectiveness of fillers on the moduli of the composites was calculated by a coefficient C. The higher the value of the constant C, lower is the effectiveness of the filler. 

Tensile mechanical strength of untreated fiber composites was initially not changed. This is probably due to the occurrence of fiber-fiber contact. Tensile modulus of silane treated fiber composites was higher than untreated composites. But increasing trend was observed in flexural strength and modulus for both the composites. However, the higher extension was obtained for untreated fiber composites than treated ones. 

The higher extension in untreated composites results in weak interfacial adhesion as. As the fiber content increases, tearing of fiber results in fiber pullout observed in SEM micrographs for the composites. However, in silane treated composites, better adhesion were obtained.

TGA thermograms showed improved thermal stabilities for treated composites. It showed two steps degradation for silane fiber reinforced composites. Degradation in the region of 2100C - 3700C is associated with the fiber constituent’s decomposition.

Preparation of modified (ESO/DGEBA (10))/Sunhemp fiber (raw and silane treated) composites
The glass transition temperature of modified ESO composites follows the same trend as for neat ESO composites. The Tg’s were in the range of 97.9oC to 95.0oC and 102.5oC to 105.0oC for untreated and treated fibers respectively. Similarly the corresponding decrease in peak factor and peak width was observed. Thus again transitions becomes broader. The storage modulus E’ values were reported for both the composites in glassy and rubbery regions. The C values were also calculated.
Mechanical properties, tensile strength and modulus were reported. Although silane treated composites have higher values from untreated composites. Flexural properties have increasing trend. 
SEM pictures showed the morphologies of composites. In case of modified ESO silane composites, improved bonding leads to fibers fracture at the crack plane. 

Similar degradation in the region of 210oC – 370oC is associated with the fiber constituent’s decomposition. The modified ESO silane composites have higher thermal stabilities than neat ESO composite. This is attributed to the presence of bulky phenyl group in DGEBA epoxy resin.
Chapter 7 Summary and Conclusion
Lastly, the conclusion drawn from the work is that variation in ratio permits the control of thermophysical along with the thermal properties over a wide range, in respect to the amount of modifier (DGEBA). At lower content, properties characteristic to ESO, which is soft and flexible with higher impact property, were obtained. At higher concentration, system obey property characteristic to DGEBA, which is inherently brittle. In terms of composites, the surface modified fibers essentially improved the properties of systems. 
Thus the developed ESO based polymer systems and composites would be interesting alternative, derived as biomaterials from renewable resources. 

Chapter 8 References

This chapter contains all the references used in the research work.

Suggestion for the future work

· Further work may be carried out by using different hardeners like amines, anhydride, polyamides etc. Hardener ratios can be varied.

· Different modifiers can be used to study its effect on the properties of neat ESO resin. 

· Various fiber treatments like, alkalization, bleaching, acetylation, permanganate etc can be undertaken.

· Affect of various fillers and fibers both natural and synthetic may be undertaken.

· Based on these studies, the new developed ESO based polymer systems and composites would be interesting alternative, derived as biomaterials from renewable resources. 
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