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ABSTRACT 

 

A novel thermoplastic/clay/thermoset hybrid system for toughening of 

unsaturated polyesters 

 

Sina Chaeichian, Ph.D. 

Concordia University, 2013 

Nanoclay and a thermoplastic were incorporated into general purpose unsaturated 

polyesters in order to provide for toughening. The effect of each additive on physical and 

mechanical properties of the composite was explored to understand the advantages and 

drawbacks. Since, the morphology of multiphase systems plays a key role in determining 

the final properties, the micro- and nano-structures of the various binary and ternary 

systems, were evaluated by electron, optical, and atomic force microscopy. 

Different mixing methods for preparing clay/polyester nanocomposites were used to 

explore the effect of nanostructure on characteristics such as glass transition temperature, 

flexural properties, and fracture toughness. The results indicated that the incorporation of 

nanoclay causes a slight improvement in fracture toughness and that the degree of 

intercalation/exfoliation did not significantly affect the properties.  

Polystyrene and poly(styrene/methyl methacrylate) were synthesized by in situ free 

radical polymerization in the presence of Cloisite 20A to provide a toughening agent. 

This approach enabled the pursuit of two aims: (i) improving the degree of dispersion and 

the distribution of clay silicate layers, and (ii) preparing the thermoplastic additive. A 

second curing agent, methyl methacrylate, was included to promote the conversion of 

styrene inside the clay galleries as well as in the thermoplastic-rich phase. The 

morphological study showed that the thermoplastic additive forms a second phase, 

dispersed throughout the continuous thermoset-rich phase. In the ternary systems, X-ray 

diffraction and transmission electron microscopy (TEM) revealed a fine 

intercalated/exfoliated structure, where the majority of clay silicate layers were located 

inside the thermoplastic-rich phase. Experimental results indicated that the incorporation 
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of the thermoplastic caused a slight improvement in fracture toughness. In contrast, a 

combination of the thermoplastic and the nanoclay caused a significant improvement in 

fracture toughness, without any reduction in glass transition temperature and elastic 

modulus. 

The effect of the characteristics of the two phases and the microstructure on fracture 

toughness was explored. Results revealed that the microstructure (the size and 

distribution of thermoplastic-rich particles) had the greatest effect on fracture toughness. 

An interesting correlation between fracture toughness and the microstructure was found 

indicating the best particle size and spacing. 
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Chapter 1 

1.1. Introduction 

Polymer composites have been widely used in numerous fields, including the 

aerospace, automobile, and marine industries. The variety of applications of this group of 

materials is expanding due to their outstanding characteristics and properties, such as low 

weight, high specific stiffness and strength, good fatigue and corrosion resistance, and 

low cost. In general, polymer materials can be classified into two main categories based 

on their response to temperature, namely thermoplastics and thermosets. Highly 

crosslinked thermosets have been widely used as the matrix for manufacturing polymer 

composites, since their high crosslink density contributes to superior properties. One 

group of these thermosetting resins is unsaturated polyester resins.  

Unsaturated polyesters (UPs) are usually synthesized by the reaction of an unsaturated 

dibasic acid with a polyhydric alcohol. Their resins (UPRs) are prepared by diluting them 

with a vinylene monomer. UPRs have outstanding advantages such as low cost, 

versatility, excellent wetting, ease of curing, and a wide temperature range of 

processability for forming. On the other hand, the highly crosslink density of these 

polymers, as with other thermosets, results in brittleness, calling for the use of toughening 

agents in a wide range of their applications.  

Incorporation of a second phase in thermosets is a common technique for toughening, 

where the most frequently used additives are mineral fillers, nano-reinforcements, and 

rubbery and thermoplastic particles. However, each technique has its own drawbacks. For 

instance, the addition of rubber significantly improves fracture toughness at the expense 

of other properties, such as thermal stability and Young’s modulus. Therefore, the biggest 

challenge is how to increase toughness without sacrificing these other properties. 

Recently, a combination of different additives has been used not only to compensate 

for and modify the drawbacks of each additive, but also to employ their likely synergistic 

effect. Therefore, ternary systems, which typically consist of an organic additive, such as 

thermoplastic or rubber, nano-reinforcements as well as thermosetting resins, have 

attracted a lot of interest. Since, in commercial UPRs, thermoplastics are used as low 
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profile additives to control volume shrinkage of these resins, typically without the cost of 

stiffness and glass transition temperature, they have the potential to be applied as 

toughening agents. In addition, layered silicates have been widely used as nano-

reinforcements to improve different properties of polymers, such as stiffness and fracture 

toughness. Therefore, in this work, we studied a thermoplastic/clay/thermoset ternary 

system.  

1.2. Objectives 

The main objective of this work is to improve fracture toughness of unsaturated 

polyester resins without sacrificing elastic modulus and glass transition temperature. For 

this purpose, we synthesized ternary hybrid nanocomposite systems by incorporating a 

combination of clay and thermoplastic. Firstly, the effect of each toughening agent on 

different properties of UP must be evaluated to find and understand the advantages and 

drawbacks of each additive, as well as the mechanisms controlling fracture toughness in 

each technique. Understanding the behavior of each simpler system is also helpful to 

understanding and explaining behaviors of the final complex ternary systems. Since 

within systems composed of different phases, the morphology plays a key role in 

controlling different properties, especially fracture toughness, the microstructure of each 

system must be also explored. In addition, the morphology of ternary systems has not 

been well understood in the literature, which emphasizes the need for these 

morphological studies.  

To achieve the main goal, the following scientific and technical challenges must be 

addressed as secondary objectives: 

 In systems composed of two or more components with different molecular sizes 

like unsaturated polyester resins, the order of mixing can be an important factor in 

clay dispersion and delamination. Different mixing techniques must be applied to 

further explore the formation mechanism of clay nanocomposites based on 

unsaturated polyesters. 

 In clay nanocomposites based on UPs, clay galleries can reduce the homogeneity 

and degree of dispersion of raw reactants (unsaturated polyester and curing agent) 
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by trapping small molecules of curing agent. This may cause a reduction in 

crosslink density of the cured network, resulting in a reduction of some properties, 

such as tensile strength and Tg. Therefore, the effect of clay on chemical reactions 

during curing of the system must be further understood to deal with this issue. 

 Nanostructure of the nanocomposites must be studied to find the effect of clay on 

fracture toughness and to understand the controlling mechanisms. 

 The thermoplastic component can be prepared by in situ polymerization (in the 

presence of clay silicate layers). This approach is useful to improve dispersion 

and distribution of silicate layers throughout the system. A suitable mixing 

procedure to prepare a mixture of clay and raw reactants must be developed. 

Appropriate conditions of in situ copolymerization must be determined to 

synthesize a thermoplastic with suitable characteristics. 

 The effect of the thermoplastic component on fracture toughness of the system 

and controlling mechanisms must be explored. In addition, a suitable 

thermoplastic must be selected based on the fracture toughness property. 

 Variables and parameters affecting material characteristics, including the 

characteristics of the continuous phase and dispersed phase, must be found.  

 The effect of material characteristics, affected by synthesis process variables, on 

fracture toughness must be understood. 

 The nano- and microstructures of the hybrid nanocomposite systems must be 

studied to understand mechanisms controlling fracture toughness. In addition, the 

effect of different variables on microstructure must be explored. 

 A correlation between microstructure and fracture toughness must be explored. 

1.3. Thesis organization 

This thesis consists of seven chapters. Chapter 1 gives a general introduction to the 

topic and explains the objectives of the project. Chapter 2 is a literature review giving 

information about unsaturated polyester resins, fracture mechanics, and mechanisms 

controlling fracture toughness in thermosets, as well as a summary of different 

toughening techniques for thermosets. In Chapter 3, the synthesis of clay nanocomposites 

based on unsaturated polyesters is evaluated. The effect of clay on curing and properties 
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of the thermoset is explored. Effective mechanisms controlling fracture toughness in this 

system are discussed. Finally drawbacks of the incorporation of clay into unsaturated 

polyester are pointed out. In Chapter 4, new ternary hybrid nanocomposites, in situ 

copolymerization, and the preparation procedure for the system are introduced. 

Experiments are conducted to choose a suitable thermoplastic component. The effect of 

the clay and thermoplastic on different properties is evaluated. Preliminary investigation 

into the morphology of the system and mechanisms controlling fracture toughness is 

performed. In Chapter 5, more investigation into the morphology of the system is done 

and section analysis of phase images, which gives valuable information about local 

mechanical properties of each phase and also interface, is done. In Chapter 6, different 

synthesis process variables affecting the characteristics of the matrix and dispersed phase 

are explored. The effect of these variables and material characteristics on different 

properties and the morphology of the system are evaluated. The relationship between the 

microstructure and toughness is explored. Likely mechanisms controlling fracture 

toughness are compared. In Chapter 7, a general conclusion and contributions are 

summarized, as well as recommendations for future work are proposed. 
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Chapter 2 

Literature review 

2.1.Unsaturated polyester resins 

2.1.1.Chemical structure and classification 

Unsaturated polyester resins (UPRs) are thermosetting polymers whose commercial 

applications began in the late 1940s. UPRs have two main components, unsaturated 

polyester (UP) and a reactive diluent. Most commercial resins contain styrene (St) 

monomer as the diluent, but other vinyl monomers such as methyl styrene and alkyl 

methacrylate monomers can be used. These diluents play two roles in the system: they 

reduce viscosity to facilitate processing of the resins and they cause chemical bonds 

(crosslinks) to form connection between polyester molecules.  

Unsaturated polyesters (UPs) are low molecular weight fumarate esters[1]. The 

chemical structure of UP can be tailored according to the final application. The most 

important characteristic of UPs is the fumarate, which provides the active sites for radical 

crosslinking with the diluent monomers. Thus, for the preparation of the polyester, the 

following considerations are important: 

 The fumarate ratio must be precisely selected to provide enough reactivity and 

crosslink density. 

 The rest of the polyester molecule must be designed in such a way as to provide 

good solubility in styrene, as well as desirable properties for the cured material. 

A classical esterification process is used to synthesize unsaturated polyester: a single 

hydroxyl compound (glycol) or a mixture reacts with maleic anhydride and/or together 

with other dicarboxylic acids, either aromatic or aliphatic. The maleate structure has two 

unsaturated isomers, cis and fumarate (Figure 2.1), where the latter is favorable due to its 

high reactivity. Since the esterification process is done at an elevated temperature, the 

conditions are suitable for the generation of fumarates through an isomerization step. The 

isomerization of maleate to fumarate occurs at a reaction temperature around 200°C, with 

a minimum of 80% conversion in most cases. To achieve a higher degree of 
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isomerization (over 90%), careful selection of raw reactants and good control of the 

heating period are required. After polyester preparation, the product is dissolved in a 

diluent. Stabilizers such as hydroquinone and t-butyl hydroquinone may be added to 

prevent premature reactions[1]. 

HC

C

C

HC

O

O

O

cis  (Maleate)

HOOC CH

HC COOH

trans  (Fumarate)  

Fig. 2.1. Cis maleate and trans fumarate isomer. 

The simplest unsaturated polyester resin is the product of condensation polymerization 

between maleic anhydride and propylene glycol, which is dissolved in styrene. The 

portion of maleic anhydride containing the reactive double bonds in the chemical 

structure of this polyester leads to an extremely brittle solid after the curing process. 

Without any modification, this solid material would have high tensile modulus, but low 

tensile elongation. Thus, such a brittle material has very limited applications. For most 

general purpose applications, a softer material with suitable crosslink density is required. 

For this purpose, there are three options to modify the properties of the polymer[1]: 

 Incorporating other components (glycols or acids) to change the chemical 

structure 

 Changing functional groups in the polymer 

 Altering the molecular weight of the polymer 

With such an approach, many combinations and variations for the preparation of these 

resins can be obtained. In the UPR industry, there is hardly any standard type of product 

and it is unlikely to find identical products from two different producers. Despite this 

fact, UPRs could be classified into four main groups based on chemical structure[1]: 

 General purpose orthophthalic resins or GP resins, composed of phthalic 

anhydride, maleic anhydride, and glycol. The presence of phthalic anhydride in 
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the formulation reduces the active double bond sites (maleic anhydride portion), 

resulting in less brittleness in the final cured material. In addition, the aromatic 

structure can increase the strength of the material. Since these resins have 

adequate properties for most applications, they are called general purpose resins. 

 Isophthalic resins, which are the condensation product of isophthalic acid, maleic 

anhydride, and glycol. Since GP resins do not have good resistance to wet 

environments, especially under elevated temperatures, isophthalic resins were 

introduced to the industry. Isophthalic acid has a very high melting point and low 

solubility in organic systems. These two factors cause difficult conditions for 

chemical reactions of the acid with maleic anhydride and glycol. This leads to an 

inhomogeneous distribution of active double bonds in the backbone of the 

polymer, leading to a loss of physical properties. To avoid this problem, a two-

step synthesis process must be used. Firstly, isophthalic acid is reacted with an 

excess amount of glycol to produce a diol intermediate. This diol is then reacted 

with maleic anhydride to form reactive sites in the polymer. The higher cost of 

isophthalic acid and the complex polymerization procedure make these resins 

more expensive. 

 Dicyclopentadiene (DCDP)-capped resins, which have end group modification. 

Unsaturated polyesters typically have a low molecular weight, with Mn (number 

average molecular weight) in the range of 1500-3000. If large groups are placed at 

the chain ends, different properties and performance can be achieved. A common 

group is DCPD. These large groups cause spatial restrictions, resulting in a 

reduction in volume shrinkage during curing. These resins are very brittle. 

 Vinyl ester resins, which are produced from the esterification reaction of low 

molecular weight epoxy resin with an unsaturated carboxylic acid, such as 

methacrylic acid. These resins can be considered as modified epoxy resins. They 

have a combination of the mechanical properties of epoxy resins and the ease of 

processing of polyester resins. Thus, their final properties fall between those of 

epoxy resins and UPRs.  
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2.1.2.Curing and solidification 

Solidification of UPR is done via a curing process that consists of free radical chain 

growth copolymerization between C=C bonds of styrene monomers and those of 

unsaturated polyester molecules. However, other reactions can happen during curing. In 

general, all reactions can be classified into four types[2]: (I) intermolecular crosslinking, 

when two adjacent polyester molecules are chemically connected with or without styrene 

linking bridges; (II) intramolecular crosslinking, when two unsaturated sites of one 

polyester molecule are connected with or without styrene linking bridges; (III) free 

styrene homopolymerization; (IV) styrene oligomers making branches in polyester 

molecules. Reaction I results in macroscopic network formation. Reaction II causes an 

increase in crosslink density. Reaction III leads to an increase in the length of linking 

bridges and/or forms styrene homopolymer or oligomer. Thus it does not contribute to the 

macroscopic network formation. Reaction IV consumes the curing agent monomers and 

has a slight effect on network formation.  

Reaction conditions as well as the types of reactants and additives have different 

effects on this free radical polymerization. In the case of UPR, many studies have been 

done on the effects of temperature [3-5], resin chemistry [6], initiators and promoters    

[6-7], vinyl monomers [8-10], inhibitors [11-12], and retarders [13] on the curing reaction 

parameters: rate, degree of cure, released heat, induction time, and gel time. In general, 

an increase in temperature, promoter content, or initiator quantity increases the curing 

rate, whereas an increase in the content of inhibitors, vinyl monomers, or retarders results 

in a curing rate reduction. The effects of these factors on the final degree of cure and 

crosslink density have also been studied extensively due to the important effect of these 

characteristics on final properties, such as glass transition temperature [14-15], tensile 

strength [16-17], creep [16], and fracture toughness [16]. 

2.1.3.Polymerization mechanism and final morphology 

During the curing process, decomposition of the initiators starts free radical 

polymerization to make long-chain molecules. Indeed, these molecules are composed of 

some styrene and polyester molecules, which are chemically connected by intra- and 

intermolecular reactions [2]. They form a spherical type structure, called microgel 

particles, dispersed in monomers and oligomers [18-20]. In the early stage of curing, the 
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concentration of microgels is low and they are locally distributed. As a result, 

intramicrogel crosslinking is dominant [18]. As the curing proceeds, the number of these 

microgel particles increases leading to dense distribution of the microgels. In this state, 

the particles can be connected to each other by interparticle crosslinking, wherein curing 

agent monomers (e.g., styrene monomers) serve as chain extenders or linking bridges. 

The progress of interparticle crosslinking eventually leads to a marked increase in 

viscosity. In this state, the curing reactions become diffusion-limited. This step of curing 

is called gelation, when the macrogel structure has formed. As the reaction proceeds, the 

glass transition temperature of the system increases until it reaches the cure temperature. 

Under this condition, the system transitions to the glassy state or undergoes vitrification. 

The mobility of the reacting groups is restricted due to the reduction of free volume. 

Consequently, the reactions become extremely slow [21].  

The concentrations of curing agent monomers and microgel particles determine the 

morphology of the final cured material [2]. There are two extreme cases. At high styrene 

concentration and low microgel content, individual microgel particles can be observed, 

connected by styrene chains. The overall network shape is a tree-like structure with some 

dumbbell shapes connected to each other as shown in Figure 2.2a. 

 

Fig. 2.2. Schematic diagrams of UPR structures based on microgels: a) tree-like structure with 

dumbbell shape, b) flake-and-pore structure, c) flake-type structure (adapted from Ref. 2). 
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In the case of low styrene concentration or high microgel content, closely packed 

microgels can be observed in which the particles overlap with each other (Figure 2.2c). In 

this case, at a fracture surface, a flake-like structure can be seen. In the third morphology, 

where the concentration of microgels is moderate, the structure type falls between these 

two extreme cases (Figure 2.2b). Since the number of microgel particles is insufficient to 

fill the entire space, some pores are observed in the flake-like structure. In this case, the 

size of flakes is smaller and the structure can be considered flake-and-pore type. In 

general, a higher concentration of curing agent results in an increase in the size of 

microgel particles, due to the swelling effect of the curing agent’s small molecules. 

2.1.4.Properties of unsaturated polyester resins 

The properties of unsaturated polyester resins change as functions of the molecular 

weight, chemical structure (determined by raw materials used), and crosslink density. 

Despite these variables, all UPRs have some general properties in common. They can 

reach high crosslink density, leading to high modulus, specific strength, and creep 

resistance, as well as good solvent resistance and dimensional stability at elevated 

temperatures [22]. In addition, they have outstanding advantages such as the possibility 

of very low viscosity, ease of curing over a wide temperature range, low cost, excellent 

wetting, ease of structural modification, and a wide temperature range of processability 

for forming [23]. Due to these superior properties, they have attracted a lot of interest in 

different fields, such as the automobile industry, agriculture, transport, and construction. 

However, they have some drawbacks, like poor chemical and flame resistance, and 

moderate to high volume shrinkage [23]. Although high crosslink density gives UPRs 

superior properties, it makes them brittle with poor resistance to crack initiation and 

propagation. 

Brittleness is a drawback that is common in all highly crosslinked thermosets. Since 

thermosets exhibit similar fracture behavior, the following discussion will generally 

concern fracture mechanics/mechanisms and toughening techniques for thermosets. 

However, most of the reported investigations into fracture behavior of thermosets are of 

epoxy resins, which are the strongest type of thermosets.  

 



11 
 

2.2.Fracture behavior of highly crosslinked thermosets 

2.2.1.Stress and strain definition 

2.2.1.1. Stress 

Stress is simply defined as force per unit area, but it is necessary to resolve the stresses 

on a body into components to describe the stress state in terms of a stress tensor: 

      

        
        
        

   (2.1) 

The components        and    are normal stresses while the other components are 

known as shear stresses. If the body is not rotated (equilibrium state), the stress tensor 

will be symmetric, where the shear stresses are related by: 

                         (2.2) 

For any state of stress, a new coordinate system can be defined that has axes 

perpendicular to the planes on which the maximum normal stresses act, where shear 

stresses are zero. These planes are called principal planes and the stresses normal to these 

planes are the principal stresses, which are termed        and   . Algebraically,    is the 

greatest principal normal stress and    is the smallest stress. If the three principal stresses 

are unequal, the general three-dimensional state is called a triaxial state of stress. If two 

of the three principal stresses are equal, the stress state is called cylindrical, while in the 

case of three equal principal stresses, the stress state is known as hydrostatic, or spherical 

[24]. 

Since plastic flow involves shear stresses, it is also important to identify the planes on 

which the maximum or principal shear stresses act. Principal shear stresses are termed 

       and   , which are: 

 

    
     

 
 (2.3) 

    
     

 
 (2.4) 
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 (2.5) 

The maximum shear stress is important in theories of yielding. τ2 has the maximum 

value, since    and    are the largest and smallest normal stresses. 

2.2.1.2. Strain 

The displacement of points in a static solid results from deformation, which may be 

made up of dilatation (change in volume) or distortion (change in shape). In a Cartesian 

coordinate system, consider the components of the displacement of a point in the 

directions of the three axes x, y, and z as u, v, and w respectively (Figure 2.3). The 

displacement tensor is [24]: 

      

         
         
         

  

 

 
 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

   

 
 

 (2.6) 

 

Fig. 2.3. Displacement of point Q. 

In general, the displacement components produce normal and shear strains as well as 

rigid-body rotation. The displacement tensor can be decomposed into a symmetric tensor, 

called the strain tensor, and an antisymmetric tensor, called the rotation tensor. 

     
 

 
          

 

 
          (2.7) 

             (2.8) 
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  (Strain tensor) (2.9) 

     
 

 
 
   

   
 

   

   
  (Rotation tensor) (2.10) 

The strain tensor is symmetric, since        , whereas the rotation tensor is 

antisymmetric, since         . If      , the deformation is called irrotational. 

2.2.1.3. Hydrostatic and deviator components of stress and strain 

As mentioned, the deformation of a solid involves dilation and distortion. It is useful 

to determine the contribution of each component to the whole deformation. The volume 

strain (cubical dilatation) is the change in volume per unit volume,    Since only normal 

strains result in volume change, the volume strain is [24]: 

            (2.11) 

We can define              as the mean strain or the hydrostatic component of 

strain. 

                 = 
   

 
 = 

 

 
 (2.12) 

The other part of the strain tensor involves in shape change, called the strain deviator 

    . The deviatoric strain can be simply obtained by subtracting    from each of the 

normal strain components. Therefore: 

       

           
           
           

  (2.13) 

Similar to the strain tensor, the total stress tensor can be divided into a hydrostatic 

tensor (  ) and a deviator stress tensor (       The hydrostatic tensor only involves 

tension and compression, while the deviator stress tensor involves the shear stresses in 

the total state of the stress. The hydrostatic stress is given by [24]: 

    
   

 
 

        

 
 (2.14) 
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The deviator stress is: 

      

 

 
 

         

 
      

   
         

 
   

      
         

  

 
 

 (2.15) 

We can consider principle axes for    
  since it is a second-rank tensor. The principal 

values of the stress deviator are the roots of the following equation[24]:  

           
       

       (2.16) 

where        and   are the invariants of the deviator stress tensor, which are independent 

of rotations of the coordinate system.    is the sum of the main diagonal terms: 

                              (2.17) 

J2 is the sum of the principal minors of    
 : 

    
 

 
 
       

 
        

 
        

 

      
     

     
  

  (2.18) 

J2 is used in a yielding criterion (the Von Mises yield criterion), which will be discussed 

in the following section. The third invariant is the determinant of Eq. (2.15). 

2.2.1.4. Yield criteria 

Based on the Von Mises yield criterion, the yielding of materials occurs when the 

second deviatoric stress invariant (J2) reaches a critical value described by the following 

equation [25]: 

    
  
 

 
 (2.16) 

where σy is the tensile yield strength of the material. Substituting J2 in terms of stress 

tensor components: 

   
  

 

 
 
       

 
        

 
        

 

      
     

     
  

  (2.17) 
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In terms of principal stresses, this becomes: 

    
          

         
         

   (2.18) 

There is another yield criterion, suggested by Tresca, which expresses that yielding 

occurs when the maximum shear stresses reaches a critical value [25]:  

            ;            ;             (2.19) 

2.2.1.Stress/strain behavior 

Thermosets belong to a class of glassy polymers with a reputation for being very brittle, 

which is reflected in their stress/strain behavior. Figure 2.4 shows typical stress/strain 

behaviors with different states of stress for epoxy as seen in the work of Kinloch et 

al.[26]. Under uniaxial tension at low temperature (lower than Tg of the resin), the 

thermoset is brittle and a linear relationship between stress and strain is observed. The 

fracture stress is reduced by increasing temperature. Approaching Tg, the curves become 

non-linear and limited ductile behavior may be observed, but there is no cold drawing or 

necking, as is seen with some thermoplastic polymers approaching Tg.  

 

 

Fig. 2.4. General true stress/strain behavior of epoxy, deformed at room temperature under different 

stress states (adapted from Ref 26). 
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In contrast, under compression or shear stress, thermosets yield and undergo plastic 

deformation, although the amount of plastic deformation after yielding is less than that in 

thermoplastics. 

2.2.2.Fracture mechanics 

To study fracture behavior, the best approach is to control the defect size and 

geometry, as well as to consider the corresponding stress-field inhomogeneity [27]. Since 

all specimens have defects producing stress concentrations, a sharp crack (radius of the 

order of 10μm) is made in the test specimen. This crack induces a stress concentration 

effect much stronger than that produced by other defects, and hence governs the fracture 

initiation. Three different modes were defined for crack propagation: mode I, the crack 

opening or tensile mode, where a tensile stress is applied in a direction normal to the 

faces of the crack; mode II, sliding or shearing mode, where shear stress is applied in the 

plane of the crack; and mode III, tearing or parallel shear mode, where shear stress is 

applied parallel to the leading edge of the crack. Figure 2.5 shows all modes of crack 

deformation. Of these three modes, mode I is used for isotropic materials, which have the 

lowest toughness value. In the case of adhesives and laminates, other modes must be 

applied. 

 

 

Fig. 2.5. Different modes of loading. 

Griffith [28] proposed a criterion to predict the crack propagation conditions based on 

an energy balance approach. During crack propagation, elastic strain energy (i.e., energy 

stored in the material during elastic deformation) is released. In addition, the crack 

extension process causes an increase in the surface energy of the system due to the 
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formation of new surfaces at the faces of a crack. Griffith considered that for crack 

propagation, the decrease in elastic strain energy is at least equal to the required energy 

for the formation of new crack surfaces. He introduced the crack model shown in    

Figure 2.6. The stress state is considered plane stress, since the thickness of the plate is 

small enough which depends on the sample geometry and material properties.  

 
Fig. 2.6. Griffith crack model. 

The shape of the cracks is assumed to be elliptical, where both interior and edge cracks 

have the same effect on fracture behavior. The elastic strain energy per unit of plate 

thickness is equal to [24]: 

 

     
     

 
 (2.20) 

where E and a are the modulus of elasticity and one half the length of an internal crack, 

respectively. σ is tensile stress acting normal to the crack. Since crack growth releases 

elastic strain energy, the negative sign must be used. During crack propagation, new 

crack surfaces are formed, where the surface energy is [24]: 

         (2.21) 

where    is specific surface energy. The crack growth results in a total change in potential 

energy: 

          (2.22) 
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According to Griffith’s criterion, an increase in surface energy must be compensated by a 

decrease in elastic strain energy. Therefore [24]: 

   

  
   

 

  
      

     

 
  

    
     

 
   

    
    

  
 
   

 (2.23) 

Equation 2.23 gives the required energy for crack propagation in a brittle material as a 

function of the microcrack size. For a plate that is thick compared to the length of the 

crack (plane strain state), the Griffith equation is given by [24]: 

    
    

        
 
   

 (2.24) 

where   is Poisson’s ratio. 

These equations apply for brittle materials (with completely elastic behavior), but 

many materials do experience some plastic deformation during fracture. Orowan [28] 

suggested that the Griffith equation can be made more compatible with brittle fracture of 

metals by considering specific plastic deformation energy associated with crack extension 

(  ): 

    
         

  
 
   

  (2.25) 

In general, the Griffith equation can be modified by replacing     with the fracture 

energy term,    such that [26]: 

    
   

  
 
   

 (Plane stress) (2.26) 

    
   

        
 
   

 (Plane strain) (2.27) 
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The fracture energy is then the total dissipated energy during crack growth. It is 

defined as the critical required energy for crack propagation per unit area and expressed 

in J m
-2

. 

 

Fig. 2.7. The stress distribution in the vicinity of an edge crack in a thin sample loaded in tensile mode. 

Another criterion for fracture was proposed by Irwin [24], who studied stress in the 

vicinity of a crack tip. When a thin plate is loaded in one direction, the geometry of the 

notch (as an edge crack) changes the stress distribution, developing a transverse elastic 

stress in the other direction as well as shear stress. For the tensile mode, the stress 

distribution in the vicinity of the crack tip in a thin plate (plane stress state) for an elastic 

solid in terms of the coordinates shown in Figure 2.7 is given by following equations 

[24]: 
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 (2.31) 

where               and    ) are the components of the stress tensor on an element at 

distance r and angle θ from the crack trip.    and a are the applied tensile stress and the 

length of the edge crack. The other extreme state is plane strain, where the stress state is 

triaxial since the thickness is sufficient to meet the elastic constraint. This state causes the 

most complex stress field. In the plain strain condition (      for a relatively thick 

plate),               , where   is Poisson’s ratio.  

Irwin modified these equations to [24]: 

     
 

    
       (2.32) 

where the parameter K is the stress intensity factor indicating the magnitude of the stress 

field based on linear elasticity theory. The crack would propagate in the material if K (KI 

in mode I) reaches a critical value Kc (KIc in mode I). Irwin set K as [28]: 

          (2.33) 

where Y is a dimensionless parameter depending on both the crack and specimen sizes 

and geometries, as well as the manner of load application. Fracture occurs when the 

applied stress exceeds the critical stress    (Eq. 2.25). Thus, the critical value of the 

fracture toughness    (with units MPa m
1/2

) is defined by: 

           (2.34) 

There are two extreme cases for mode I loading, the plane stress and the plane strain 

conditions. The plane strain condition is the more severe stress state, resulting in a lower 

value of Kc for a thick sample compared to that of a thin sample in the plane stress 

condition. When a thin plate is loaded in the y direction, the geometry of the edge crack 

develops a transverse elastic stress in the x direction. A stress distribution of    is formed 

due to the stress concentration effect of the crack tip, which results in an elastic strain 

gradient in front of the notch. Consequently, a different transverse strain occurs for 
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adjacent elements in the crack tip vicinity, leading to their separation. These elements can 

be considered tiny tensile samples connected to each other. In order to maintain 

continuity, a transverse stress σxx must exist across each interface [24]. For the plane  

 

Fig. 2.8 Typical elastic stress field in front of the crack tip (adapted from Ref: 29). 

stress condition, the stress in the thickness is too small and can be ignored. However, in 

the plane strain condition, an elastic stress in the z direction is also developed, where 

              . A typical plot of the elastic stress field in the vicinity of crack tip is 

shown in Figure 2.8. The following conditions must be met for Eq. 2.28 to hold: (i) linear 

elasticity of the matrix, (ii) infinitely sharp radius of the crack tip, and (iii) no damage 

zone around the crack tip. According to Figure 2.8, σyy becomes infinitely large when r 

approaches zero [29]. 
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Fig. 2.9. Distribution of stresses during local plastic deformation (adapted from Ref:29). 

However, in reality, plastic deformation begins at the crack tip when the local stress 

reaches the yield strength of the material. Therefore, a finite plastic zone is formed ahead 

of the crack tip and changes the stress distribution (Figure 2.9) 

If the plastic zone is small (in the case of thermosets), it will not greatly disturb the 

elastic stress field where the extent of the plastic zone may be determined based on linear 

elastic fracture mechanics [26]. Figure 2.10 shows the radius of a circular plastic zone at 

the tip of a crack   .  

 

Fig. 2.10. Irwin model of the plastic zone at a crack tip (adapted from Ref:26). 

For       Eq. 2.33 is still valid, but the length of the crack must be        instead 

of a. The size of the plastic zone radius is given by [26]: 

    
 

  
 

  

    
 
 

 (2.35) 
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where    and    are the tensile yield strength and the plastic constraint factor 

respectively.    reflects the constraint on the developing plastic zone, which is caused 

by the surrounding elastic material. For two extreme states (plane stress and plane strain), 

the plastic zone radius in each state are given by following equations [26]:  

    
 

  
 
  

  
 
 

 (Plane stress) (2.36) 

    
 

  
 
  

  
 
 

 (Plane strain) (2.37) 

In a thick plate (plain strain condition), the greater volume of elastic material leads to 

higher stress in the plastic zone, resulting in a smaller value of the plastic zone radius.  

 

Fig. 2.11. Schematic of tensile stress as a function of distance from the crack tip in a state of plane 

stress, The relation between the yield stress and the plastic zone radius and plastic energy. 

 

This localized plastic deformation in front of the crack tip plays an important role in 

fracture toughness. In a polymer with high yield strength, the concentrated stress in the 

crack tip provides a small plastic zone around the crack and a little plastic energy is 

dissipated during the crack growth. In contrast, in a polymer with low yield strength, a 
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larger plastic zone is formed, resulting in higher toughness due to higher dissipated 

plastic energy [30]. The effect of the yield stress of the material on the plastic zone size 

and plastic energy is illustrated in Figure 2.11. 

Kc (KIc in mode I) and Gc (GIc in mode I) are intrinsic parameters that are independent 

of crack length and sample size. For polymers, they depend on temperature and 

displacement rate. The value of KIc at room temperature varies from 0.5 MPa.m
1/2 

for very 

brittle materials up to 2 MPa m
1/2 

for toughened thermosets. The value of GIc, depending 

on Young’s modulus, varies from 100 J m
-2

 to 2000 J m
-2

. For a valid determination of 

KIc and GIc, the samples must be thick enough to be in plane strain conditions. The edge 

notch (length a) has to be neither too short nor too long. In plane strain conditions, the 

relationship between these two parameters is as follows [27]:  

     
   
 

 
       (2.38) 

where E and   are Young’s modulus and Poisson’s ratio, respectively. 

In general, different modes of crack propagation have been detected [26,31] for which 

the relative load-deflection curves are shown in Figure 2.12. Mode I (Figure 2.12a) is 

stable or continuous crack propagation, which leads to a relatively smooth fracture 

surface. This type of propagation occurs at low temperatures and in fully cured polymers. 

At the maximum value of the load, the stable crack slowly initiates growth, and the 

displacement rate controls the rate of crack growth. The second mode is stick/slip 

propagation [26], also called unstable brittle mode (Figure 2.12b). The crack propagates 

at a peak load (Pi), corresponding to the critical stress intensity factor for initiation (KIci), 

and it is arrested at the minimum load (Pa), corresponding to the factor for arrest (KIca). 

The difference between initiation and arrest values is known as instability. In this mode, 

crack arrest lines can be seen on the fracture surface, where each line is related to a 

jump/arrest event. The crack arrest regions can vary from fine lines to broad bands, 

depending on material composition and testing conditions. The regions between arrest 

lines are relatively smooth and featureless. Finally, the third mode is stable ductile 

propagation [31], which can be observed at high temperatures in under-cured samples 

and thin sheets. The load-deflection curve corresponding to this propagation mode is 
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shown in Figure 2.12c. Firstly, the load rises linearly and then becomes non-linear by 

increasing deflection before the maximum load is reached. In this mode, there is a 

gradual transition from unstable brittle mode by raising the test temperature. The arrest 

lines first start to broaden and eventually cover the whole fracture surface. Note that KIc 

values for all modes of crack propagations are the same, since only the critical stress (σc) 

is necessary for KIc calculation.  

 

Fig. 2.12. Different types of crack propagation: a) Stable, b) Unstable, c) Ductile                         

(adapted from Refs: 27, 31). 

Different variables affecting the stability of crack propagation and corresponding 

stress levels in thermosetting polymers such as temperature and the rate of deformation 

(testing). An increase in the rate of deformation decreases KIci while KIca approximately 

remains constant. Eventually, there is a transition to continuous crack propagation at high 

rates. This stabilization of crack propagation at high speeds has been observed for a 

variety of thermosetting polymers. Investigations show that, at low temperature, crack 

propagation is continuous type; however, it becomes unstable at higher temperatures. 

Therefore, in viscoelastic thermosets, increasing the temperature would be similar to 

reducing the rate of testing, since both factors promote stick/slip propagation.  

2.2.3.Failure mechanism 

Thermosetting polymers have a relatively featureless fracture surface compared to 

other brittle polymers such as polystyrene. However, if stable test-pieces (sample pieces 

without a notch) are used, features can be observed on the fracture surface that are closely 

related to the mode of crack propagation [26]. Investigation into crack propagation in 

thermosets showed that cracks can propagate in an unstable stick/slip manner, although 

sometimes continuous propagation can be obtained in thermosets similar to glassy 
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thermoplastics. Some explanations have been proposed to explain unstable behavior in 

thermosets, the most convincing one of which is introduced by Gledhill et al. [26] They 

pointed out that in resins with low yield strength, crack propagation is unstable, whereas 

propagation is continuous in high yield strength resins. In other words, low yield strength 

might promote crack tip blunting, resulting in stick/slip propagation. 

In general, crack propagation in polymers usually involves processes in which plastic 

and viscoelastic energy dissipation happen close to the crack tip. Two of these major 

energy absorption phenomena are shear yielding and crazing [26].  

Shear yielding is a localized or inhomogeneous plastic deformation of a polymer, 

which cannot be completely recovered without increasing temperature. Shear yielding 

happens at constant volume, but it is obviously accompanied by a change in shape. In 

general, cooperative chain motion and local mobility are needed for yielding. In polymer 

glasses, cooperative chain motion occurs at Tg, which is considered α transition. In 

addition, there are segmental mobilities below Tg that are responsible for secondary 

transitions, such as   transition [27]. There are different types of localized motion 

(involving a smaller number of atoms) such as rotation of large lateral groups, oscillation 

of aromatic rings, and crankshaft-like motions on short-chain segments.  

In polymer networks, the yielding process often requires the motion to occur in the   

transition, which is mostly due to crankshaft-like motions [27]. In this transition, local 

motions of the polymer chain backbone occur where cooperative motion of surrounding 

chains is not required [32]. A network with a highly active   transition has more 

capability for dissipating energy. If the   transition temperature of a polymer network is 

above the ambient temperature (where most of the mechanical tests are done at ambient 

temperature) such as unsaturated polyesters (T(1 Hz)      K with activation energy H  

  100-180 KJ⋅mol
-1

), the corresponding   relaxation is inactive [27]. In contrast, amine-

crosslinked epoxies have   transition temperatures below the ambient temperature (T(1 

Hz)          K with activation energy H    70±30 KJ⋅mol
-1

), so the corresponding 

  relaxation is active, resulting in a more localized yielding compared to unsaturated 

polyesters. 
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Local shear stresses cause conformation changes in polymer chains. In thermosets, the 

chains between crosslinks can be aligned in the stretch direction, where more flexible 

chains undergo greater alignment [27]. In this case, shear bands are formed in which 

plastic strain is localized.  

Glassy thermoplastics undergo deformation by crazing. When a tensile stress is 

applied to the polymer, microvoids are nucleated at points of high stress concentration in 

the material, created by cracks, flaws, scratches or molecular heterogeneities. During the 

development of microvoids, which happens in the plane perpendicular to the maximum 

principal stress, fibrils of plastically deformed material are formed, but microvoids do not 

coalesce to form a crack. As a result, an interpenetrating system of voids and polymer 

fibrils is formed, which creates a localized yielded region known as a craze. Crazing 

involves localized plastic deformation of the material resulting from strain softening. It 

occurs with an increase in volume, since it is a cavitation process. Crazing is increased by 

applying triaxial tensile stresses and may be inhibited by hydrostatic pressure. Crazes 

may grow and break down to make cracks at a level of stress much lower than that 

required for shear yielding, consequently leading to brittle fracture with low values of KIc 

and GIc. 

In thermosetting polymers, there is little evidence for the occurrence of crazing, where 

craze-like structures are reported in toughened [33] or low crosslinked thermosets. The 

probability of crazing is reduced by increasing crosslink density. This is similar to the 

relationship between crazing formation and physical entanglements in thermoplastics 

[31] reported by Donald and Kramer. They showed that in thermoplastics, when the 

length of polymer chains between physical entanglements (lc) decreases below ~20 nm, a 

transition from crazing to shear yielding happens. Similarly, this transition in 

thermosetting polymers might occur as crosslink density increases and the length of 

polymer chains between crosslink spots decreases. Crosslink sites prevent craze fibril 

formation. Therefore, crazing in thermosets is almost nonexistent, and shear yielding in 

these polymers is the major mechanism of plastic deformation.  

Energy absorbing processes operate in highly localized regions around the crack tip. 

Since these mechanisms are confined to a very small volume relative to the whole 
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specimen, the total amount of plastic energy absorbed is low. Consequently, these 

materials are strongly susceptible to brittle fracture. A solution to improve the toughness 

of thermosetting polymers is to increase the proportion of these plastically deformed 

regions. A successful technique has been incorporating a second phase into the polymer 

matrix. 

2.3.Toughening techniques 

A polymer is strong when it has a high yield strength, and it is tough if it can 

experience bulk homogenous yielding. As mentioned, in polymer networks with high 

crosslink density, only localized plastic deformation can occur, resulting in their 

brittleness. Many studies on toughening of thermosetting polymers showed that an 

increase in thermal resistance, Tg or HDT (heat deflection temperature), and yield 

strength results in a decrease in toughness (KIc). Therefore, the objective is to improve 

toughness without sacrificing thermal properties and stiffness. In general, two methods of 

improving toughness can be considered: (I) plasticization and (II) promoting plastic 

deformation mechanisms via the creation of a heterogeneous structure, by such methods 

as incorporating a second phase into the polymer matrix [27]. With the plasticization 

method, a miscible low-Tg compound is added to the polymer, resulting in a reduction in 

the Tg and yield strength of the thermoset. Consequently, toughness is increased at the 

cost of thermal properties and stiffness and strength. Therefore, this technique is not 

suitable for toughening purposes. Alternatively, incorporation of a second phase in the 

system can increase the intensity of energy dissipation, since it causes a distribution of 

stress concentration in the whole system. Consequently, higher resistance against crack 

initiation is obtained. However, at a certain point, a crack is formed and starts to grow. In 

this case, several mechanisms for energy absorption become active during crack 

propagation, involving different energy dissipating processes. In the presence of these 

particles, energy dissipating processes can be classified into two major groups: (i) 

localized plastic deformation of the matrix, such as shear band formation of the matrix, 

which is a localized shear yielding; and (ii) damage processes, including particle-matrix 

debonding and material rupture, which may result in void formation (cavitation) or 

breakage of rigid particles. In addition, there are processes affecting crack front 
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propagation. Different factors determine the controlling mechanism and energy 

dissipating processes, including characteristics of the particles and matrix, and the 

interface between phases. In the following sections, different toughening agents will be 

introduced and the corresponding mechanisms and energy dissipating processes will be 

discussed.  

The most frequently applied techniques for generating heterogeneous structure involve 

the addition of mineral fillers, rubbery, and thermoplastic particles to the matrix. The 

approach is to increase the number of sites experiencing localized energy absorbing 

deformation. In this case, a much greater volume of polymer is involved, resulting in an 

increase in toughness. Since the morphology of these systems plays an important role in 

the toughness of the final product, we briefly introduce possible morphologies first, and 

then different toughening techniques will be discussed. 

2.3.1.Morphology of binary systems  

A successful technique for toughening thermosets has been the incorporation of a 

second phase into the polymer matrix. The incorporating additive can be in the form of 

particles, which would be dispersed throughout the thermosetting matrix, leading to 

particulate morphology. Alternately, the toughening agent, such as liquid rubber or 

thermoplastic, can be miscible in the liquid thermosetting resin where phase separation 

happens during curing process, which determines the final morphology of the system. 

Phase separation during the curing process is essential, since the particulate morphology 

results in a greater improvement in toughness compared to homogeneous structure [34]. 

The shape, size, and size distribution of the second phase depend on the kinetics of the 

curing process and the mechanism of phase separation. In general, two types of phase 

separation can occur, binodal and spinodal decomposition [35].  

Binodal decomposition, also called nucleation and growth, results in a particulate 

morphology (Figure 2.13a) in which spherical domains of the second phase are dispersed 

in a continuous matrix. In this morphology, very sharp interfaces are formed. Binodal 

decomposition is associated with metastability, meaning that there are large composition 
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fluctuations and an energy barrier. Firstly, domains of a minimum size are formed, which 

are called critical nuclei, and their size increases with time.  

 

Fig. 2.13. Schematic diagrams of a) particulate morphology, b) co-continuous morphology. 

 Spinodal decomposition often leads to a co-continuous morphology (Figure 2.13b) 

with more diffuse interfaces. In spinodal decomposition, since the solution is initially 

uniform in composition, separation occurs by a diffusional flux against the concentration 

gradient (i.e., the diffusion coefficient is negative)[36]. In this mechanism, the energy 

barrier is negligible even where small fluctuations in composition can grow. In the initial 

stages, interconnected cylinders are formed, and with time the purification of phases 

occurs by mass transfer across the boundary.  

2.3.2. Stress Analysis  

The presence of an inclusion having a different modulus compared to the matrix can 

change the stress distribution in a system that is under an external load. The stress state 

around the inclusion can influence the energy dissipation processes, such as shear 

yielding and crazing (in the case of thermoplastics), and it also affects the post-yield 

behavior, such as debonding and tearing of soft particles [37].  

For the first time, Goodier [38] solved the equation of elasticity to investigate the 

disturbing effect of small inclusions (with two spherical and cylindrical geometries) on a 

uniform stress distribution. In his solution, he assumed that an infinite solid surrounds the 

inclusion, where the matrix is subjected to a uniformly applied stress at infinity. In 

addition, the matrix has ideal properties of elasticity, isotropy, and homogeneity. The 
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analysis of the stress distribution inside and outside a spherical inclusion has been done 

based on the coordinate system presented in Figure 2.14. In this model, a single particle is 

considered, which is embedded in a uniform matrix subjected to uniaxial tension. The 

presence of the inclusion leads to a change of the initial stress from a uniaxial state to a 

triaxial state. Different stresses, including          and    , which are radial, hoop, and 

shear stress respectively, for the matrix and inclusion can be calculated based on 

Goodier’s model. All stresses are strongly dependent on the ratio of the matrix shear 

modulus to that of the inclusion.  

 

Fig. 2.14. Stress distribution in an element of a spherical particle. 

 

Fig. 2.15. Stress concentration outside the inclusion of different materials (adapted from Ref:37) 

(Soft inclusion : G1/G2=1000, rigid inclusion:G1/G2=0.01, where G1 and G2 are shear modulus of the 

matrix and inclusion respectively). 
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Figure 2.15 shows a typical stress concentration profile in the region outside the 

spherical boundary, where the second phase is a rigid particle (glass bead) or a soft 

inclusion (rubber) [37]. For a single soft rubber particle, the stress concentration occurs at 

the particle equator with a factor around 2. In contrast, in the case of a glass bead, there is 

a stress concentration effect at the particle poles.  

Figure 2.16 presents a typical stress distribution inside the inclusion. All stresses are 

normalized to the applied stress (T) where their intensities strongly depend upon the shear 

modulus ratio. 

 

 

Fig. 2.16. Stress distribution inside an inclusion, shear modulus ratio of 1.0 (adapted from Ref:37). 

Figure 2.17 presents the stress concentration around a single rubber particle in the 

matrix. As mentioned, for particles with a modulus lower than the matrix, the stress 

concentration occurs at the particle equator; otherwise, it happens at the particle pole.  
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Fig. 2.17. Stress concentration around a single rubber particle (adapted from Ref:27). 

If the concentration of the particles is increased, an overlap of the stress concentration 

effects of neighboring particles occurs (Figure 2.18). In this case, a larger volume fraction 

of the matrix is under an average load higher than the applied external load.  

 

Fig. 2.18. Stress field overlap between rubber particles (adapted from Ref: 27). 

2.3.3.Rubber toughening of thermosets 

Rubber can be incorporated to thermosets in two forms, liquid and solid. Among solid 

additives, preformed core-shell rubber (CSR) particles are the most common additive, 

and will be discussed later. In the case of the liquid additive, the rubber is added to the 

thermoset precursor (before curing), then affects the polymerization reactions, leading to 

phase separation. Consequently, the rubber-modified thermoset will exhibit a two-phase 
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microstructure after curing of both phases, resulting in toughening of the matrix. In 

general, the following characteristics are required for rubbers as toughening agents [39]: 

a) Thermodynamically, a major part of the rubber must be incompatible with the 

matrix for phase separation to occur. 

b) There is an optimum value for the size of rubbery particles in each system to 

achieve the maximum improvement in toughness. 

c) The rubber molecules should have sufficient interaction with the resin 

molecules to have enough solubility within the liquid resin. Therefore, some 

polar groups in the chemical structure of the rubber are essential. 

d) Strong interfacial adhesion between the rubber and thermosetting matrix is 

essential. 

e) For fine distribution of rubber particles during cure, the rate of crosslinking of 

the rubber by peroxide must be lower than that of thermoset. 

f) The rubber must have a relatively high molecular weight to have lower 

solubility in the thermoset precursor, resulting in more separation during 

curing. Dissolved rubber molecules in the matrix can cause a reduction in the 

Tg and modulus of the system. 

2.3.3.1.Toughening mechanisms 

Incorporation of rubbery particles improves the toughness of thermosets via various 

mechanisms, including shear yielding, crack-bridging, craze-like damages [33], rubber 

particle cavitation, and rubber-matrix debonding [26,27,31]. 

In rubber-modified thermosets, the toughness is mainly improved by the energy 

dissipation mechanisms of the matrix, primarily localized shear yielding, due to the 

presence of the rubbery phase. The dispersed rubber phase initiates micro-shear bands. 

There is some controversy in micromechanics over explanations for how rubber particles 

promote shear yielding deformation. Newman and Strella [26]
 
suggested that rubber 

particles can produce triaxial tension in the matrix, resulting in extensive shear yielding 

due to a rise in the local free volume. An additional interpretation can be given based on 

cavitation formation in the rubber particles. In the vicinity of the crack tip, a plastic zone 

is formed where the plastic deformation of the matrix provides the required conditions for 
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cavitation of the rubber particle, which is under maximum principal stress at its equatorial 

region, to occur. Sue et al. [40] proposed a micromechanical modeling of the cavitational 

process of the rubber particle at the crack tip. He calculated the hydrostatic tension 

components as well as the octahedral shear stress component (    ), which is analogous 

to the stress deviator and responsible for plastic deformation around the rubber particle. 

In general, the presence of the particle in the vicinity of the crack tip caused an increase 

in both dilatation and deviator shear stress components. If cavitation of the rubber particle 

occurs,      is increased, whereas hydrostatic tension in the matrix is not fully dissipated. 

When the cavitational process of the rubber particle occurs, the stress state changes from 

triaxial to biaxial. As a result,      is significantly increased, which is favorable for 

yielding of the matrix. Cavitation occurs due to the rupture of the rubber phase. 

Therefore, the cavitational strength of the rubber particle becomes important. If this 

strength is low, the particle acts like a hole and      is moderately increased. In this case, 

the other stress components (hydrostatic tension) are increased to the point where they 

may control the fracture mode and the system undergoes brittle failure. At the other 

extreme, if the cavitational strength of the particles is too high, the hydrostatic tension 

components build up faster than     , resulting in brittle failure.  

In some rubber-modified thermoset systems (especially in the case of epoxies) stress 

whitening has been reported. Some researchers [33] claimed that crazing is a controlling 

mechanism, where the presence of crazes can justify observed stress whitening, since 

shear yielding is essentially a constant-volume process. However, this does not seem 

correct, since crazing does not occur in highly crosslinked thermosets. It is generally 

believed that crazing can only take place in either under-cured thermosets or networks 

having low crosslink densities [27,33]. Sue et al. [33]
 
proposed a craze-like structure 

justifying the stress whitening in rubber-modified epoxies. He called this structure 

“croid”, which is derived from “crack” and “void”. Croids are line arrays of cavitated 

rubber particles. These cavitation line arrays do not have any craze fibrils. Coalescence of 

the cavitated particles can occur, resulting in the formation of microcracks in the damage 

zone around the crack tip. The formation of massive croids can promote shear yielding of 

the matrix.  
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It is important to note that rubber particle cavitation happens only when the particles 

and matrix are well adhered. Otherwise, debonding at the rubber particle-matrix interface 

can occur instead. In this case, the degree of triaxial stress is reduced due to the formation 

of voids, but the increase in the octahedral shear stress component is not enough to 

significantly promote yielding of the matrix. 

Crack-bridging is usually a secondary mechanism to improve toughness in multiphase 

polymers. The crack propagates around the rubber particles. When a crack begins to 

open, the particles are stretched between the crack surfaces until they tear. The particles 

play two roles: (1) they have a sort of bridging effect by applying compressive force on 

the crack wake, and (2) tearing of rubber particles occurs, leading to energy dissipation. 

In addition, this mechanism cannot explain stress whitening, the high fracture energy and 

toughness values at higher temperatures, or the transition in crack growth behavior [31].  

Although shear-bands formation is the major mechanism controlling toughness in 

many thermosets, especially in epoxy resins, the intensity depends on the ductility of the 

matrix. An increase in crosslink density of the matrix decreases shear band formation 

[41] (e.g., in a rubber toughened epoxy with a very high degree of crosslink density). In 

the case of unsaturated polyester resin, there is controversy concerning the formation of 

shear bands. Kim et al. [41] claimed that, in rubber toughened unsaturated polyester, 

shear bands do not form due to the high crosslink density of UP and the very short chain 

length between crosslinks. Thus, toughness enhancement in rubber toughened UPR is 

very limited compared to other thermosets, especially epoxy resins. In contrast, in some 

studies [42-45], shear yielding in an unsaturated polyester matrix is introduced as the 

major source of energy dissipation during fracture. 

2.3.3.2. Influence of morphology and network structure  

According to the mechanisms controlling fracture behavior of rubber modified 

thermosets, the toughness depends both on the matrix, where the shear band forms, and 

the rubbery phase, which causes cavitation and crack-bridging. As mentioned, crosslink 

density and the Tg of the matrix can affect toughness by influencing shear yielding 

mechanisms. The presence of a low-Tg rubbery phase can reduce the Tg of the matrix, 

resulting in an increase in toughness by reducing shear yield strength of the matrix. 
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Clearly, a greater quantity of dissolved liquid rubber in the matrix causes a greater 

reduction in the Tg of the matrix.  

The morphology of the system is key to controlling cavitation and crack-bridging 

mechanisms. Particulate morphology in rubber-thermosetting polymer systems leads to a 

greater improvement in toughness compared to homogenous blends. Even in the case of 

liquid rubber, which must be miscible in the uncured resin, phase separation during the 

cure is essential to achieve a significant improvement in toughness [34,39].  

The degree of miscibility of liquid rubber with the thermoset resin plays an important 

role in the final size of rubber particles. When liquid rubbers can be completely dissolved 

in liquid thermosetting resin, phase separation occurs during curing leading to the 

formation of a fine dispersion of particles with diameters of a few microns or less [43]. In 

contrast, less soluble liquid rubber would be precipitated from the rubber-matrix mixture 

before curing. This inhomogeneity in the starting system leads to a coarse dispersion of 

rubber particles in the final cured product. 

2.3.3.3. Influence of rubbery phase characteristics 

There is a limit on the rubber volume fraction, since with too high rubber content, 

phase inversion happens, resulting in very poor mechanical properties [45]. In addition, 

controlling the phase separation of rubbery particles during the curing process becomes 

difficult at high rubber concentration [46]. Martuscelli et al. [43] found that there is an 

optimum rubber content in unsaturated polyester to achieve maximum toughness because 

too higher rubber content resulted in a relatively coarse dispersion of rubbery particles. 

As mentioned, the size of rubber particles affects the type of fracture mechanism. In 

many studies [27], the effective range of rubber particle size for toughening has been 

found to be 0.1-10 μm in diameter. For a given volume fraction of the rubbery phase in a 

system, there is a critical particle size below which the toughness could be significantly 

improved. This critical size depends on the interparticle distance, which determines the 

intensity of stress-field overlap between neighboring particles. Stress overlap is favorable 

for shear band formation. In contrast, large rubber particles result in a modest increase in 

toughness by crack-bridging and crack deflection [41] because large rubber particles 

cannot be cavitated due to lower stress concentration.  
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2.3.3.4. Influence of interfacial adhesion 

An adequately strong interfacial adhesion between phases is required to promote 

cavitation and crack-bridging mechanisms [27,41]; otherwise, particle-matrix debonding 

occurs. A method to improve adhesion is to use functionalized rubbers, which can be 

chemically bonded to the matrix. In this case, higher toughness values can be achieved. 

In the case of UPR, it is challenging to achieve high toughness because the solubility of 

most rubbers in the liquid resin is low, and there is usually a poor chemical reactivity of 

the rubber toward the polyester functionalities [44]. Various reactive liquid rubbers 

[39,41,42] have been used in attempts to overcome these drawbacks. Kim et al. [41] 

studied the effect of adhesion between polyurethane rubbers (reactive and non-reactive) 

and UPR on toughness. In the case of non-reactive rubber, lack of good adhesion between 

the two phases led to a moderate improvement in fracture toughness via debonding. In 

contrast, a chemical connection between the reactive rubber and matrix caused a 

significant improvement in toughness, since the controlling mechanism changed from 

rubber-matrix debonding to rubber cavitation. Similar results in the toughening of UPR 

by different rubbers have been reported [42,43,47]. The other approach to improving 

adhesion between the rubbery additive and UPR is applying a compatibilizer. Ragosta 

[44]
 
synthesized a suitable block copolymer of the type A-B-A (Unsaturated polyester-

rubber-unsaturated polyester) as a compatibilizing agent in UP/rubber blends. They 

reported a significant improvement in toughness by adding the copolymer to the 

UP/rubber blend. The block copolymer is located preferentially at the interface of the 

rubbery phase and UP. The presence of the compatibilizer resulted in a reduction in the 

size of the rubber particles, finer dispersion of the particles, and a stronger interface 

adhesion.  

2.3.3.5. Other properties  

There are limitations to use of rubbers because they cause reductions in elastic 

modulus [42,43], yield strength, and thermal properties [26,41]. Rubber particles cause a 

decrease in the stiffness of the system because the modulus of rubber particles is much 

lower than that of the matrix [45]. The presence of the rubbery phase reduces the 

compressive yield strength due to the lower shear modulus of this phase. This prevents 

the rubbery phase from supporting a considerable portion of the applied stress [42]. 
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Cherian et al. [47] worked on different properties of rubber-modified isophthalic 

unsaturated polyester resins. He found that the addition of nitrile, styrene butadiene, 

natural, and chloroprene rubbers decreased surface hardness due to the lower surface 

hardness values of all types of elastomers. The presence of these additives caused an 

increase in abrasion loss, since the rubber particles behaved as fillers, which can be easily 

removed during abrasion.  

2.3.3.6. Preformed rubber particles 

Rubber additives can also be introduced in the form of previously cured particles. The 

most common preformed particles are core shell rubber (CSR) particles, which are 

prepared by emulsion polymerization. They consist of a rubbery core and an outer shell 

of glassy polymer. The rubber core must be well-grafted to the inner shell for good stress 

transfer and cavitation of the core. This is possible by adjusting the chemical structure of 

the rubbery core and shells [48]. CSR particles are typically synthesized by emulsion 

polymerization since this technique enables control of the size distribution of particles 

[27].  

Dispersion of neat rubber particles in the thermoset precursors is almost impossible. 

CSR particles are stabilized by block-copolymers and surfactants. Consequently, the 

chemical structure of the shell plays an important role in this issue [48-50]. A good 

dispersion increases the interfacial area between the particles and matrix, resulting in a 

considerable increase in viscosity. The high viscosity is the main drawback for the use of 

core-shell particles. Another disadvantage is agglomeration of particles during storage or 

processing [27]. In the case of a good dispersion of CSR particles in thermosets, 

significant improvement in toughness can be achieved. In the presence of CSR particles, 

the major mechanism controlling fracture is croiding [33]. In addition, cavitation of CSR 

particles in croiding can also induce shear yielding of the matrix. In studies of the effect 

of CSR particles on mechanical properties of UPRs, the addition of these additives 

improved fracture toughness [48-50], but reduced tensile strength [48,49] and glass 

transition temperature [48] without significant change in modulus [49]. 

2.3.4. Thermoplastic toughening of thermosets 

As mentioned, rubber toughening of thermosets has some drawbacks. The toughness 

improvement often comes at the expense of high temperature performance or modulus 



40 
 

and yield strength. In addition, the major mechanism controlling fracture toughness in 

rubber-modified thermosets is localized shear yielding of the matrix, which is promoted 

by cavitation of rubber particles. If the matrix has low yielding, like unsaturated 

polyesters with high   transition temperature, the efficiency of these toughening agents is 

reduced. For the same reason, rubbers are not significantly capable to improve toughness 

of high-Tg networks [27,36].  

Being able to improve toughness while keeping Tg high for special applications is 

desirable, especially in the aerospace industry, where high-Tg thermoplastic could be a 

good alternative to rubber. The thermoplastic rich phase can be formed during curing 

from a homogenous thermoplastic-thermoset mixture, where the thermoplastic is initially 

miscible with the resin, or can be incorporated as a dispersed powder in the initial 

formulation.  

The chemical nature of the thermoplastic controls its miscibility with the thermoset 

resin and consequently the phase-separation process. At a constant thermoplastic volume 

fraction, an increase in its molar mass can cause a higher degree of phase separation 

resulting in a more improvement in fracture toughness. However, the higher molar mass 

of the thermoplastic results in an increase in viscosity, causing processing difficulties.  

When the thermoplastic additive is added in the form of powder, the final morphology 

can be controlled better compared to the in situ phase separation process. High Tg 

thermosets such as epoxy can be toughened by nonmiscible high Tg amorphous or 

semicrystalline thermoplastic powders, such as Polyamide, polyimides, and 

Poly(butylene terephthalate) [27]. In this case, curing must be done below the melting 

temperature of the thermoplastic to avoid partial miscibility between the phases. A size 

range of 10-30 μm has been reported in the literature as suitable size for thermoplastic 

powders [27]. 

2.3.4.1. Toughening mechanisms 

In general, the presence of a rigid inclusion develops triaxial stress in the matrix, 

which is not favorable for shear yielding mechanisms. In this case, the major dilatational 

phenomenon is thermoplastic/matrix debonding, which is not as effective as cavitation 
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formation in rubber particles. Consequently, the degree of triaxial stress (the intensity of 

the dilatation stress component) is not substantially reduced, which is favorable for a 

continuous and stable crack propagation mode. As a result, shear yielding of the matrix 

does not play an important role in energy dissipation during crack propagation. 

Therefore, other mechanisms control fracture in thermoplastic-modified thermosets. 

Many studies on toughening of thermosets by thermoplastic additives have been done to 

understand these mechanisms, most of which involved epoxy systems due to their vast 

application in aerospace industries. Toughening mechanisms such as crack pinning, crack 

tip blunting
 
, particle bridging, and crack path deflection have been proposed. Each 

mechanism will be briefly discussed below: 

Crack pinning. The concept of crack pinning is based on a change in the length of the 

crack front as the crack interacts with inhomogeneous particles [36]. A simple example to 

understand this mechanism is the way that a line of trees provides good protection against 

the wind. Similarly, a line of particles acts as obstacles for the crack front during 

propagation [27]. Figure 2.19 shows a schematic of the crack pinning mechanism. During 

crack propagation, the growing crack is pinned by the particles, causing the crack front to 

bow out between the particles and resulting in a reduction in the rate of propagation. 

After bowing, the crack keeps propagating and after a distance of about one particle 

diameter, the crack front breaks free and again has a linear shape [51]. 

This mechanism has been modeled by Lange [52] and Evans [53]. Lange [52]
 
derived 

an equation to give a quantitative estimation of the critical energy release rate (   ) due to 

this mechanism: 

              
 

  

  
 (2.39) 

where    is a constant, called the line tension, which refers to the additional length of the 

crack front due to bowing.    is the interparticle distance (surface to surface) and a 

function of the particle diameter, dp, and the volume fraction of the particles, Vp, given 

by: 

    
         

   
 (2.40) 
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When the diameter of all particles is the same, an increase in their volume fraction causes 

a decrease in    resulting in an increase in      One problem related to Lange’s theory 

comes from    [54]. Experimental data showed that    is not a constant but rather a 

function of particle size. This problem was resolved by Evans [53],
 
who calculated    and 

demonstrated that the increase in fracture energy required to bow the crack depends upon 

the particle size and the particle spacing. Lange and Radford [55] reported a maximum in 

the relationship between toughness and volume fraction of inclusions that is not predicted 

by Evans’s model. Rose [56] suggested an alternative analysis that is in better agreement 

with the experimental observations.  

 

Fig. 2.19. A schematic diagram of the crack pinning mechanism (adapted from Ref:27). 

 One essential condition for pinning particles is impenetrability, which means that they 

should have sufficient stiffness. Therefore, this mechanism is not efficient with soft 

rubber particles, whereas with stiff particles such as rigid inorganic fillers, the crack 

pinning mechanism makes an important contribution. Evans [53] proposed using a 

parameter ɛ  ˳ (impenetrability factor). More recently, Green et al. [57] have extended 

the analysis of Evans. They suggested that various factors affect the impenetrability of 

the particles. These factors are size, volume fraction, fracture toughness, and interfacial 

strength.  
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Crack tip blunting. The mechanism of crack tip blunting can take place due to 

localized shear yielding or damage, such as particle/matrix debonding and fracture of 

particles. The particles act as stress concentrators, resulting in the development of a 

triaxial stress state around the particles. In this case, the local stress may exceed the yield 

stress of the matrix or the adhesion strength of the particle/matrix interface, resulting in 

dissipation of energy by localized shear yielding or interface debonding respectively 

[27,36].  

Particle bridging. Figure 2.20 shows a schematic diagram of the particle bridging 

mechanism. Sig et al. [36]
 
modeled the toughening of a brittle resin by rigid and ductile 

particles. According to his model, the particles play two roles: (1) they have a sort of 

bridging effect by applying compressive force on the crack wake, and (2) these ductile 

particles can plastically deform in the crack tip region.  

 

Fig. 2.20. A schematic diagram of the particle bridging mechanism (adapted from Ref:27). 

Crack-path deflection. When a crack propagates in a particle-modified polymer, the 

particles can force the propagating crack to tilt out of the plane normal to the applied 

stress. Therefore, crack deflection causes a non-planar crack front, resulting in an 

increase in fracture surface area. The initial tilt angle of the crack, θ, depends on the 

location of the particle with respect to the propagating crack. Sometimes, the orientation 

of adjacent particles forces the crack to tilt in the opposite direction, resulting in a twist of 

crack front [58]. Figure 2.21 shows a schematic diagram of this mechanism illustrating 

tilting and twisting of the crack front.  
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Fig. 2.21. A schematic of the crack-deflection mechanism, a) tilting, b) twisting of the crack           

(adapted from Ref:58). 

If the adhesion strength of a matrix-particle interface is assumed to be close to the 

strength of polymer matrix, the increase in fracture energy due to deflection of crack by 

particles can be estimated by [59]:  

          (2.41) 

where    and     are the fracture energy of the matrix and the volume fraction of the 

particles respectively.              is a factor indicating the fraction of particles 

deflecting the crack. 

2.3.4.2. Influence of morphology and thermoplastic content 

Typically, the particulate morphology results in a greater improvement in toughness 

compared to the homogeneous structure. Bucknall et al. [60] found the relationship 

between the morphology and fracture toughness of a thermoplastic-modified unsaturated 

polyester resin. The thermoplastic additive used was a reactive poly(vinyl acetate). They 

claimed that the particulate structure of the thermoplastic/thermoset system resulted in a 

greater improvement in fracture toughness compared to the co-continuous structure.  

A contrary relationship between toughness and the morphology of a 

thermoplastic/unsaturated polyester system was reported [61]. In this case, impact 

strength was measured. A blend of compatible thermoplastics, such as poly(vinyl acetate) 

and polyurethane, with unsaturated polyester has co-continuous morphology due to 

strong interfacial adhesion. Since microvoids are formed at the interface of phases and 

inside thermoplastic-rich phases due to shrinkage of UPR, generally dispersed 

microvoids are formed in the co-continuous morphology. As a result, this morphology 
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leads to an increase in the toughness (impact strength) due to the crack blunting effect of 

microvoids. In contrast, the particulate structure leads to localized formation of 

microvoids, resulting in lower toughness of the system. There is an optimum content of 

microvoids because an excessively high volume fraction of microvoids can cause an 

adverse effect due to crack propagation through the voids.  

2.3.4.3. Influence of interfacial adhesion 

A critical level of adhesion between the thermoplastic and thermoset phase is required 

to ensure stress and strain transfers. One approach to improve the adhesion between two 

phases is to make some reactive end functional groups in thermoplastic molecules to 

form chemical bonds between two phases. Also, a block copolymer can be used as a 

compatibilizer, where each part of it is miscible with a specific phase [36]. 

2.3.4.4.Other properties 

In the case of unsaturated polyester resins, thermoplastic additives have been widely 

applied to control high volume shrinkage of these resins, whereas few studies have 

investigated their effects on other properties.  

I-Mechanical and thermal properties 

Tensile properties depend on the morphology of the cured system, interfacial adhesion 

between the two phases, and degree of crosslink density of the continuous phase. These 

three factors all depend on compatibility between phases. The chemical structure and 

molecular weight of the thermoplastic control its compatibility with UPR. During the 

curing process, phase separation occurs, where for the less compatible system, the degree 

of phase separation is greater. Therefore, in an incompatible thermoplastic/unsaturated 

polyester system, a particulate morphology is formed consisting of a continuous UP-rich 

phase and a dispersed thermoplastic-rich phase. Since the small styrene monomers can 

diffuse into the thermoplastic-rich particles much faster than larger UP chains, the 

concentration of styrene monomers in the continuous phase is reduced. Consequently, a 

reduction in crosslink density occurs due to the lack of curing agent monomers. In 

contrast, in compatible thermoplastic/unsaturated polyester systems, better dispersion of 

different constituents resulted, due to a lower degree of phase separation. Consequently, 
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in these systems, the reduction in crosslink density is either much smaller or negligible, 

and a less reduction in tensile strength would be achieved. 

The particulate morphology is suitable for improving fracture toughness. The lower 

compatibility of the system results in greater reduction in crosslink density and poorer 

interfacial adhesion. In most cases, the addition of the thermoplastic results in a reduction 

in tensile strength. In the best scenario, tensile strength may not significantly change for 

compatible thermoplastic/unsaturated polyester systems [61-63].  

The Young’s modulus of the whole system depends on the modulus of both the 

thermoplastic and thermoset components. In addition, Young’s modulus is mainly 

connected to the degree of tightness of the network rather than crosslink density [61]. The 

addition of incompatible thermoplastics leads to a reduction in the concentration of 

styrene in the continuous phase. A smaller amount of the curing agent leads to shorter 

crosslinking bridges, meaning a higher degree of network tightness. Young’s modulus is 

not significantly changed for incompatible thermoplastic/unsaturated polyester systems, 

since the higher degree of network tightness compensates for the lower modulus of the 

thermoplastic additive. In contrast, a reduction in modulus for compatible systems has 

been reported [61,64], since compatible thermoplastics typically have low molecular 

weight and Tg (even lower than the ambient temperature). Consequently, they have a low 

modulus, resulting in a reduction in the modulus of the whole system. 

The glass transition temperature (Tg) of the major continuous thermoset phase depends 

on two opposing effects, the plasticization effect of the thermoplastic phase and the 

degree of crosslink density of the continuous phase. An incompatible thermoplastic 

causes a smaller plasticization effect since it typically has high Tg and molecular weight. 

On the other hand, it reduces the degree of crosslink density by decreasing the 

concentration of styrene monomer in the continuous phase. Because of this opposing 

effect of thermoplastics on Tg, both an increase and a decrease in Tg in 

thermoplastic/unsaturated polyester systems have been reported [62,63]. 

All of these investigations applied thermoplastic additives to reduce volume shrinkage, 

since a thermoplastic that is more compatible with UPR is more effective for controlling 
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volume shrinkage. For instance, polyvinyl acetate and polyurethane, with low molecular 

weight and low Tg (27°C and -45°C respectively [61]), are suitable as low profile 

additives. However, for the purpose of toughening, a high Tg or semicrystalline 

thermoplastic with high molecular weight is favorable [27]. To sum up, a lack of 

understanding of the effect of thermoplastics as toughening agents on fracture toughness 

and other properties of unsaturated polyester systems still remains. 

II-Shrinkage 

Volumetric shrinkage occurs through network formation in thermoset resins. This 

causes several product problems, such as poor surface quality, lack of dimensional 

control, and residual stress. Therefore, much work has been done on shrinkage control of 

UPR, primarily by incorporating low profile additives (LPAs) [64-70]. As mentioned, 

LPAs are thermoplastic polymers that are typically non-reactive additives. Most are 

incompatible with unsaturated polyesters, but soluble in styrene. Incompatibility between 

the thermoplastic additive and the resin increases the rate of phase separation, when in 

systems such as polystyrene/UPR and poly(methyl methacryalte)/UPR phase separation 

starts before any polymerization [65]. Ultimately, a non-uniform microstructure (the 

particulate morphology) is formed. In contrast, a compatible low profile additive/UPR 

system has uniform microstructure (the co-continuous morphology). During curing 

reaction, microvoids are generated in the interface of the two phases as well as inside the 

LPA-rich phase, which compensate for volume shrinkage. In a non-uniform 

microstructure, the generation of microvoids is localized in the dispersed LPA phase, 

whereas in the compatible systems, with co-continuous morphology, micovoids are 

uniformly generated in the whole system, resulting in greater compensation for shrinkage 

[61]. Different characteristics of low profile additives play roles in controlling volume 

shrinkage. For instance, the difference in polarity of the LPA and unsaturated polyester 

determines their compatibility, where closer polarity results in more compatibility. 

Another characteristic is the coefficient of thermal expansion and specific volume of the 

low profile additive, where higher values of these parameters lead to better shrinkage 

control [65]. 
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2.3.5.Inorganic toughening agents 

Another approach to improve fracture toughness of thermosetting resins is to use 

inorganic (e.g., glass and ceramic) materials. This group of additives can be classified 

into two main classes based on the size of their particles: I) additives composed of 

micron-sized particles are used for the preparation of composites, and II) materials 

having sub-micrometer- and nanometer-sized particles. The latter group leads to 

nanocomposites, which can be classified into two subclasses based on the particle 

geometry: nano particulate reinforced composites and layered silicate nanocomposites. In 

the following, each class of inorganic reinforcements will be discussed. 

2.3.5.1.Inorganic micron-sized particles (particulate fillers) 

The toughness of particulate-filled thermosets is affected by the properties and 

characteristics of the constituent phases: filler, thermoset matrix, and interfacial region. 

The relevant parameters are the filler aspect ratio, the particle size, filler volume fraction, 

the modulus and strength of the filler, the filler-matrix adhesion, and the toughness of the 

matrix. For the processing and application of these materials, viscosity of the uncured 

mixture must be sufficiently low to allow for processing and removal of air bubbles from 

the system [71]. 

Fracture mechanisms 

The mechanism controlling fracture toughness in the case of particulate-filled 

thermosets such as systems containing silica and alumina particles is crack pinning 

[71,72]. For the case of poorly bonded glass beads, when no surface treatment is done to 

the filler, crack propagation was highly unstable. Fractography showed that 

particle/matrix debonding happened, resulting in crack tip blunting. Therefore, in this 

case, a combination of crack pinning and blunting mechanisms controls the fracture 

toughness [73]. In addition, Lee et al. [57,74] suggested that the major portion of fracture 

energy could be dissipated by the formation of micro-shear bands at the interface of glass 

beads and the matrix.  

Influence of filler characteristics  

The relationship between fracture toughness and volume fraction of the filler depends 

on the size of filler particles [62,75]. Sing et al. [75]
 
found that with larger aluminum 

particles (3.5 and 20 μm), KIc of filled unsaturated polyester monotonically increases with 
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the volume fraction of the particles. In this case, the viscosity of the resin restricts the 

volume fraction of the filler with respect to processability. In contrast, for smaller 

particles (100 nm), an optimum value for the filler volume fraction was observed with a 

maximum value of fracture toughness. Also, Lange et al.[76] reported a dependency of 

fracture toughness of filled epoxy on the size of alumina trihydrate particles. They used 

fillers with three different particle sizes (1, 8, 12 μm), with the largest particles leading to 

the most improvement in fracture toughness.  

Stiffer fillers result in a greater increase in the modulus and fracture toughness of the 

whole composite. For instance, if weak filler such as hollow silica microsphere is used, 

no improvement in toughness will be achieved [71]. This sort of filler may act as a source 

of flaws. 

Other properties 

The effect of inorganic filler on modulus and tensile strength is known [71,75]. An 

increase in the volume fraction of filler results in a parabolic rise in modulus, but a 

reduction in tensile strength. In the best case scenario, tensile strength of the composite is 

equal to that of unfilled resin. Tensile strength is first reduced by the addition of filler and 

then starts increasing up to the strength of unfilled resin with a higher volume fraction of 

filler. 

At constant volume fraction, the particle size of glass beads might not significantly 

change the modulus and strength of the epoxy matrix [77]. A similar result was also 

observed in the case of toughening UPR with aluminum fillers of different particle sizes 

[75]. However, there is an upper boundary in particle size due to the higher probability of 

flaws for large particles. These flaws can lead to a decrease in strength.  

2.3.5.2.Inorganic nanoparticle-reinforced composites 

The approach of introducing micron-sized inorganic particles into the resin has failed 

to significantly improve fracture toughness of thermosetting resins [75].  In addition, 

these relatively large particles reduce the processing feasibility of the composite by 

substantially increasing the viscosity of the resin [78]. In contrast, nanoscale 

reinforcement of thermosetting resins makes them potential materials for substantial 

enhancement of fracture toughness, modulus, yield strength, and heat resistance.  
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Fracture mechanisms 

Nanoparticles, such as silica, improve fracture toughness by promoting dissipating 

energy processes of the thermosetting matrix. These processes dissipate energy in a 

region around the crack tip, resulting in crack blunting. Two types of dissipating 

processes are: (I) localized shear band initiated by stress concentration around the 

particles; and (II) debonding of the particles from the matrix, in some cases followed by 

void growth in the matrix [78]. Particle-matrix debonding and void formation can reduce 

the degree of triaxial stress, which is favorable for shear band formation.  

In a study on the effect of silica nanoparticles on the toughening of epoxy, done by 

Ragosta et al.[79], another fracture mechanism was proposed. In this case, a reaction 

between epoxy groups and silanol groups on the surface of the particles was detected, 

leading to an improvement in interfacial adhesion. Consequently, these nanoparticles 

restricted segmental motion within the matrix, resulting in an increase in activation 

energy for the yielding process. Despite the reduction in the intensity of the yielding 

process, fracture toughness increased. The critical crack length for the onset of brittle 

fracture (which is the fast and continuous crack propagation mode) was increased. They 

proposed that the required energy for fracture became more reliant on the breakage of 

chemical bonds.  

A rise in volume fraction of nanoparticles improved fracture toughness of the 

nanocomposite [78-80]. Interestingly, the volume fraction may affect the influence of the 

nanoparticle size on the toughening of thermosetting resin [80]. At low volume fraction, 

fracture toughness was slightly affected by the particle diameter, whereas toughness was 

strongly dependent on the particle size at high volume fraction [80].  

2.3.5.3. Layered silicate nanocomposites 

Toughening of thermosetting polymers via incorporation of an additional phase 

strongly depends on the morphology. Particularly, in the case of layered silicate 

nanocomposites, the large contact area between the nano-reinforcement and the 

polymeric matrix causes the significant difference between nanocomposites and 

conventional composites. This strongly depends upon the degree of dispersion and 
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distribution of the silicate layers. The possible structures must firstly be introduced, and 

then fracture mechanisms will be discussed.  

Morphology 

Based on the degree of delamination of the silicate layers, polymer/clay systems can 

be classified into nanocomposites and conventional composites. The nature and 

interaction of the components as well as the preparation techniques determine the 

morphology of polymer/layered silicate systems. Ultimately, three morphologies are 

possible: phase-separated, intercalated, and exfoliated. In phase-separated morphology, 

polymer chains do not penetrate into the clay layers and the clay material is simply 

dispersed through the resin like a typical filler. This morphology leads to a conventional 

composite. In intercalated nanocomposites, the diffusion of polymer molecules into the 

galleries (spaces between the layers) causes an expansion in the interlayer distance while 

the ordered structure of the silicate layers is retained. The exfoliated structure is achieved 

when individual silicate layers are separated and randomly distributed throughout the 

polymeric matrix. In this morphology, a large interfacial area with the matrix is achieved, 

providing maximum reinforcement. Figure 2.22 shows the different morphologies of 

these reinforced materials. 

 

 

Fig. 2.22. Different morphologies of nanocomposites. 
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Fracture mechanisms 

Specific size ranges of reinforcing filler can result in toughening of the polymer matrix 

[81]. Silicate layers in a fully exfoliated arrangement are too thin and small to change the 

direction of crack propagation, but can force a tortuous path. The tortuosity occurs locally 

around the clay platelets [82]. Therefore, a fully dispersed arrangement (exfoliated 

structure) of the layers cannot provide toughening of the polymer matrix. In contrast, a 

micron-sized structure of intercalated clay layers can lead to more improvement in 

toughness, likely via the crack deflection mechanism, resulting in an increase in the 

fracture surface area [83,84]. Zilg et al. [85] found that well dispersed intercalated 

layered silicates resulted in a greater improvement in the fracture toughness of epoxy 

compared to exfoliated layers. The exfoliation structure caused a greater improvement in 

the stiffness of the system.  

Influence of interfacial adhesion 

A specific characteristic of silicate layer reinforcements is the high aspect ratio of their 

layers (10-2000) [86]. If the silicate layers are dispersed and distributed finely, they have 

a large interfacial area with the matrix, resulting in a significant improvement in many 

properties. One factor facilitating exfoliation of the silicate layers is compatibility 

between the reinforcement and matrix. Since the chemical structure of the silicate layer 

makes them hydrophilic, a modification is required to make them compatible with 

organic polymers. For this purpose, ion exchange is a common technique in which the 

interlayer cations are exchanged with cationic organic surfactants. Poor compatibility 

results in aggregation of the silicate layers. Consequently, tensile strength, flexural 

strength, and fracture toughness are reduced due to the reduction in interfacial area. To 

understand the effect of interfacial adhesion, it is important to be familiar with the 

chemical structure and treatment of layered silicates. 

I)Chemical structure 

Montmorillonite is a common layered silicate which is composed of crystal layers. In 

each layer, one octahedral sheet of mainly aluminum hydroxide (with positive charges) is 

sandwiched between two silica tetrahedral sheets (with negative charges). This 

arrangement of the sheets results in electroneutrality. However, some isomorphic 

substitutions may occur within the layers; for instance, Al
3+

 is replaced by some cations 
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having less positive charges, such as Mg
2+

 or Fe
2+

, resulting in a net negative charge in 

the structure. These negative charges can be counterbalanced by exchangeable alkali or 

alkaline earth cations [87]. This chemical structure is almost similar in layered silicates, 

which makes them hydrophilic.  

II)Chemical treatment 

The chemical structure of both the layered silicate and the organic surfactant are 

important for clay modification. The charge density of the clay determines the 

concentration of exchangeable ions in the galleries. The capacity of a layered silicate for 

ion exchanges is called the Cation Exchange Capacity (CEC). There is an optimum value 

for CEC of clays to achieve a fine dispersion [83]. High CEC values restrict the polymer 

diffusion into the galleries due to the lack of available spaces within the ion-populated 

silicate layers. 

In addition, the structure of the organic surfactant determines the chemical affinity 

between the modified clay and organic polymers, as well as the d-spacing of the silicate 

layers. Greater compatibility between the modified clay and the matrix results in better 

diffusion of polymeric molecules into the galleries, improving the delamination and 

dispersion of the clay. For instance, a comparison between several commercial 

organoclays, including Cloisite Na
+
, 10A, 15A, 25A, and 30B, [88] shows that different 

functional groups of surfactants alter the final morphology of clay/UPR nanocomposite. 

Better interaction between the functional group in the modifier and that of the polymer 

leads to enhanced exfoliation. Hydrogen bonding between hydroxyl groups of the clay 

modifier and the polymer can cause good interaction between the clay and thermoset, 

resulting in homogenous dispersion of the intercalated/exfoliated microstructure [89]. In 

contrast, poor chemical affinity between the clay and the polymer (e.g., in the case of 

Cloisite 10A/unsaturated polyester) causes a slight contraction of the silicate layers. In 

addition to the chemical nature of the surfactant, other parameters such as longer chains 

and/or bulky alkyl groups tend to improve the dispersion and delamination of the clay in 

nanocomposites by increasing the gallery spacing  [89-91]
 

Based on the reactivity of the organic surfactants, they can be divided into non-

reactive and reactive modifiers. In non-reactive organoclays, the layered silicate is treated 

with an inert cationic surfactant in which the main role of the modifier is to increase the 
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interlayer distance and the organophilicity of the clay. In addition to these effects, 

reactive modifiers allow for chemical bonding between the silicate layers and the matrix. 

Consequently, these modifiers result in higher interfacial adhesion between the clay and 

the thermoset polymeric matrix [90,92]. However, these covalent bonds between the 

modifier and polymer molecules theoretically hinder adjacent silicate layers from further 

separation during the curing reaction. As a result, the improvement in delamination may 

be restricted [89]. Therefore, both reactive and non-reactive organic modifiers could be 

used for clay modification to prepare a partially reactive organoclay [93,94]. The addition 

of this organoclay increases the degree of exfoliation in the nanocomposites.  

Other properties 

Clay affects the mechanical, flammability, barrier, and tribological properties of the 

thermosetting matrix. Concerning the mechanical properties, generally speaking, adding 

clay causes an increase in tensile modulus due to its high modulus compared to that of 

organic polymers. In most cases, an optimum clay loading was reported, since greater 

quantities of clay result in agglomeration and a lower quality of distribution [95,96]. 

Contrary observations are reported for tensile strength. In some cases, an optimum 

amount of clay was found to result in maximum tensile strength [95,97]. However, some 

studies found no significant change in tensile strength with the addition of clay [86,96], 

and Torre et al. [98] even reported a reduction of the tensile strength with the addition of 

clay. They claimed that interfacial debonding is the mechanism leading to the reduction 

in tensile strength. Adding organoclays improved the flexural modulus [98, 100-102] and 

storage modulus [92, 102]
 
of UPR. It is worth noting that reactive-modified clays 

improve mechanical properties more significantly than the non-reactive-modified group. 

Barrier properties of UPR/clay nanocomposites have also been examined [92,99]. The 

addition of an organoclay reduced the gas and liquid permeability of polyester due to the 

development of a tortuous path for small molecule diffusants. In fact, we often check the 

quality of the clay dispersion in nanocomposites by measuring their barrier properties.  

Nazure et al. [88] evaluated the effect of different commercial organoclays on the 

flammability of UPR by cone calorimetry. The addition of clay caused a significant 

reduction of peak heat release rate, total heat release, and fire growth rate index. The 
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flame retardant properties of nanocomposites were found to depend on the chemistry of 

the organic modifier of the clay. The authors [88] found that nanoclay is less effective 

than conventional flame retardant; however, the combination of the two is the best 

alternative.  

Tribological properties of the thermoset are strongly affected by clay. In the presence 

of nanoclay, a slight increase in hardness, a moderate decrease in the coefficient of 

friction, and a significant increase in wear resistance (by 85%) of UPR were observed 

[100]. 

Filler particles cause a decrease in shrinkage by restricting the polymer chain mobility 

during the curing reaction. Therefore, nanoclay can effectively control shrinkage 

independent of temperature even as a filler. Moreover, the expansion of the interlayer 

spaces of the silicate layers, resulting from the diffusion of polymer molecules into the 

galleries, can also reduce shrinkage [101]. However, contrary results have been also 

reported [102], indicating that nanoclay does not significantly reduce shrinkage.  

2.3.6.Ternary systems 

Incorporation of rubber additives to thermosets is a common technique to improve 

toughness. However, the addition of rubber typically results in a reduction in thermal 

stability and some mechanical properties, such as Young’s modulus and compressive 

strength. On the other hand, the application of thermoplastic additives and nano-

reinforcements, such as nanoclay, to improve toughness is not as effective as rubbers. 

Recently, it has been found that combinations of nanoclay and other additives have a 

synergistic effect to improve some properties, such as flame resistance, shrinkage control, 

and even toughness. Therefore, these ternary systems have attracted a lot of interest.  

2.3.6.1.Ternary systems of rubber/clay/thermosets 

As mentioned, rubber toughening occurs at the expense of thermal stability, stiffness, 

and the compressive strength. Recently, the approach of adding nano-reinforcement to 

rubber/thermoset systems for the purpose of improving the modulus has been proposed. 

Many studies have focused on ternary systems of rubber-modified epoxies with layered 

silicates, where different rubbers such as carboxyl-terminated butadiene-acrylonitrile 

copolymers (CTBN) [103], polyether rubbers [104], polyether polyols [105], acrylic 
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rubber [46] were examined. The stiffness of systems was determined by a balance of the 

ratio between soft and hard additives. The addition of organoclay to a rubber/epoxy 

system could offset the loss in modulus and strength. In acrylic rubber/clay/epoxy [46], a 

morphology study revealed the alignment of clay silicate layers along the interface of the 

rubber and epoxy. This adsorption of silicate layers to the rubber particles promoted 

rubber cavitation, resulting in an improvement in toughness. The other possible 

mechanism is multiple cracks controlling fracture in these ternary systems [72].  

 A few studies have been done on rubber/clay/UPR ternary systems. Ishak et al. [106] 

indicated that the mechanical properties of UP/rubber such as UP/liquid natural rubber 

can be improved by applying nano-reinforcements. The tensile strength, stiffness, and 

impact energy were slightly increased by incorporation of clay into the LNR/UP system. 

Another approach is to modify polyester molecules by forming a segmental copolymer 

with a rubber (e.g., polyurethane) attached to the end group of UP [107]. In this ternary 

system (rubber/UP/clay), a synergistic effect of clay and rubbery segment resulted in an 

improvement in toughness and flexural strength of the cured UPR; however, modulus 

was still reduced. Therefore, more investigation into rubber/clay/UPR systems is 

warranted. 

2.3.6.2.Ternary systems of thermoplastic/clay/thermosets  

Although, the combination of thermoplastic and clay has the potential to improve 

toughness, modulus, and gas barrier properties of thermosets [108], few studies have 

been done on thermoplastic/clay/thermoset ternary systems. In the case of epoxy resins, 

some thermoplastics such as poly ether polyols [109] and hydroxyl terminated poly ether 

ether ketone [108] have been used to prepare these ternary systems. The addition of 

nanoclay led to an increase in the tensile modulus and flexural modulus in the systems. 

The value of the fracture toughness in the thermoplastic/clay/epoxy system was greater 

than pure epoxy; this improvement was caused by crack path deflection and debonding 

mechanisms. However, an increase in clay loading resulted in a reduction in fracture 

toughness, suggesting that the thermoplastic plays the main role in improving toughness 

as compared to the nanoclay [108].  
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A few studies have been done into the morphology of these systems [72, 110]. For 

instance, Hernandez et al. [72] investigated thermoplastic-modified epoxy with clay, but 

the combined effect of clay and thermoplastic on the fracture toughness was not 

investigated. Only the effect of clay dispersion and distribution on the fracture toughness 

of the thermoplastic/epoxy was evaluated. They found that thermoplastic particles, 

poly(methyl methacrylate), and the silicate layers were dispersed throughout the 

continuous epoxy phase. A homogenous exfoliated structure resulted in less improvement 

in the fracture toughness compared to a heterogeneous intercalated/exfoliated structure. 

The presence of aggregates likely increased the crack propagation path in this ternary 

system, resulting in an improvement in toughness.  

In the case of UPRs, thermoplastic additives have been widely used as LPAs to control 

volume shrinkage instead of toughening agents. To the author’s knowledge, there is no 

study on the toughness of thermoplastic/clay/UPR ternary systems; most investigations 

have looked at the effect of thermoplastic/clay combination on volume shrinkage. Studies 

showed that a combination of a nanoclay and low profile additive (LPA) has a synergistic 

effect on the control of shrinkage [111,112]. Xu and Lee [111] claimed that almost all the 

silicate layers are distributed inside the LPA-rich phase, leading to faster reaction and 

earlier gelation of the LPA-rich phase, which is favorable for earlier stress cracking. A 

liquid LPA phase can release the stress arising from polymerization shrinkage of the 

system. Therefore, stress-induced cracks are not formed in the LPA-rich phase or in the 

LPA/UP interface until gelation happens in the LPA-rich phase. This local cracking leads 

to volume expansion, which can compensate for polymerization shrinkage. This 

explanation would be convincing if clay could increase the curing reaction rate. However, 

contrary observations have been reported indicating a reduction of the curing rate due to 

the addition of clay [99,113]. In addition, the presence of nanoclay compensates for the 

loss of some properties, caused by LPA, such as storage and flexural modulus. 

Volume shrinkage in unsaturated polyester resins is approximately 7-10% [107], 

whereas for epoxy resins, it is 4-6% [114]. Thus, volume shrinkage in UPRs is a big 

issue, and low profile additives are usually used in commercial resins to overcome this 

serious problem.  
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2.4. Author’s approach 

Unsaturated polyester is an extremely brittle thermoset due to its high crosslink 

density. In these thermosets, when tensile stress is applied, crosslink sites constrain 

localized plastic deformation (elongation) of the material and consequently the formation 

of fibrils. Therefore, crazing as a dissipating energy process does not happen in these 

highly crosslinked thermosets and a localized yielding process strongly controls fracture 

toughness. Localized yielding of these networks is affected by secondary transition 

representing local mobility of the polymer chain segments. The secondary transition 

temperature and the intensity of these transitions are influenced by the chemical structure 

of the thermoset. In the case of unsaturated polyesters,   transition temperature is greater 

than room temperature resulting in low activity of these transition which likely leads to 

low fracture toughness; however, more investigation is required.  

In general, the incorporation of a second phase to promote energy dissipating 

processes in the whole system is a successful technique to improve fracture toughness of 

thermosets. Between polymer toughening agents, rubbers are the most effective additive 

to improve fracture toughness, but they cause a reduction in thermal stability, elastic 

modulus, and compressive strength.  Another group of polymer toughening agents are 

thermoplastics which are widely applied as low profile additives to control high volume 

shrinkage of unsaturated polyesters. The thermoplastic phase can not significantly 

improve fracture toughness, but it does not sacrifice other properties.  Recently, it has 

been found that combinations of an inorganic nano-reinforcement (such as nanoclay) and 

polymer additives can have a synergistic effect to improve different properties and to 

compensate for the drawbacks of each additive. Since thermoplastics do not have any 

significant destructive effect on other properties of unsaturated polyesters and are widely 

used in commercial resins as low profile additives, if these additives can also play the 

role of toughening agent, two main drawbacks of these thermosets will be solved with the 

incorporation of one additive. Therefore, in this work, the effect of thermoplastic 

additives, on the toughening of UP in the presence of clay was investigated.  

The morphology of multiphase systems controls different properties including fracture 

toughness. A thermoplastic/nanoclay/thermoset ternary system is a complex material 
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where the morphological study of each simpler binary system (clay/thermoset and 

thermoplastic/thermoset) is helpful to interpret behaviors of the complex ternary system. 

Two controlling microstructure characteristics of these systems are the size and 

distribution of the dispersed phase (additive). The effect of these microstructure 

characteristics on fracture toughness strongly depends on the mechanism controlling this 

property which is determined by the type of additive and its characteristics. Therefore, in 

each system the effect of microstructure must be evaluated. In addition, the presence of 

other additives may affect the characteristics of the matrix which significantly influence 

fracture toughness. Therefore, the effect of each additive on the thermoset characteristics 

must be explored. In this project, firstly we will evaluate the effect of each additive on the 

characteristics of the matrix, microstructure, and different properties of the system and 

then synthesize a novel hybrid ternary system to improve fracture toughness of 

unsaturated polyesters without sacrificing other properties such as glass transition 

temperature and elastic modulus. 
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Chapter 3 

Layered silicate nanocomposites based on unsaturated polyesters 

3.1. Introduction 

Incorporation of rubber additives into thermosets is a common technique to improve 

toughness. However, the addition of rubber typically results in a reduction in thermal 

stability, Young’s modulus, and compressive strength. On the other hand, thermoplastic 

additives and nano-reinforcements, such as nanoclay, are not as effective as rubbers at 

improving fracture toughness. Recently, it has been found that combinations of nanoclay 

and different additives can have a synergistic effect to improve fracture toughness. 

Therefore, these ternary systems have attracted a lot of interest.  

The main objective of this project is to improve the fracture toughness of unsaturated 

polyester resins (UPRs) without compromising other properties. Since thermoplastics as 

low profile additives are typically added to commercial UPRs to control shrinkage, in this 

work, we followed the approach of applying both thermoplastic and nanoclay to improve 

fracture toughness. Firstly, the effect of nanoclay on curing characteristics and different 

properties, especially fracture toughness, must be understood, which is helpful for 

interpreting the behavior of complex ternary systems. In addition, mechanisms 

controlling fracture toughness in clay nanocomposites based on unsaturated polyesters 

must be explored. 

3.2. Literature review 

Unsaturated polyester resins have various applications in industry due to certain 

outstanding advantages. However, their poor chemical and flame resistance, as well as 

their brittleness call for the use of reinforcements in a wide range of their applications 

[115]. Since nano-reinforced matrix materials can result in improved composite products, 

the preparation of UPR-based nanocomposites has attracted a lot of interest. One of the 

most common nano-reinforcements is montmorillonite (MMT) with a layered structure. 

MMT is widely used due to the high aspect ratio of its crystal layers (10-2000) [116]. 
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In general, polymer nanocomposites can be prepared via three methods: melt 

compounding, solvent casting, and in situ polymerization [117]. Thermoset 

nanocomposites, such as those based on phenol, epoxy, and unsaturated polyester resins, 

are synthesized by the in situ polymerization method. Based upon the degree of 

delamination of the silicate layers, intercalated and/or exfoliated microstructures can be 

achieved. 

The fundamental principle for nanocomposite preparation is that the precursors 

(monomers and polymers) must be able to swell the silicate layers. Significant swelling 

and intercalation of organoclays can be achieved due to the low viscosity and polarity of 

thermoset resins [118]. For this to occur, chemical treatment of the nanoclay, a suitable 

mixing procedure, and appropriate swelling temperature are required. The clay modifier 

should be chosen by considering the chemical composition of the matrix. In the case of 

resins with high viscosity, mixing may be done at moderate or elevated temperatures 

(depending on the matrix) to reduce the viscosity of the mixture. A fine dispersion calls 

for a sufficient mixing time and/or a high shear rate [119]. 

In systems composed of two or more components with different molecular sizes, like 

unsaturated polyester resins, the order of mixing can be an important factor in clay 

dispersion and delamination. Generally, three mixing procedures can be used: (I) the 

nanoclay is directly mixed with the resin (simultaneous mixing), (II) a suspension of the 

clay in the reactive diluent (e.g., styrene) is prepared and then mixed with the thermoset 

resin or thermoset prepolymer (without reactive diluent), or (III) a mixture of the clay and 

the thermoset prepolymer is prepared and then mixed with the reactive diluent. Each 

mixing method has been examined in different studies. The first two mixing methods led 

to a higher concentration of styrene inside the clay galleries compared to extragallery 

regions because the diffusion of the small styrene monomers into the galleries is faster 

than that of the long-chain polyester molecules. This phenomenon leads to a decrease in 

the total crosslink density of the samples due to a lack of available curing agent for full 

conversion of the unsaturated bonds of UPR [120-122]. The third method, called the 

sequential method, led to an improvement in clay dispersion and distribution as well as in 
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the total crosslink density and glass transition temperature (Tg) of the nanocomposites 

[122,123]; however,  fracture toughness was not reported. 

Although the sequential mixing method can improve the degree of delamination and 

dispersion of clay, the high viscosity of the prepolymer causes many difficulties. In this 

case, the addition of a suitable solvent during the mixing procedure can be useful to 

reduce viscosity. For instance, Liu et al. [124,125]
 
used a solvent to achieve a fine 

dispersion of clay in epoxy. First, they prepared a suspension of clay in acetone by using 

a high-pressure mixing machine (HPMM). The resulting paste was mixed with epoxy, 

first at room temperature and then at an elevated temperature (110-120°C). They found 

that the HPMM produced a stable high-viscosity suspension of delaminated clay, thereby 

promoting the diffusion of epoxy molecules into the silicate layers in the next step. 

Ultimately, a high degree of dispersion and delamination of clay in the matrix was 

achieved. They reported that the addition of clay caused an improvement in the fracture 

toughness of the epoxy. 

According to the literature, more investigation into the effect of clay dispersion and 

distribution on fracture toughness of unsaturated polyester resins is required. In this work, 

we use different mixing methods for the preparation of clay/UPR nanocomposites with 

different nanostructures. Eventually, we evaluate the effect of clay on the fracture 

toughness of the system. 

3.3. Experimental 

3.3.1. Materials 

The unsaturated polyester resin used was a general purpose orthophthalic resin (H596-

CWA-12, Ashland Chemical), synthesized from maleic anhydride, phthalic anhydride, 

and propylene glycol. It contains styrene (45wt%) and the promoter cobalt octoate 

(0.1wt%). Styrene (Sigma Aldrich) used as the curing agent was distilled prior to use, 

using an IKA rotary evaporator under vacuum at 30°C to remove the inhibitors. The 

room temperature initiator employed for curing was methyl ethyl ketone peroxide 

(NOROX, MEKP-925H from NORAC Inc.). Cloisite 20A and 30B (Southern Clay 

Products Inc.) were used as the nanoclay. 
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3.3.2. Preparation procedures 

Several mixing methods were examined to prepare the mixture of UPR and organoclay 

where just two important methods are presented here: (I) direct mixing method (DM) 

which is the most feasible method and (II) solvent-aided mixing method (SHM), which is 

a modified technique of the high-pressure mixing method (HPMM) used by Liu et al. 

[124]. The preparation of nanocomposites by these methods was conducted according to 

the following procedures: 

 

 

Fig. 3.1. Preparation procedures. DM: direct method; SHM: solvent-aided high-pressure method. 

*Weight percentage of styrene in the resin. 

 

Other preparation procedures are presented in appendix A1, but only the results related 

to samples prepared by DM and SHM, as a reference method and the most successful 

method respectively, are presented in this chapter. 

3.3.3. Characterization methods 

Calorimetry was performed with a differential scanning calorimeter TA Q10 on 10 mg 

of uncured sample in a hermetic aluminum pan. The isothermal reaction rate profile was 

measured at 25°C, followed by a scan from 25°C to 300°C at a heating rate of 5°C/min to 

determine the total reaction heat. 

Fourier transform infrared (FTIR) spectroscopy was used to monitor the conversion of 

the C=C bonds of unsaturated polyester and styrene. A FTIR spectroscope (Thermo 
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Nicolet, Nexus 670 FT-IR) with a resolution of 4 cm
-1

 in transmission mode was used. 

The liquid sample was sandwiched between two NaCl crystal windows. 

Couette rheometry was conducted to measure the viscosity of different samples by 

using an Anton-Paar Physica MCR-500 stress controlled rheometer. X-ray diffraction 

analyses were performed using an X-ray diffractometer (Philips model X’PER) at the low 

angle range of 2θ with a scanning speed of 1°/min. The X-ray source was Cu-Ka 

radiation (λ = 1.540598 A°), using a 50 kV voltage generator and a 40 mA current. 

Bar-shape specimens with rectangular cross section based on ASTM D790-07 were 

used to determine flexural properties on a MTS 312.21 (5 kN) testing machine at a 

constant crosshead speed of 1 mm/min. Fracture toughness tests were carried out 

according to ASTM D5045-99 using an MTS 312.21 (5 kN) on sharply notched three-

point bend specimens. The samples with a single edge notch were cast from a rubber 

mold and the sharp crack was made by tapping a fresh razor blade frozen in liquid 

nitrogen into the notch. Dynamic mechanical measurements were made between 20°C 

and 180°C at 1 Hz, using a TA Instruments DMA 983 dynamic mechanical analyzer.  

3.4. Results and discussion 

3.4.1. Chemical reactions during curing 

The curing of UPR proceeds via free radical polymerization between unsaturated 

polyester molecules and a vinyl monomer such as styrene. The important characteristic of 

the cured polyester is its crosslink density, which is dependent on the degree of cure and 

final conversion of the reactants. The addition of clay silicate layers intensifies the 

complexity of the curing process of UPRs, since the raw reactants diffuse into the clay 

galleries with different diffusion rates depending on their molecular sizes. It results in a 

change of the ratio of unsaturated polyester to styrene in extragallery regions, potentially 

changing crosslink density. 

Conflicting observations regarding the curing reaction of nanoclay-reinforced UPRs 

have been reported. Some researchers reported that clay caused a reduction in the total 

curing rate and degree of conversion [126,127], as well as crosslink density [127]. In 

contrast, an increase in the curing rate with no significant change in the final degree of 
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cure due to the addition of clay has been also reported [128]. Consequently, more 

investigation into this issue is required. For this purpose, nanocomposites with varing 

clay loading (1, 3, and 5 phr) were prepared by the direct mixing method (DM).  
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Fig. 3.2. Effect of clay loading on the total curing reaction rate. (Final degree of cure shown in 

parentheses). 

Figure 3.2 shows the total reaction rate during the curing process. The addition of clay 

caused an increase in the induction time and a reduction in the reaction rate. This 

reduction is likely due to the restricting effect of clay on the mobility of the initiator and 

reactant molecules, as well as its neutralizing effect on the peroxide initiator [126]. Also, 

a reduction in the final degree of cure was observed (the values presented in parentheses 

and the figure is presented in appendix A2), which calls for more investigation. 

Therefore, we used FTIR spectroscopy to follow the conversion of each reactant during 

the curing process. 

In order to do this, specific FTIR peaks related to each component (UP and styrene) 

were identified by following the work of Zhou and Yang [126]. Each chemical group in a 

molecule absorbs infrared radiation of some characteristic frequencies, where the 

absorbance can be measured by Beer’s law: 

           (3.1) 
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where Ai is the absorbance of the species determined from the peak height or peak area, 

 i is the absorptivity (absorbing characteristic) of species i, l is the sample thickness, and 

Ci is the concentration of the species. Consumption of the C=C bonds of styrene can be 

followed by the change in the area of peaks at 912 or 992 cm
-1

 (CH2=CH deformation), 

while a peak at 982 cm
-1

 is related to the C=C bonds of UP (trans CH=CH deformation) 

which are shown in Figure 3.3. Since the peak at 982 cm
-1

 overlaps with the peak at 992 

cm
-1

, they used a subtraction method. The absorbance of C=C bonds of styrene at 992 

cm
-1

 can be calculated based on Beer’s law: 

 A992 = ( 992/ 912) A912 = KA912 (3.2) 

From solutions with different styrene concentrations, they found a value of 0.48 for K. 

A982 can be calculated by subtracting A992 from the area of the overlapped peaks. 

 

Fig. 3.3. FTIR spectrum of unsaturated polyester resin.  

Firstly, we followed the conversion of each component for a pure UPR (Figure 3.4). 

FTIR data showed that the rate of styrene conversion is significantly lower than that of 

UP in the first period of curing, meaning that St/UP copolymerization is occurring. In the 

last stage of curing, when the final conversion of UP is almost done, styrene conversion 

912 cm-1 982 cm-1 

992 cm-1 
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continues, indicating styrene homopolymerization at the end of curing. Therefore, the 

shoulder in DSC diagrams (Figure 3.2) is related to the homopolymerization of styrene.  

We note that the addition of clay broadened the styrene homopolymerization shoulder 

in the DSC diagram. This indicates the trapping of styrene monomers inside the galleries, 

which then can be only reacted at higher temperatures in the last period of curing. 
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Fig. 3.4. FTIR data: relative conversion of styrene vs. UP. 
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Fig. 3.5. FTIR data: styrene conversion vs. time for samples with different clay contents. 
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Figure 3.5 illustrates the effect of clay loading on styrene conversion. The addition of 

clay caused a reduction in styrene conversion due to the trapping of styrene monomers 

inside the galleries. Clearly, diffusion of styrene monomers into intragallery regions leads 

to a reduction in their concentration in extragallery regions. This results in a reduction in 

the degree of cure and likely crosslink density due to a lack of curing agent.  

3.4.2. Nanostructure 

We evaluated dispersion and distribution of clay silicate layers in both states of the 

material, liquid and solid. Viscosity of clay/UPR mixtures is a suitable criterion to 

evaluate the efficiency of each mixing method for dispersing clay. Figure 3.6 shows 

viscosity of the two mixtures prepared by DM and SHM.  

 

Fig. 3.6. Viscosity vs. shear rate of clay/UPR liquid mixture prepared via different mixing methods. 

DM: direct mixing method; SHM: solvent-aided high pressure mixing method. 

Clearly, the addition of clay caused an increase in viscosity regardless of the mixing 

method. Moreover, the mixture prepared by SHM method has higher viscosity, indicating 

better dispersion and delamination of clay silicate layers. Therefore, different mixing 

techniques led to the different degree of clay dispersion and distribution in the liquid 

state. 
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In the cured samples, we used XRD to measure the d-spacing between the clay layers 

and to find out the degree of clay dispersion and distribution. Bragg’s law defines a 

relation between the angle of incidence and d-spacing, given in Equation 3.3 [129]: 

 nλ = 2d sinθ (3.3) 

where n is an integer that is considered to be 1, λ is the wavelength, θ is the angle of 

incidence, and d is the interplanar space between the clay layers. 
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Fig. 3.7. XRD patterns of nanocomposites as compared to that of the original Cloisite 20A. 

All nanocomposites contain 2 phr clay. 

Figure 3.7 presents X-ray diffraction patterns for two nanocomposite samples prepared 

by direct mixing and high-pressure mixing methods. None of the nanocomposites exhibit 

the d001 diffraction peak at 25.5°A, characteristic of the original Cloisite 20A clay, 

indicating good delamination and distribution of the silicate layers in the nanocomposites. 

In the case of the simple nanocomposite prepared by direct mechanical mixing method, 

the d-spacing is 37.9°A. For the sample prepared by SHM, a very low intensity peak is 

observed at a d-spacing of 39.1°A. DM method led to a fine intercalated/exfoliated 

structure, while SHM method was more effective for dispersion and distribution of clay 

silicate layers, leading to a higher degree of exfoliation according to the XRD patterns. 
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3.4.3. Glass transition temperature 

DSC heat of reaction data indicated a slight reduction in the total degree of cure 

following the addition of clay. This indicates that the presence of clay silicate layers in 

the system may cause a reduction in the crosslink density of the matrix. Since crosslink 

density plays an important role in the fracture toughness of the matrix and consequently 

in the mechanism controlling fracture toughness to the reinforced system, the effect of 

clay on this characteristic of the matrix must be evaluated. A property reflecting crosslink 

density is glass transition temperature (Tg). Therefore, the Tg values of different samples 

with different clay loading and prepared by different methods were measured by DMA 

where the maximum in the loss modulus as a function of temperature was considered as 

Tg (appendix A3). 

In general, clay can have two opposing effects on the Tg. On one hand, clay can 

increase the Tg of the thermosetting matrix by restricting the mobility of the polymer 

molecules. On the other hand, it can reduce the Tg by decreasing crosslink density of the 

matrix by trapping curing agent monomers.  
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Fig. 3.8. Glass transition temperature as a function of clay content (phr) and mixing method. 

DM: direct mixing method; SHM: solvent-aided high pressure mixing method. 

 



71 
 

Figure 3.8 shows the addition of clay up to 2 phr slightly increased the glass transition 

temperature, likely due to the restricting effect of well-dispersed silicate layers. In 

addition, the Tg of all samples containing the same clay content is similar regardless of 

the mixing method, although the samples had different degrees of clay dispersion and 

distribution. This suggests that the level of difference in clay dispersion does not change 

the balance between the two opposing effects of clay.  

In contrast, higher clay loading (4 phr) caused a slight reduction in the Tg, likely due to 

clay agglomeration. Agglomeration causes a reduction in crosslink density due to the 

increase in the concentration of trapped styrene inside the galleries, consequently 

resulting in a reduction in the Tg.  In addition, the agglomeration of the silicate layers 

reduces interfacial surface areas, decreasing the restricting effect of clay. This reduction 

in the Tg is not large, indicating that this range of clay loading does not significantly 

change crosslink density. 

3.4.4. Flexural properties 

Figure 3.9 and 3.10 show flexural strength and flexural modulus of these 

nanocomposites prepared by two different methods. In the presence of a second phase, 

adhesive strength of the interface between the two phases plays important role in flexural 

strength. Figure 3.9 shows a reduction in the flexural strength by the addition of clay due 

to the imperfect adhesion at the interface between clay and unsaturated polyester. 

Different preparation techniques slightly affected flexural strength where an improved 

degree of dispersion and distribution, obtained by SHM, resulted in a slight increase in 

flexural strength via increasing the interfacial area between clay silicate layers and the 

thermosetting matrix. The addition of clay caused an increase in flexural modulus due to 

its high modulus compared to that of organic thermosetting matrix (Figure 3.10).  
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Fig. 3.9. Flexural strength as a function of clay content (phr) and mixing method. 

DM: direct mixing method; SHM: solvent-aided high pressure mixing method. 
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Fig. 3.10. Flexural modulus as a function of clay content (phr) and mixing method. 

DM: direct mixing method; SHM: solvent-aided high pressure mixing method. 

2 phr clay content led to achieve a maximum value of modulus, since greater quantities of 

clay resulted in agglomeration and a lower quality of distribution. Therefore, a higher 

degree of exfoliation resulted in a more improvement in stiffness. 
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3.4.5. Fracture toughness and mechanisms 

Figure 3.11 shows the effect of clay on the fracture toughness of unsaturated polyester. 

The addition of clay caused a slight increase in KIc, up to 2 phr clay, and further loading 

(4 phr) caused a reduction in fracture toughness. For constant clay content, the mixing 

method did not significantly influence fracture toughness, although it did change the 

degree of clay dispersion and distribution. It means an improved degree in exfoliation did 

not increase fracture toughness. For more investigation, the main preparation procedure 

(SHM) was followed by sonication. In the sonication technique, ultrasonic waves 

improve the dispersion and distribution of the silicate layers by inducing bubbles in the 

liquid mixture. Indeed, if these bubbles are formed in the interlayer spaces in the 

galleries, the layers can be separated [120]. However, no significant improvement in 

fracture toughness was observed by the application of sonication (appendix A4).  
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Fig. 3.11. Fracture toughness KIc as a function of clay content (phr) and mixing method. 

DM: direct mixing method; SHM: solvent-aided high pressure mixing method. 

It is worth noting that Cloisite 30B, which is another commercial and common nano-

reinforcement for unsaturated polyesters, was also examined. A comparison between two 

clays, cloisite 20A and 30B, indicated that cloisite 20A was slightly more efficient for 

improving fracture toughness of unsaturated polyester likely due to its larger d spacing 
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and its higher interaction with the thermosetting network (the results presented in 

appendix A5). Therefore, cloisite 20A was used for the preparation of all nanocomposite 

samples in this project. 

Figures 3.12 shows SEM images of the fracture surface of neat polyester and a 

nanocomposite sample containing 2 phr clay prepared by DM, respectively. The presence 

of clay led to roughness on the fracture surface by causing a tortuous path for crack 

propagation and/or crack deflection. 

 
(a) 

 
(b) 

 

Fig. 3.12. SEM images of the fracture surface of a) neat polyester, b) nanocomposite containing 2phr 

clay (Cloisite 20A) prepared by DM.

 

The nanostructure of nanocomposites plays a key role in fracture toughness. A fully 

exfoliated arrangement of silicate layers cannot significantly improve fracture toughness 

because the size of the platelets is too small to cause crack deflection during propagation 

[82]. These dispersed single layers can make a tortuous path for crack propagation, 

occurring locally around the clay platelets, which may result in an improvement in 

fracture toughness by slightly increasing the fracture surface area.  In contrast, a micron-

sized structure of intercalated tactoids of clay can intercept the crack front during 

propagation, leading to the occurrence of crack deflection, which can further increase the 

fracture surface areas [130-131]. Consequently, intercalated clay tactoids cause a greater 

improvement in fracture toughness compared to exfoliated layers. 
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The increase in fracture surface area caused by crack deflection is not the controlling 

mechanism for fracture toughness. Faber et al. [132] proposed a model to predict fracture 

toughness increments due to crack deflection around second phase particles. They 

calculated the fracture toughness improvement due to the crack deflection mechanism 

(based on stress intensity factors at the crack tip) and also the increment in fracture 

toughness caused by the increase in the fracture surface area. They found a significant 

difference in the two calculations and demonstrated that the surface area contribution can 

be considered a lower bound estimate of the toughening increment. This means that, 

during crack deflection, other energy dissipation processes are engaged to improve 

fracture toughness. During crack deflection, debonding between the particle and matrix 

occurs. Since the debonding phenomenon can cause a reduction in the degree of triaxial 

stress in the crack tip, similar to cavitation of rubber particles or void formation in the 

matrix, the conditions become more favorable for localized shear yielding of the matrix. 

Therefore, the other mechanism affecting fracture toughness during crack deflection is 

likely localized yielding of the matrix in the vicinity of the crack tip during propagation. 

Kinloch et al. [133] experimentally observed that the presence of intercalated clay 

tactoids caused crack deflection in the epoxy matrix, but the major contributing 

mechanism to toughening was localized plastic deformation of the matrix around the 

tactoids. 

In highly crosslinked thermosets, secondary relaxations, such as   relaxation, related 

to localized motion of small segments of the molecules, strongly affects yielding in the 

glassy state [27]. Both unsaturated polyester and epoxy have   relaxation linked to local 

motions of ester groups and the CH2-CH(OH)-CH2 segments respectively. The   

transition temperature is important for activation of relaxation. The   transition 

temperature of epoxy is much lower than ambient temperature, but it is much higher for 

unsaturated polyester. Therefore,   relaxation in epoxy is active at the testing 

temperature, which is typically room temperature, promoting a higher degree of plastic 

deformation. The high   transition temperature of unsaturated polyester renders it 

inactive at ambient temperature severely limiting severely the degree of localized plastic 

deformation in the vicinity of the crack tip. Glass transition and   transition temperature 

of epoxy and unsaturated polyester are presented in Table .3.1 [27]. 
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Table 3.1. Tg,    transition temperature, T , and activation energy, H  

Thermoset Crosslinking 

agent 

T  (K) Tg (K) Activation energy 

(KJ.mol
-1

) 

Epoxy Amine 190-240 450 40-100 

Unsaturated polyester Styrene 350 400 100-180 

Based on tanδ at 1 Hz frequency 

The XRD data (Figure 3.7) indicated an intercalated/exfoliated structure for polyester 

samples prepared by different methods. Fracture toughness results suggest that the higher 

degree of exfoliation in the nanocomposite prepared by SHM method did not further 

improve fracture toughness due to the small increase in the fracture surface area caused 

by the exfoliated layers. Although in nanocomposite samples prepared by DM, the 

number of intercalated layers, which are favorable for crack deflection, is greater,. the 

value of fracture toughness is almost the same as that of samples prepared by SHM. The 

crack deflection mechanism can contribute a significant improvement in fracture 

toughness when energy dissipation processes such as localized yielding of the matrix 

occur. In the case of unsaturated polyester, intensity of the localized yielding around the 

crack tip is low due to its high   transition temperature.  In conclusion, for toughening of 

unsaturated polyesters, all techniques involving localized yielding of the matrix, such as 

layered silicate toughening, are not as effective as in the case of epoxy, which has a low   

transition temperature.  

Higher clay loading (4 phr) resulted in a reduction in fracture toughness and Tg, likely 

due to the formation of aggregates of clay layers. Since in clay aggregates, adjacent 

tactoids are loosely bonded to each other by weak van der Waals forces [28], these 

aggregates are not stiff enough to force the crack to tilt out of the plane normal to the 

applied stress. Consequently, during propagation, the crack penetrates through the 

aggregates instead of being deflected. As a result, the degree of crack deflection is 

reduced, resulting in a reduction in fracture surface area, leading to the lower value of 

fracture toughness. In addition, the lower interfacial area between the layers and matrix 

also resulted in a reduction in dissipating energy due to clay/matrix debonding. 
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3.5. Conclusions 

Different mixing methods were used for the preparation of clay nanocomposites based 

on UPRs. The solvent-aided high-pressure mixing method was a successful procedure to 

achieve a high degree of clay dispersion and delamination throughout the matrix. In 

general, the addition of clay causes a reduction in the total curing rate and an increase in 

the induction time. The silicate layers can trap styrene monomers, leading to a reduction 

in the concentration of styrene in extragallery regions and an increase in residual styrene 

after curing at room temperature. It can reduce the degree of cure and consequently 

crosslink density, especially in high clay loading. However, at lower clay loading, this 

reduction in the degree of cure and crosslink density is slight.  

A fine intercalation/exfoliation of the silicate layers slightly improved fracture 

toughness, whereas an improved degree of exfoliation did not contribute significantly 

more improvement to fracture toughness. Intercalated silicate layers can cause crack 

deflection in thermosetting polymers which has the potential to contribute to fracture 

toughness. In this mechanism, other energy dissipating processes such as localized plastic 

deformation of the matrix in the vicinity of the growing crack tip contribute more 

improvement to fracture toughness compared to the contribution obtained by the increase 

in fracture surface area. The intensity of localized plastic deformation of unsaturated 

polyester during crack propagation is low since the   relaxation process of UP is inactive 

at room temperature. Consequently a lower improvement in fracture toughness is caused 

by crack deflection than might otherwise be expected.  Therefore, for toughening of 

unsaturated polyesters, all techniques involving localized yielding of the matrix, such as 

layered silicate toughening, are not as effective as the case for toughening of epoxy 

which has a low   transition temperature meaning that its  -relaxation process is active at 

room temperature. 

3.6. Author’s approach 

We are following the approach of incorporating both nanoclay and thermoplastic to 

improve fracture toughness of unsaturated polyester. Firstly, the effect of each 

toughening agent on different properties of unsaturated polyesters must be explored. 
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In this chapter, the effect of silicate layers on curing of UPR and fracture toughness of 

cured samples was evaluated. Investigation into the nanostructure of clay/UP 

nanocomposite and its fracture toughness revealed that for toughening of unsaturated 

polyesters with high    transition temperature, all toughening techniques involving 

localized yielding of the matrix, such as layered silicate toughening, are not as effective 

as in the case of epoxy, which has a low   transition temperature. Therefore, nanoclay is 

not a suitable additive to improve fracture toughness of UPs. 

As the next step, we must evaluate the effect of thermoplastic additive on fracture 

toughness and then the effect of its combination with clay. Since the particulate 

morphology in binary systems results in a greater improvement in fracture toughness, we 

must use an incompatible thermoplastic which can lead to this morphology. Two 

common incompatible thermoplastics as low profile additives for UPRs are polystyrene 

and poly (methyl methacrylate).  

We propose to use styrene and MMA as curing agents in the presence of a thermal 

initiator to compensate for the negative effect of clay on residual styrene and crosslink 

density of the thermoset. In addition, in situ polymerization of curing agents monomers in 

the presence of clay is a good approach to pursue two aims simultaneously: (i) improving 

dispersion and distribution of clay silicate layers, (ii) preparing the thermoplastic 

component as the toughening agent. Thus, we choose a homopolymer of styrene, 

polystyrene (PS), and a copolymer of MMA and St, P(MMA/S) as thermoplastic 

additives in our work.  

In next chapter, the effect of these two thermoplastics on fracture toughness will be 

explored and we will choose the thermoplastic which results in more improvement in 

fracture toughness.  Eventually, the influence of just the thermoplastic and then a 

combination of thermoplastic and clay on fracture toughness will be evaluated and likely 

mechanisms controlling fracture toughness will be proposed.   
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Chapter 4 

In situ polymerization of polyester-based hybrid systems for the preparation 

of clay nanocomposites 

S. Chaeichian, PM Wood-Adams*, SV Hoa  

Center for Applied Research on Polymers and Composites (CREPEC), Department of 

Mechanical and Industrial Engineering, Concordia University, 1455 de Maisonneuve Boulevard 

West, EV004.251, Montreal, Quebec, Canada H3G 1M8 

Abstract 

Polystyrene and poly(methyl methacrylate/styrene) were prepared by in situ 

polymerization in the presence of Cloisite 20A, and were then used to synthesize 

unsaturated polyester-based thermoplastic/thermoset hybrids with improved properties. 

This approach allows for an increased degree of dispersion and delamination of the 

silicate layers as well as the presence of thermoplastic chains within the thermoset resin, 

which improve the physical properties of the system.  During curing, 

methylemethacrylate promotes the conversion of styrene inside the clay galleries and also 

in the thermoplastic-rich phase. X-ray diffraction and transmission electron microscopy 

(TEM) revealed a fine intercalated/exfoliated structure in the nanocomposites. Fracture 

tests showed that a combination of clay and thermoplastic resulted in a synergistic 

improvement of the fracture toughness of the nanocomposite while stiffness was 

maintained at the level of the unmodified polyester. The hybrid systems exhibited 

spherical domains of thermoplastic-rich phase dispersed in the thermoset matrix. The clay 

was present only in the thermoplastic-rich phase with a portion congregated at the 

interface between the thermoset and thermoplastic domains.  Interestingly, morphological 

studies showed that the clay layers surrounded microgels of thermoset contained within 

the thermoplastic domains. Such microgels of thermoset are thought to be fewer and 

smaller in the hybrid systems without clay, leading to smaller and more compliant 

dispersed phase domains at the same thermoplastic content and reduced fracture 

toughness. 

Key words: 

network forming polymers; multi-phase materials; fracture toughness 
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4.1.  Introduction 

Unsaturated polyester resin (UPR), containing unsaturated polyester molecules (Figure 

4.1) and styrene which acts as a diluent and cross-linking agent, is a thermosetting 

polymer.  These materials are cured via free radical polymerization between the 

unsaturated carbon-carbon bonds on the polyester chains and those on styrene, producing 

a cross-linked structure with styrene bridging the polyester chains. Due to the random 

nature of free radical polymerization, reactions other than the desired cross-linking also 

occur, including styrene homopolymerization producing linear chain segments and a 

polyester-polyester reaction producing broadly spaced cross-linkages.  The degree of 

conversion in such a system includes all of the reactions and is therefore not necessarily 

directly related to the crosslinking density while the final properties are of course 

strongly dependent on the network structure. 

 

 

 

Fig. 4.1. Structure of general purpose, unsaturated orthophthalic polyester. 

 

UPR is widely used in composite applications due to its low cost, versatility, excellent 

wetting, ease of curing, and a wide processing temperature range. However, its high 

volume shrinkage, as brittleness and poor chemical and flame resistance, require the use 

of reinforcements and additives in most applications [23]. Since nano-reinforced matrix 

materials can lead to improved composite products, the preparation of UPR-based 

nanocomposites is the focus of our work. Montmorillonite (MMT), a mica type silicate 

with a layered structure, has been commonly employed as a nano-reinforcement because 

of the high aspect ratio of its crystal layers [134]. The challenge in preparing useful UPR 

based nanocomposites is in achieving the fine degree of dispersion and delamination 

required for significant property improvement. 
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The preparation of clay nanocomposites based on thermosetting resins includes 

swelling and dispersing of organoclay in the matrix, followed by network formation 

during curing. In resin systems composed of two or more components with very different 

molecular sizes, such as UPR, the mixing order plays an important role in the 

homogeneity of the mixture and the final properties. Three mixing methods have 

previously been used: (I) direct mechanical mixing of clay with the resin which contains 

unsaturated polyester and styrene (St) [116,122,128,135] , (II) preparation of clay 

suspension in the styrene followed by mixing with the pure prepolymer (without diluents) 

[121,136] , and (III) preparation of a mixture of the clay and the thermoset prepolymer, 

either by mechanical mixing (sequential mixing) [128]. or in situ polymerization of the 

prepolymer in the presence of clay [137] followed by mixing with the reactive diluent.   

The first two mixing methods lead to a high concentration of styrene inside the clay 

galleries as a result of the high diffusion rate of styrene as compared to that of the long 

polyester molecules. This causes a reduced styrene concentration in the extragallery 

regions ultimately lowering by a few percent the degree of cure and total crosslinking 

density [92]. Due to the lack of polyester chains, homopolymerization of styrene is the 

main reaction that occurs inside the galleries.  Styrene homopolymerization under UPR 

room temperature curing conditions is slow, in part because clay can reduce the 

efficiency of peroxide initiators by neutralizing them and restricting their mobility [126].  

Therefore, during the curing process, the rate of intragallery reactions is much lower than 

that of extragallery reactions (primarily cross-linking between styrene and polyester). 

Free radical copolymerization between unsaturated polyester and styrene (St) causes 

significant volume shrinkage even at moderate conversion [128]. The shrinkage imposes 

compressive forces on the surface of the silicate layers before the intragallery reactions 

have had time to produce molecules of significant size. This restricts the clay spacing and 

the final degree of clay delamination [98].  

To avoid the accumulation of styrene monomers inside the galleries, Suh et al.[122], 

proposed the sequential mixing method (method III). They claimed that this mixing 

method led to homogenous dispersion of styrene monomers and polyester molecules 

throughout the system based on data showing higher crosslinking density. Katoch et al. 
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[137] prepared nanocomposites by in situ polymerization of unsaturated polyester 

followed by incorporation of styrene, resulting in a fine dispersion and distribution of 

clay silicate layers in the nanocomposites. In studies in which the third mixing method 

described above was employed, none of the poor properties of UPR such as brittleness, 

flame resistance, and shrinkage were evaluated for the nanocomopsites.  In a few studies 

employing methods I and II, properties including impact strength [122], fracture 

toughness [116,128] , and flame resistance [88] were partially improved by the addition 

of clay. However, contradictory observations related to the effect of clay on volume 

shrinkage were reported [102,135]. In summary, nanoclay has been shown to improve 

mechanical properties to a certain extent while shrinkage control and fracture toughness 

have not been significantly improved. In our work, we address the improvement of 

fracture toughness by combining well-dispersed clay with a hybrid 

thermoplastic/thermoset system. 

Low profile additives (LPAs), typically thermoplastic polymers, are often added to 

control shrinkage of thermosetting polymers [113,140-142]. In unsaturated polyester 

systems that are cured at low temperature, shrinkage is reduced by the formation of 

reaction-induced microvoids at the interface between the two phases. This occurs at a 

very late stage in the curing process because of the lower reaction rate in the 

thermoplastic-rich phase compared to the polyester-rich phase [142] leading to the 

formation of microvoids only after the thermoset-rich phase has already shrunk. In an 

attempt to improve the efficiency of LPAs at low temperatures, Cao et al. [142] used 

divinylbenzene (DVB) and trimethylopropane trimethacrylate as second comonomers and 

2,4-pentandione as a co-promoter. They found that the addition of a second comonomer 

and co-promoter can reduce shrinkage by increasing the reaction rate in the LPA-rich 

phase. Another approach to reducing shrinkage is adding nanoclay to unsaturated 

polyester systems with LPAs [111]. In such systems, the clay platelets residing in the 

LPA-rich phase increase the stiffness of this phase resulting in an earlier onset of 

microcracking.  

Rubbery polymers are often added to thermosetting matrices to improve fracture 

toughness at the cost of thermal stability and stiffness [60]. Alternatively, thermoplastic-

polymeric tougheners allow for better thermal stability with a smaller reduction in 
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stiffness. Therefore, the potential of these materials as tougheners has been investigated 

to some extent, but many aspects of their effects on morphology and properties of 

thermosetting polymers remain unclear [36,60,143].  

In the present work, our goal is to produce toughened polyester-based nanocomposites 

that exhibit equal or higher modulus and glass transition temperature as the unmodified 

polyester.  In situ copolymerization of methyl methacrylate (MMA) and styrene (St) in 

the presence of clay is used to improve the dispersion and delamination of the silicate 

layers and also to synthesize a thermoplastic additive, which can improve the fracture 

properties of the nanocomposite. MMA also acts during final curing to promote styrene 

conversion throughout the system allowing the stiffness of the network polymer to be 

maintained.  

4.2.Experimental 

4.2.1.Materials 

Cloisite 20A (Southern Clay Products Inc.) was used as the nanoclay. Methyl 

methacrylate (Sigma Aldrich) and styrene (Sigma Aldrich) were used as both 

copolymerization reactants and crosslinking agents for curing. The styrene and MMA 

were distilled prior to use using an IKA rotary evaporator under vacuum at 30°C to 

remove the inhibitors. The thermal initiator was benzoyl peroxide (Sigma Aldrich) and 

the room temperature initiator employed for curing the whole system was methyl ethyl 

ketone peroxide (NOROX, MEKP-925H from NORAC Inc.). The unsaturated polyester 

resin (H596-CWA-12, Ashland Chemical), is a general purpose orthophthalic resin 

synthesized from maleic anhydride, phthalic anhydride, and propylene glycol.  It contains 

styrene (45wt%) and the promoter cobalt octoate (0.1wt%).  

In this work we consider four different classes of materials: (1) simple polyesters 

which contain unsaturated polyester and one or two crosslinking agents along with a 

promotor and one or more initiators; (2) simple nancomposites which contain Cloisite 

20A in addition to the components of class 1; (3) hybrid polyesters which contain a 

thermoplastic additive (either polystyrene or poly(methyl methacrylate-co-stryene) in 

addition to the components of class 1; and (4) hybrid nanocomposites which contain 
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Cloisite 20A in addition to the components in class 3.  We use SP (simple polyester), SN 

(simple nanocomposite), HP (hybrid polyester), HN (hybrid nanocomposite) as the first 

two letters in the names of our samples.  The term simple is chosen to describe classes 1 

and 2 because these systems contain only one polymeric phase.  In comparison, the 

hybrid systems contain two polymeric phases that are likely connected to some degree 

with covalent bonds. In the name of each sample, the number refers to the molar ratio of 

curing agents, MMA/StCA, and the polymer abbreviation at the end of the name specifies 

the type of thermoplastic present, either the copolymer of MMA and styrene, P(MMA/S), 

or polystyrene (PS). For example, the sample called HN/0.2/P(MMA/S) is a hybrid 

nanocomposite formed with a curing agent mixture of molar ratio of 0.2 methyl 

methacrylate to styrene and containing the copolymer of MMA and styrene as a 

secondary polymeric phase. 

4.2.2.In situ polymerization of thermoplastic component 

The mixture of clay and comonomers (MMA and St) was prepared as follows. First, 

dried clay (6.3 phr based on the weight of comonomers) was mixed with the raw 

reactants at 1000 rpm for 1hour at room temperature, followed by high shear mixing at 

7500 rpm for 15 minutes, slow mixing at 500 rpm for 30 minutes, and then another 15 

minutes at 7500 rpm.   

The polymerization, either MMA/St copolymerization or St homopolymerization, was 

initiated by adding 0.2 mol% BPO, and carried out at approximately 65°C under reflux in 

a nitrogen atmosphere while mixing at 300 rpm. The conversions of the monomers were 

determined by 
1
H NMR and used to determine the overall composition of the reaction 

product mixture.  In the case of hybrid polyester preparation, the polymerization of MMA 

and/or St is completed as above but in the absence of clay. When the desired conversion 

was achieved (after about 6 hours) the reaction was slowed by dropping the temperature 

to ~ −20C.  After about 24 hours of low temperature storage, the reaction mixture was 

heated to room temperature prior to its incorporation into the unsaturated polyester resin. 

We note that at the low conversions used here, the concentration of free radical initiator 

does not change significantly.  Therefore BPO, at approximately the initial content, will 

be present in the hybrid systems where it acts as a secondary initiator.  Also, because we 
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have not stopped the reaction chemically it is likely that we have some living 

thermoplastic chains that continue to react during the final curing of the hybrid system. 

4.2.3.Hybrid polyester and nanocomposite preparation 

For curing, the final ratio of curing agent to unsaturated polyester must be kept 

constant (equivalent to 45wt% styrene) for all samples.  Therefore, a portion of the 

styrene was removed from the original unsaturated polyester resin by distillation using an 

IKA rotary evaporator under vacuum conditions at 50 °C, producing a resin containing 

20wt% styrene. The resulting concentrated resin was mechanically mixed with the 

reaction products from in situ polymerization and additional comonomer (styrene and/or 

MMA) as required to give the desired ratio of the two curing agents with overall moles of 

curing agents equivalent to 45wt% styrene at 1000 rpm for 3hours. Methyl ethyl ketone 

peroxide (MEKP) (1wt % based on the weight of the unsaturated polyester and the curing 

agents) was added and the mixture was mixed for further 2 minutes under vacuum to 

remove air bubbles. The mixture was poured into molds, cured at room temperature for 

12 h and post-cured at 110°C for 4hour.  In order to represent the relative amount of 

MMA and St available to take part in the curing reaction, we use the molar ratio, 

MMA/StCA. A ratio of 0 indicates that only styrene is present for curing. 

4.2.4.Simple nanocomposite preparation 

For comparison purposes, simple nanocomposites were prepared by the direct mixing 

process. The clay (2 phr) was gradually added to the resin and mixed for 8hour at 2000 

rpm. The mixture was cast and cured following the same procedure as above. 

4.2.5.Characterization Methods 
1
H NMR of the in situ polymerization products were dissolved in chloroform and 

submitted to 
1
H NMR analysis using a 500 MHz Varian spectrometer. Molecular weight 

and molecular weight distribution were determined by gel permeation chromatography 

(GPC) with a Viscotek VE1122 pump and a refractive index (RI) detector. Three 

PolyAnalytik columns (PAS-103L, -105L, and -106L) were used with THF as an eluent 

at 30°C and a flow rate of 1 mL/min. Linear polystyrene (PS) standards were used for 

calibration. 
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Calorimetry was performed with a differential scanning calorimeter (TA Q10) on 10 

mg of uncured sample in a hermetic aluminum pan. The isothermal reaction rate profile 

was measured at 25°C, followed by a scan from 25-300°C at a heating rate of 5°C/min to 

determine the total reaction heat.  

X-ray diffraction analyses were performed using an X-ray diffractometer (Philips 

X’PER) at low 2θ with a scanning speed of 1°/min. The X-ray source was Cu-Ka 

radiation (λ= 1.540598 A ˚), using a 50 kV voltage generator and a 40 mA current.  

Dumb-bell specimens (ASTM D638-82a type V) were used to determine tensile 

properties on an Instron 3365 (5 kN) testing machine at a constant crosshead speed of 

1mm/min. Fracture toughness tests were carried out according to ASTM D5045-99 using 

an MTS 312.21 (100 kN) on sharply notched three-point bend specimens. Dynamic 

mechanical measurements were made between 20-180°C at 1 Hz, using a TA Instruments 

DMA 983 dynamic mechanical analyzer. 

The fracture surface of broken samples was coated by a thin layer of Pd for the 

microscopic characterization. A Hitachi S-4700 FE-SEM 2 kV scanning electron 

microscope and an optical microscope (Variscope) were used to observe the fracture 

surface. The nanostructure of nanocomposite samples were also examined with 

transmission electron microscopy (TEM) using a JEOL JEM-2100F microscope 

operating at a 200kV accelerating voltage. The samples were cut into thin sections (50-80 

nm thickness) using an ultramicrotome with a diamond knife. 

4.3.Results and discussion 

4.3.1.In situ polymerization of thermoplastic component 

Methyl methacrylate and/or styrene were (co)-polymerized via free radical 

polymerization in the presence of nanoclay in order to improve the dispersion and 

delamination of the clay layers as well as to synthesize a thermoplastic additive, either 

P(MMA/S) or PS, for the hybrid system. A relatively low conversion is sufficient to 

produce the desired small amount of thermoplastic. The total monomeric conversion was 

kept constant (around 20%) for all molar ratios of MMA to styrene. This corresponds to a 

thermoplastic content of 7wt% in the final cured hybrid system. It is known that at low 
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conversions in this type of copolymerization [144,145] the molecular weight and 

molecular weight distribution are relatively insensitive to monomer molar ratios and that 

only the chemical composition of the copolymer is affected by the molar ratio of the 

monomers.  

The composition of the thermoplastic copolymer affects the compatibility between the 

thermosetting and thermoplastic-rich phases. The compatibility between the two phases 

can be estimated from Flory-Huggins interaction parameters (   ) calculated from 

solubility parameters according to the following equation (Eq. 1) [146] 

 2
ji

r
ij

RT

V
     (1) 

where Vr is the reference molar volume (styrene was taken as a reference),    is the 

solubility parameter for species i, R is the gas constant, and T is the absolute temperature. 

The group contribution method can be used to calculate the solubility parameter of the 

species [35].  

M

G
     (2) 

where ρ represents the density, M is the molecular weight of the repeat unit and G is the 

group molar attraction coefficient. The solubility parameters of unsaturated polyester, St, 

MMA, polystyrene (PS), poly(methyl methacrylate) (PMMA), and MMA/St copolymer 

P(MMA/S) are summarized in Table 4.1 along with the relevant Flory-Huggins 

interaction parameters. PS and PMMA are known to be incompatible with UPR whereas 

poly(vinyl acetate) (PVAc) is compatible with UPR [65]. The Flory-Huggins interaction 

parameter between unsaturated polyester and PVAc is around 3.2 x 10
-2

 which is about 

half that between unsaturated polyester and PS (6.7 x 10
-2

) or PMMA (5.44 x 10
-2

). Thus, 

the composition of our copolymer does not have a significant effect on the compatibility 

between it and the pure unsaturated polyester. However, since the MMA can be 

incorporated into the network as a second crosslinking agent, we can expect an improved 

compatibility between the network and the thermoplastic component.  
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Using gel permeation chromatography (GPC) we determined that the number average 

molecular weight (Mn) of the thermoplastic copolymer synthesized in the absence of clay 

was approximately 87000. It was not possible to submit the systems containing clay to 

GPC analysis and it is possible that the Mn of the polymers synthesized by in situ (co-

)polymerization may be slightly different due to the effect of clay on the radical 

initiation. However, Nikolaidis et al. [147] reported that Closite 20A did not significantly 

affect the reaction rate of in situ polymerization of MMA at low conversions and we 

therefore expect that our in situ polymerized copolymers have approximately the same 

Mn as above.  

Table4.1. The Flory-Huggins interaction parameters of MMA, St, unsaturated polyester, and the 

thermoplastic copolymer 

 PS (9.03)
†
 P(MMA/S)

*
 (9.1) PMMA (9.18) 

St (9.04) 
2.5 x 10

-6

  1.07 x 10
-4

  6.04 x 10
-4

  

MMA (8.89) 
6.4 x 10

-4

  1.41 x 10
-3

   2.66 x 10
-3

  

unsaturated polyester 

(10.48) 
6.7 x 10

-2

  6.10 x 10
-2

   5.44 x 10
-2

  

†The values in parentheses indicate the solubility parameters (Cal/cm
3
)

1/2 

*The copolymer is 18 mol% MMA 

4.3.2.Chemical reactions during solidification 

During curing, UPR and styrene undergo free radical copolymerization to form a 

three-dimensional network via microgel formation, gelation, and finally vitrification. The 

presence of a comonomer (MMA) makes curing more complex due to the number of 

different possible reactions including copolymerization of unsaturated polyester and St or 

MMA, copolymerization of MMA and St, as well as homopolymerization of each 

component. The probability of each reaction, during curing, can be estimated based on 

the monomer reactivity ratios of unsaturated polyester, St, and MMA (Table 4.2). The 

reactivity ratio, rij, of component i reacting with component j is related to the reaction 

kinetic constants according to the following equation [13]. 

ij

ii
ij

k

k
r   (3)
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Here, kii is the kinetic constant for homopolymerization of component i and kij is the 

kinetic constant for copolymerization of components i and j. If the reactivity ratio is less 

than 1, then copolymerization is more likely than homopolymerization. According to 

Table 4.2, all copolymerization reactions dominate over homopolymerization with the 

exception of copolymerization of MMA and unsaturated polyester which is less likely 

than the homopolymerization of MMA. Also, the copolymerization of MMA and styrene 

is more likely than either styrene or MMA homopolymerization.  This means that under 

curing conditions, MMA is most likely to copolymerize with St rather than to take part in 

any other reaction, while St is expected to copolymerize with unsaturated polyester and 

MMA rather than homopolymerize. The copolymerization of unsaturated polyester and 

St, which determines the degree of crosslinking, is clearly in competition with the 

copolymerization of MMA and St, which determines the length of the crosslinking 

bridges or the compactness of the network. Therefore, the amount of MMA monomer in 

the system plays an important role in these two characteristics of the network.  

Table 4.2. Monomer reactivity ratios [13]
 
 

Monomer 1 Monomer 2 r12 r21 

DEF
* St 0.02 - 0.11 0.29 - 0.63 

DEF
* MMA 0.04 - 0.05 2.10 - 40.3 

St MMA 0.28 - 0.59 0.31 - 0.54 

*The reactivity of unsaturated polyester is assumed to be similar to that of diethyl fumarate (DEF) 

In order to evaluate the effect of MMA on the reactions during curing of simple 

polyesters, a series of isothermal DSC experiments were carried out at 25°C. The DSC 

results are plotted in Figure 4.2 in terms of the total reaction rate as a function of time. In 

the neat UPR, SP/0.0 where the number in the name refers to the molar ratio of curing 

agents MMA/StCA, reaction rate curve we find two peaks; the shorter time peak is related 

to the crosslinking reaction between St and unsaturated polyester and the longer time 

peak is due to St homopolymerization. When MMA is present, the long-time peak is 

eliminated indicating a significant reduction in styrene homopolymerization. The reaction 

rate is decreased in the initial stage likely reflecting a slower unsaturated polyester 

conversion as compared to SP/0.0, which contains only St as a crosslinking agent. This 

can be understood by considering the reactivity ratios.  We recall that MMA prefers 

homopolymerization compared to copolymeriztion with unsaturated polyester (r21 = 2.10-
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40.3 > 1) whereas St prefers copolymerization with unsaturated polyester over 

homopolymerization (r21 = 0.29-0.63 < 1). In addition, the monomer reactivity ratios 

indicate that St/unsaturated polyester copolymerization (r21 = 0.29-0.63) is similar in 

reaction rate constant to St/MMA copolymerization (r12 = 0.28-0.59). The total reaction 

rate was increased at the intermediate times due to the copolymerization between St and 

MMA, which is much faster than St homopolymerization (r12 = 0.28-0.59 < 1). The final 

total conversion was not significantly affected by the presence of MMA.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2. Effect of MMA content on the curing reaction rate of simple polyester systems.The 

MMA/StCA ratios are given by the numerals in the sample names. The values given within parentheses 

in the legend are the final conversions of the systems.  

Next, the effect of MMA on the isothermal curing reactions of simple nanocomposites 

(2 phr clay) at 25°C was studied (Figure 4.3). Clay caused a reduction in the curing rate 

and an increase in the induction time, as expected [92]. The effect of MMA on the curing 

of simple nanocomposites is similar to that in the curing of simple polyesters, but with 

broader peaks, indicating longer curing periods. These results confirm the observation of 

Zhou et al. [92]
 
who found that clay causes a reduction in St conversion during curing of 

UPR. The presence of MMA increased the total conversion as compared to that of the 
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UPR-clay system (SN/0.0), which contains only St as a curing agent, due to the St/MMA 

copolymerization, which can occur in both the intra- and extra-gallery spaces. Finally we 

note that the simple systems do in fact contain some P(MMA/S) and/or PS chain 

segments which may be connected to the network covalently or simply linear chains. In 

optical micrographs, we do not observe any phase separation in these systems indicating 

that the content of purely thermoplastic linear chains is likely very low. 

Time (min)

0 20 40 60 80 100

R
ea

ct
io

n
 r

at
e 

(1
/S

)

0.0000

0.0001

0.0002

0.0003

0.0004

0.0005

0.0006

0.0007

SP/0.0   (82.60%)

SN/0.0   (81.76%)

SN/0.2   (81.85%)

SN/0.4   (83.42%)

 

Fig.4.3. Effect of MMA content on the curing reaction rate of simple nanocomposites. For comparison, 

the data for simple polyester (SP/0.0) are repeated from Figure 1. The MMA/StCA ratios are given by 

the numerals in the sample names. All simple nanocomposite samples contain 2 phr clay.  The final 

conversion of each system is given in parentheses in the legend. 

The curing behavior of hybrid systems is more complex due to phase separation of the 

system into thermoset-rich and thermoplastic-rich phases. Hsu et al. [65] investigated the 

effect of different thermoplastic additives on the curing behavior of unsaturated polyester. 

They noted that the incompatible thermoplastic additives (PS and PMMA) resulted in a 

phase-separated morphology with spherical particles dispersed throughout the thermoset 

matrix.  No such phase separation was observed in the system with a compatible 

thermoplastic (PVAc) which has a uniform structure through the entire sample.  
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In an incompatible unsaturated polyester/styrene/thermoplastic system there are two 

major phases, unsaturated polyester-rich and thermoplastic-rich. Styrene easily diffuses 

into the thermoplastic-rich phase as compared to the larger molecules of unsaturated 

polyester. Therefore, within this phase there is a high concentration of styrene but a low 

concentration of unsaturated polyester. Additionally, the concentration of the promoter is 

low in the thermoplastic-rich phase, and high in the unsaturated polyester-rich phase due 

to the complexation between of the cobalt atom of the promoter and the carboxyl groups 

of the unsaturated polyester [142]. As a result, the reaction rate in the thermoplastic-rich 

phase is lower than in the unsaturated polyester-rich phase. The system becomes even 

more complex when a second curing agent, such as MMA in our case, is present.   

Note that in the hybrid systems studied here, the majority of the thermoplastic is 

produced during the preliminary (co-)polymerization step where MMA and/or styrene are 

reacted to produce linear copolymer or homopolymer chains dissolved in excess 

monomer(s).  The reaction mixture may contain a fraction of living polymer chains that 

can continue to react under the curing conditions of the hybrid system along with the 

monomers (MMA and/or styrene) and the unsaturated polyester. A small amount of new 

P(MMA/S) and/or PS chain segments are also produced during the curing reaction.   

The effects of MMA content and thermoplastic component (TP) on the isothermal 

curing of hybrid nanocomposites (those containing unsaturated polyester, St, MMA, clay, 

and TP) are shown in Figure 4.4 As in the case of simple nanocomposites (Figure 4.3), 

hybrid nanocomposite systems containing both MMA and St as curing agents exhibit 

only one exotherm peak while those containing only St as a curing agent exhibit a broad 

peak with a shoulder. In comparison to the simple nanocomposites, the curing process is 

slower in the hybrid nanocomposite systems, especially in the case when only St is 

present as a curing agent. Hsu et al. [65] found that in UPR systems containing 

thermoplastic additives, the compatible UPR-PVAc system exhibited fast curing with a 

single exotherm peak. Here we have managed to achieve the same result but by 

introducing the second curing agent MMA rather than introducing a more compatible TP. 

Since MMA is small it can also diffuse quickly into the TP-rich phase, resulting in a high 

concentration of both St and MMA in this phase. As MMA/St copolymerization is faster 
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than St homopolymerization, the reaction rate inside the thermoplastic-rich phase 

increased as compared to those systems containing only St as a curing agent leading to a 

higher overall reaction rate. However, there is an optimum MMA content because excess 

MMA can result in a decrease in unsaturated polyester conversion by consuming too 

much of the St. From the results in Figure 4.4, we can conclude that for these hybrid 

nanocomposite systems the optimum MMA/StCA is something less than 0.3. 
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Fig. 4.4. Effects of MMA content on the curing reaction rate of hybrid nanocomposites. For 

comparison the data for simple nanocomposite (SN/0.0) are repeated from Figure 2. The MMA/StCA 

ratios are given by the numerals in the sample names. All nanocomposite samples contain 2 phr clay.  

All hybrid systems contain 7 wt% thermoplastic. The final conversion of each system is given in 

parentheses in the legend. 

 

4.3.3.Micro- and nanostructure of polyester-based systems 

Figure 4.5 presents X-ray diffraction patterns for simple and hybrid nanocomposites.  

None of the nanocomposites exhibit the d001 diffraction peak at 25.5Å characteristic of 

the original Cloisite 20A clay, indicating good delamination and dispersion of the silicate 

layers. In the case of the simple nanocomposite prepared by direct mechanical mixing, 

SN/0.0, the d-spacing was found to be 36.7 Å. For the hybrid system containing the 

thermoplastic copolymer, HN/0.2/P(MMA/S), a low intensity peak occurs at a d-spacing 

of 38.5 A°. Note that the number in the sample name refers to the molar ratio of the 
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curing agents MMA/StCA and the polymer abbreviation refers to the thermoplastic in the 

system. This indicates that the in situ polymerization method produces a finer 

intercalated/exfoliated structure than the direct mechanical mixing method. Additionally, 

in situ copolymerization is more effective in this regard as compared to in situ styrene 

homopolymerization (compare with results for HN/0.2/PS). This is because the polarity 

of MMA renders it is more compatible than styrene with the silicate layers.  

2Deg)

2 3 4 5 6

In
te

n
si

ty
 (

C
P

S
)

0

500

1000

1500

2000

2500

3000

Closite 20A

SN/0.0

HN/0.2/PS

HN/0.2/P(MMA/S)

 
Fig.4.5. XRD patterns of nanocomposites as compared to that of the original Cloisite 20A.  All 

nanocomposites contain 2 phr clay and hybrid systems contain 7 wt% thermoplastic. 

The hybrid systems exhibit a phase-separated morphology with spherical 

thermoplastic-rich domains dispersed homogeneously throughout the continuous 

thermoset-rich phase (Figure 4.6). The state of dispersion of clay within the hybrid 

nanocomposite, HN/0.2/P(MMA/S), was observed via transmission electron microscopy 

(Figure 4.7). The clay is finely dispersed and a high degree of exfoliation is achieved 

with only a few small tactoids of 3 or 4 layers remaining. The micrograph in Figure 4.7a 

indicates that the clay layers are segregated within the thermoplastic-rich phase. Silicate 

layers are also arranged parallel to the interface between the thermoplastic and thermoset 

phases. This structure is similar to Pickering emulsions in which nanoparticles stabilize 
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droplets of one liquid within another by reducing the interfacial tension. Such a structure 

can only form with clay when a high degree of delamination is achieved.  

 

Fig.4.6. Low magnification SEM image showing dispersed phase microstructure typical of all hybrid 

systems studied (HP/0.2/P(MMA/S)).   

We also observe small spherical domains (~250 nm diameter) within the thermoplastic 

rich particles, which are bordered by clay layers.  It is likely that these small particles are 

thermoset-rich microgels that were stabilized by the presence of clay layers at their 

interfaces and then trapped within the thermoplastic-rich domain by gelation. Hybrid 

systems such as considered here, consist of two liquid phases prior to curing.  Under 

quiescent conditions, the minor phase (thermoplastic-rich) in this two-phase liquid 

system will form spherical droplets.  Although the minor phase is rich in thermoplastic it 

also contains sufficient unsaturated polyester and cross-linking agents (styrene and/or 

methyl methacrylate) for some curing to take place. When adjacent polyester chains in 

the thermoplastic-rich phase are linked together they begin to form a polyester-rich sub-

domain in the form of microgels. At this time, the thermoplastic molecules are expelled  
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(a) 

(b) 

(c) 

(d) 

(e) 

Fig. 4.7. TEM images from  hybrid 

nanocomposite, HN_M/S_0.2_P(MMA/St). This 

sample contains 7wt% thermoplastic and 2 phr 

clay.  The dashed box in (a) indicates the region 

enlarged in (b) and the dashed box in (b) indicates 

the region enlarged in (c). The dashed box in (d) 

indicates the region enlarged in (e). 

(c) 
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Fig. 4 8. Schematic of polyester-rich microgel surrounded by a thermoplastic layer during the curing 

process. 

from and eventually surround the microgels [65] (Figure 4.8). The thermoplastic layer 

acts as a barrier and prevents the migration of polyester chains in and out of the 

microgels. Since well-dispersed silicate layers tend to preferentially locate at the interface 

of thermoplastic and thermoset phases, they surround the microgels and stabilize the 

structure until curing is complete.  

The above hypothesis is supported by a study of the larger scale morphology of hybrid 

polyester and two nanocomposites with optical microscopy (Figure 4.9). The simple 

nanocomposite (Fig. 4.9a) has a featureless morphology at this scale as expected.  Fig. 

4.9b and Fig. 4.9c, show that the thermoplastic particles in the system without clay, 

HP/0.2/P(MMA/S), are smaller than those in the equivalent clay containing system, 

HN/0.2/P(MMA/S), although the thermoplastic mass in these two systems is the same. 

This means that the clay affects the degree of phase separation and the size of 

thermoplastic-rich droplets before and during curing. Phase separation and the resulting 

morphology is controlled by the degree of compatibility between thermoplastic and 

thermoset components, and the mobility of the various molecules at various time during 

mixing and the subsequent quiescent curing process.  

We propose that the microstructure develops in the following manner. In the first stage 

of mixing the unsaturated polyester resin with the thermoplastic/clay mixture, small  
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Fig. 4.9.  Optical micrographs of polyester based systems. a) SN_M/A_0.0, b) HP_M/S_0.2_P(MMA/S), c) 

HN_M/S_0.2_P(MMA/S.  Both nanocomposites contain 2 phr clay and 0.2 wt% BPO. Particles through the 

transparent samples are visible and appear lighter or darker depending on the focal length and 

their depth. 

(a) 

(b) 

(c) 
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droplets of the thermoplastic mixture are dispersed through the polyester/curing agent 

phase. During the mixing, these droplets are swollen as the curing agent monomers 

(styrene and MMA) and polyester chains diffuse inwards. When exfoliated clay is 

present, the thermoplastic-rich droplets have a much larger viscosity than the continuous 

phase, even when swollen with monomers. This means that the size of the droplets 

attained during the mixing will be higher when clay is present because shear-induced 

droplet breakup will be less severe [148]. After 4 hours, the mechanical mixing is stopped 

and under quiescent conditions, coalescence of the droplets occurs, during curing, until 

the network gels. The final size of the droplets after curing will then depend on the size of 

the dispersed phase attained during mixing, the rates of diffusion of various materials in 

and out of the thermoplastic rich phase under quiescent conditions and the gel time. 

Exfoliated clay layers inside the thermoplastic-rich phase result in both a larger droplet 

size at the start of the curing process and also hinder the mobility of the long chain 

molecules, reducing the rate of diffusion of unsaturated polyester chains out of the TP-

rich domains. Consequently, the concentration of unsaturated polyester inside the 

thermoplastic-rich phase is higher than it would be at equilibrium.  

4.3.4.Properties 

Glass transition temperature 

The glass transition temperatures were determined from DMA via the maximum in the 

loss modulus as a function of temperature. The glass transition temperature (Tg) is 

primarily dependent on the crosslinking density in both single phase and hybrid network 

polymers. The glass transition temperatures of the various systems studied here are 

shown in Figure 4.10 as a function of the curing agent ratio, MMA/StCA. The competition 

between unsaturated polyester crosslinking and MMA/St copolymerization during curing 

means that there is an optimum curing agent molar ratio that gives the maximum Tg for 

all systems. The optimum curing agent ratio depends on the nature and composition of 

the system as shown in Figure 4.10. In the case of simple polyesters, we observe the 

highest Tg at MMA/StCA = 0.4. Clay causes a reduction in Tg of the simple 

nanocomposite, SN/0.0, as compared to that of the simple polyester, SP/0.0, implying a 

drop in the crosslinking density. The thermal initiator, BPO was incorporated in order to 

offset the reduction in crosslinking by decreasing the residual styrene [13] and enhancing 



100 
 

the rigidity of the system. The addition of 0.2 mol% BPO to the simple nanocomposite 

systems increased Tg, even above those of the simple polyesters. As before, we find a 

non-monotonic effect but with the maximum at MMA/StCA = 0.2. Increasing the BPO 

level to 0.4 mol% resulted in a lower Tg at all curing agent ratios (data not shown). In the 

case of hybrid systems, the Tg depends primarily on the crosslinking density in the 

networked phase but in these systems the nature of the thermoplastic phase influences the 

diffusion of MMA and St between phases thereby affecting the degree of crosslinking. 

This results in a lower Tg as compared to the simple nanocomposites. All nanocomposite 

samples presented in the following section incorporate 0.2 mol% BPO.  

 

Fig. 4. 10. Glass Transition temperatures of polyesters and their nanocomposites (2 phr clay) as a 

function of curing agent ratio. 

Tensile properties 

The tensile properties of our samples are summarized in Table 4.3. In hybrid systems, 

the presence of the dispersed organic phase slightly decreases the tensile strength as 

compared to the simple systems due to a somewhat imperfect adhesion at the interface of 
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the unsaturated polyester-rich and thermoplastic-rich phases. Using the Takayanagi 

model, Huang et al [17]. demonstrated that the tensile strength of UPR systems 

containing a TP phase is predominately determined by that of the major continuous cross-

linked polyester phase. This means that, amongst the group of hybrid systems studied 

here, tensile strength is mostly dependant on crosslinking density, which our Tg data 

indicate is highest when MMA/StCA ~ 0.2. Our tensile test results corroborate the DSC 

curing studies and the Tg measurements in this regard. 

According to the Flory-Huggins parameters (Table 4.1), MMA in the thermoplastic 

copolymer of the hybrid systems decreases the compatibility between St and the TP 

phase. Therefore, under curing conditions in hybrid systems containing P(MMA/S) we 

expect a reduced styrene content in the thermoplastic phase, as compared to hybrids 

containing PS, thus leading to increased styrene concentration in the continuous polyester 

phase. This allows for an increase in the degree of crosslinking, the Tg and the tensile 

strength (compare samples HN/0.2/PS with TS = 45.4 MPa and HN/0.2/P(MMA/S) with 

TS = 51.0 MPa). We also note that MMA in the TP copolymer slightly improves the 

compatibility of the TP phase with the polyester, which may result in an improved 

adhesion at the interface and therefore contribute to the increase in tensile strength.  

Due to its high stiffness, clay slightly increases the modulus of the simple 

nanocomposite, relative to the simple polyester. The hybrid nanocomposites all had the 

same modulus as the neat resin SP/0.0, within experimental uncertainty. According to 

Huang et al.[17] the modulus is primarily determined by the degree of network 

compactness, which depends on the length of crosslinking bridges. Since our hybrid 

systems have the same modulus irrespective of MMA/StCA we conclude that MMA 

content does not significantly affect the length of crosslinking bridges in our hybrid 

systems. This is an important result because according to the reactivity ratios (Table 4.2) 

the copolymerization of MMA and St is more likely than any other reaction involving 

MMA and is in competition with the copolymerization of unsaturated polyester and St. 

We recall that crosslinks are formed by copolymerization with unsaturated polyester and 

either St or MMA whereas linear chain segments are formed by the copolymerization of 

MMA and St. We note that the modulus of the hybrid nanocomposite is less than that of 
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the simple nanocomposite because the clay layers are located in the dispersed 

thermoplastic-rich particles in the hybrid systems and therefore do not contribute to the 

stiffness of the thermosetting matrix. 

       

Table 4.3. Tensile properties and fracture toughness (KIc)   

Sample 
a 
Average TP 

particle radius 

(μm) 

20A 

(phr) 

Tensile 

strength 

(MPa) 

Tensile 

modulus 

(MPa) 

KIc 

(MPa.m
1/2

) 

SP/0.0 NA 0 61.7 (2.7)
c 

3264 (66) 1.23 (0.01) 

SN/0.0 NA 2 59.5 (1.3) 3409 ( 60) 1.36 (0.08) 

HP/0.2/P(MMA/S) 4.5 (1.2)
 b
 0 54.8 (3.2) 3442 (70) 1.48 (0.05) 

HN/0.0/PS 7.0 (2.1) 2 45.7 (2.4) 3244 (66) 1.69 (0.03) 

HN/0.2/PS 6.7 (2.2) 2 45.4 (2.5) 3227 (53) 1.78 (0.06) 

HN/0.2/P(MMA/S) 9.6 (2.7) 2 51.0 (0.9) 3138 (53) 1.87 (0.07) 

HN/0.3/P(MMA/S) 7.1 (2.2) 2 48.9 (1.2) 3231 (50) 1.69 (0.05) 

HN/0.4/P(MMA/S) 6.9 (2.0) 2 47.4 (1.5) 3343 (73) 1.63 (0.02) 
a The thermoplastic mass in the system is 7wt% in all hybrid systems. 
b The average particle radii (standard deviations) were determined by image analysis of optical micrographs in Figure 8 

and similar images for systems not included in that figure. 
c The values in parentheses are standard deviations of mechanical properties from 7 samples. 

Fracture toughness 

The fracture toughness, KIc, which turns out to be the most interesting property of our 

hybrid systems, is also presented in Table 4.3.  Note that the number in the sample names 

refers to the molar ratio of curing agents MMA/StCA and the polymer abbreviation refers 

to the type of thermoplastic in the system. The addition of clay caused a slight 

improvement in toughness of the simple system (KIc of SN/0.0 is 11% higher than that of 

SP/0.0) as a result of the tortuous path for crack propagation induced by the silicate layers 

[128]. More significant is the increase in fracture toughness caused by the thermoplastic 

additive; KIc of HP/0.2/P(MMA/S), is 20% higher than that of SP/0.0. There is a 

synergistic effect when both clay and a thermoplastic additive are present, leading to an 

increase of 52% in the toughness of HN/0.2/P(MMA/S) as compared to that of SP/0.0. 

We can understand the mechanism behind the increased toughness of our systems by 

considering other toughened UPR based materials. For example, Bucknall et al.[60]. 

reported an increase in fracture toughness of UPR with the addition of poly (vinyl 

acetate) which they attributed to PVAc behaving like a conventional toughening rubber 
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although it is in its glassy state. In rubber-modified resins, the triaxial stress field at the 

crack tip causes cavitations within the rubber particles, reducing the yield stress and 

provoking extensive shear yielding.  More recently [143], epoxy was toughened by the 

inclusion of another glassy, thermoplastic polymer, poly(ether sulfone). The authors 

suggested that the toughening mechanism was plastic deformation of the thermoplastic-

rich phase, resulting in an increase in the overall toughness of the whole system.  

We believe that a glassy particulate thermoplastic-rich phase can act as a rigid filler 

where the increase in toughness is governed by several mechanisms including crack 

pinning, debonding of the particulate phase from the continuous phase, and crack 

blunting[149].
 
In crack pinning, the energy required for crack growth increases with the 

ratio of the particle size to the particle spacing (r/c) up to an optimum value [149]; 

therefore a larger particle size with a smaller spacing  in our hybrid system results in a 

higher value of KIc. In the hybrid systems, the presence of the particulate second phase of 

large size and fine spacing improves the fracture toughness. Importantly, regardless of the 

thermoplastic composition, the clay and the thermoplastic phase have a synergistic effect 

on the toughness. This can be explained by considering the morphology of these hybrid 

systems and micrographs of the details of the fracture surface.  

SEM images of the fracture surface of a hybrid polyester (Figure 4.11a, b, and c) show 

that the thermoplastic-rich particles have been fractured with the matrix.  This means that 

neither debonding nor crack pinning are controlling the fracture in this case. In these 

images, a few faint fracture tails can be observed behind the thermoplastic-rich particles. 

These tails are formed because the crack passes more slowly through the thermoplastic 

area compared to the thermoset matrix [143] causing small variations in the height of the 

crack front. In the regions far past the particles, the crack fronts meet up again at different 

heights leading to the formation of these tails. In this case, the plastic deformation of the 

TP-rich particles likely results in the small toughening effect. 

In contrast,
 
the SEM images of the fracture surface of a hybrid nanocomposite (Figure 

4.12 a, b, and c) suggest a different mechanism because the particles are mostly intact. 

Therefore, plastic deformation of thermoplastic-rich phase is not the mechanism 
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(a) 

 
(b) 

 
(c) 

Fig. 4.11. SEM images of fracture surface of 

HP_M/S_0.2_P(MMA/St).  The arrows indicate 

direction of fracture. 

 
(a) 

 
(b) 

 
(c) 

Fig. 4.12. SEM images of fracture surface of 

HN_M/S_0.2_P(MMA/St). The arrows indicate 

direction of fracture. 
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controlling fracture toughness in these systems. Many thick fracture tails are visible 

behind the particles in the SEM micrographs consistent with pinning of the crack front 

[54]. This is also reflected in the optical micrograph in Fig. 4.9c where the roughness of 

the fracture surface of HN/0.2/P(MMA/S), is clearly visible. This can be compared to the 

relatively smooth fracture surface of the hybrid polyester, HP/0.2/P(MMA/S), Fig 4.9b. 

The relationship between fracture toughness and TP-rich particle radius for the hybrid 

systems containing P(MMA/S) is shown in Figure 4.13.  

 

 

Fig. 4.13. Relationship between fracture toughness and size of the thermoplastic-rich domains for 

hybrid systems containing P(MMA/S). 

Although the major mechanism controlling the fracture in hybrid nanocomposite 

systems is crack pinning, debonding of the particles from the matrix (breakdown of the 

particle/matrix interface) is also likely. This leads to a reduction in the effectiveness of 

crack pinning, but results in crack tip blunting and unstable propagation which can 

increase the fracture toughness [149]. Therefore, in the hybrid nanocomposite systems, 

the mechanism controlling fracture is complex with both blunting and pinning occurring 

simultaneously. 
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These results are important because unsaturated polyesters could find additional 

commercial applicability if their toughness were improved via a method that does not 

simultaneously sacrifice other properties such as stiffness and thermal stability. For 

instance, a common technique to improve toughness is the addition of rubber [43,45] , 

but in most cases these tougheners reduce the modulus 
 
by up to 35% [42,43,45], the 

compressive yield strength by up to 45% [42], and the glass transition temperature (Tg) 

[150]. In contrast, our technique significantly improves fracture toughness and not only 

preserves stiffness but also increases the glass transition temperature of the polyester. In 

addition, due to the high volume shrinkage of UPRs, a thermoplastic additive is almost 

always added to commercial formulations to control shrinkage. Interestingly, the 

technique described here produces the required thermoplastic additive via a simple 

procedure as a consequence of forming the hybrid system. Also, our hybrid 

nanocomposites have the potential to exhibit improvements in other properties such as 

flame resistance, thermal stability, and water absorption resistance with the presence of 

well-dispersed silicate layers and thermoplastic particles.  

4.5.Conclusions 

A new class of unsaturated polyester-based thermoplastic/thermoset hybrids and their 

layered silicate nanocomposites were developed. Relationships between precursor 

material composition, solid-state structure and physical properties were explored, 

demonstrating the potential of these new materials. The hybrid nanocomposites exhibit 

complex micro- and nanostructures that are controlled by the composition of the system 

prior to curing. The addition of methyl methacrylate (MMA) as a secondary curing agent 

for the unsaturated polyester allows for increased styrene conversion in the presence of 

clay. This occurs because the polyester chains are essentially excluded from the clay 

galleries and without MMA the styrene in the galleries remains unreacted after curing is 

complete. Exfoliation of the clay can be achieved by the copolymerization of MMA and 

styrene in the absence of unsaturated polyester, producing a suspension of finely 

dispersed clays layers in a solution of copolymer chains and the remaining comonomers. 

The hybrid is formed by combining the suspension with unsaturated polyester and curing 

to produce the final phase separated microstructure. 
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A synergistic effect of clay and thermoplastic on fracture toughness was observed and 

attributed to the size of the spherical minor phase domains which are rich in 

thermoplastic and contain the delaminated silicate layers. The combination of 

thermoplastic and delaminated clay produces minor phase particles that appear to act as 

rigid fillers and the major mechanism of energy dissipation during fracture is crack 

pinning. This results in significantly increased fracture toughness; we observed an 

increase of 52% while maintaining the stiffness and slightly increasing the glass 

transition temperature. It is possible that with more refinement of the composition and 

curing conditions, even higher values of fracture toughness can be achieved.  

4.6. Author’s  approach 

In this chapter, the most effective thermoplastic causing a greater improvement in 

fracture toughness was chosen. The results indicated that the size of thermoplastic-rich 

domains has a significant influence on fracture toughness. However, particle distribution 

is another microstructure characteristic affecting fracture toughness. Thus, more 

morphological studies of the ternary hybrid systems are required. 

In addition to microstructure, other factors including the characteristics of each phase 

such as crosslink density of the matrix as well as the toughness and stiffness of the 

dispersed particles can have a key role in fracture toughness and mechanisms controlling 

fracture toughness.  Therefore, more experiments must be conducted to explore the effect 

of these factors and prioritize their importance in influencing fracture toughness. For this 

purpose, a suitable range of synthesis process variables including clay, MMA, and the 

thermoplastic content must be chosen to vary these factors and evaluate their effect.  

In this chapter, based on preliminary evidences, crack pinning as a likely mechanism 

controlling fracture toughness was proposed where it causes an improvement in fracture 

toughness by perturbing the crack front during propagation. It is worth noting that 

normally, a combination of different mechanisms control fracture toughness. For 

instance, other perturbations such as crack deflection may also occurs which can affect 

the efficiency of crack pinning. Therefore, more investigation must be done to investigate 



108 
 

the effect of other likely mechanisms on fracture toughness. In addition, the contribution 

of all mechanisms to fracture toughness of the system must be compared. 
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Chapter 5 

Morphological characterization of clay/thermoplastic/unsaturated 

polyester hybrid nanocomposites by atomic force microscopy 

Abstract 

Development of nanocomposite materials has created a growing need for micro- and 

nanostructure studies. Atomic force microscopy (AFM) is a powerful tool for 

morphology studies due to its versatile capabilities. Tapping mode AFM can yield 

information about the topography and local mechanical properties of materials on the 

nanoscale. In this work, the capability of AFM for the morphological characterization of 

thermoplastic/clay/unsaturated polyester ternary systems was assessed. AFM sample 

preparation was performed by ultramicrotome to precisely preserve the nanostructure of 

the specimen. Interpretation of tapping mode AFM images confirmed information 

obtained from optical microscopy and transmission electron microscopy (TEM) and 

allowed a qualitative assessment of the local mechanical properties of the different phases 

and components. 

5.1 Introduction   

Tapping mode atomic force microscopy (TM-AFM) has become an important tool that 

allows an assessment of the surface topography and local properties of materials in a 

single scan, without causing extensive damage to the sample surface [151]. AFM can 

work on different materials in various environmental conditions, including vacuum, 

gaseous, and liquid environments [152]. In addition, it has the capability to characterize 

the mechanical properties of materials on the nanometer scale. Local mechanical 

properties of materials can be measured by monitoring the phase shift in the phase 

imaging mode [153,154]. Phase image analysis based on phase shift magnitude provides 

a way to observe spatial variations in the composition, friction, adhesion, and 

viscoelasticity of the surface.  

Since the morphology of materials, especially multiphase systems, plays a determining 

role in final properties such as shrinkage, tensile properties, and toughness, different 
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techniques have been developed for the study of morphology, including electron 

microscopy (scanning electron microscopy or SEM, and transmission electron 

microscopy or TEM) and atomic force microscopy (AFM). AFM is a good alternative to 

electron microscopy, since it has lower limitations with regard to contrast and resolution 

[155]. In addition, AFM samples do not need a conductive coating, like SEM samples do, 

or staining, as for TEM samples [156]. However, the surface quality of an AFM sample is 

very important, since AFM follows the topography of the specimen surface. This means 

the sample preparation technique must be carefully designed as to avoid any extensive 

damage to the sample surface and preserve the original structure.  

A convenient preparation technique for AFM samples is to polish the cross section 

surface of the specimen [157], but this is not accurate. In contrast, microtomy is more 

controllable and can be used for AFM sample preparation of multiphase materials, such 

as polymer blends and polymer nanocomposites. The morphology of a complex ternary 

polymer blend of three thermoplastics [158] was studied via AFM with a specimen 

prepared by cryomicrotome. AFM was able to characterize all possible morphologies of 

the ternary polymer blend: a) matrix/core-shell dispersed phase, b) tri-continuous, c) 

matrix/two separate dispersed phases, and d) bi-continuous/dispersed phase 

morphologies. The capability of AFM for the morphological studies of other polymer 

blends such as thermoplastic/thermoset [143,159] and interpenetrated systems of two 

thermosets [160] has also been demonstrated. 

The development of nanocomposite materials has caused a growing need for 

nanostructure studies. Since AFM has the ability to work in nanoscale, its efficiency has 

been evaluated in various studies, especially for the case of layered silicate 

nanocomposites [161-167]. In all cases, the quality of the cross section surface was the 

key. A few studies included high quality AFM images of the structure of silicate layered 

nanocomposites whose matrix was a rubber [155,163,164]. General speaking, a greater 

difference in elastic and/or viscoelastic properties of the matrix and the dispersed phase 

leads to a higher phase contrast. This means that similar mechanical properties for two 

phases make it difficult to distinguish between them in the AFM image. 
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In this work, we used AFM for a more accurate micro- and nanostructure study of our 

complex ternary nanocomposite specimen on ultramicrotome prepared samples. The 

material is a thermoplastic/clay/unsaturated polyester hybrid nanocomposite that we 

introduced previously as a stiff unsaturated polyester with improved fracture toughness 

[168]. Here, we presented a qualitative analysis of local mechanical properties of the 

different components in the system based on phase contrast.  

5.2 Experimental 

5.2.1 Materials 

The unsaturated polyester resin was provided from Ashland Chemical (H596-CWA-

12), containing 45wt% styrene and 0.1wt% cobalt octoate promoter. Methyl methacrylate 

(MMA) and styrene (St) were used as both copolymerization reactants and crosslinking 

agents for curing. Cloisite 20A (Southern Clay Products Inc.) was used as the nanoclay. 

Benzoyl peroxide (BPO) was used as a thermal initiator, and methyl ethyl ketone 

peroxide (MEKP) as the room temperature initiator for curing. 

In this work, we consider two different classes of materials: (i) hybrid polyester (HP), 

containing unsaturated polyester resin and 7wt% of the thermoplastic additive (the 

copolymer of methyl methacrylate and styrene, P(MMA/S)), with a molar ratio between 

curing agents (MMA/StCA) around 0.2; and (ii) hybrid nanocomposite (HN), containing 

2-phr Cloisite 20A in addition to the components of Class (i) with the same molar ratio of 

curing agents.  

5.2.2 Hybrid polyester and nanocomposite preparation 

The mixture of clay and vinylene monomers (MMA and styrene) was prepared and 

then in situ copolymerization of styrene and MMA was carried out to produce a 

MMA/styrene copolymer as the thermoplastic component of the hybrid system, 

P(MMA/S). After mixing the resin with the copolymerization product, the prepared 

mixture was poured into the mold and cured at room temperature. We have previously 

described these procedures in detail [168].  
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5.2.3. Characterization methods 

The nanostructures of nanocomposite samples were examined with transmission 

electron microscopy (TEM) using a JEOL JEM-2100F microscope, operating at a 200kV 

accelerating voltage. The sample was cut into thin sections (50-80 nm thickness) using an 

ultramicrotome (LEICA EM FC7) with a diamond knife. 

For AFM, samples were sectioned at room temperature using the ultramicrotome, 

equipped with glass and diamond knives. Initially, a glass knife was used to obtain a 

smooth surface parallel to the knife edge. The microtome was operated at a cutting speed 

of 1 mm/s and a feed step of 500 nm. This was followed by microtoming the sample with 

a diamond knife (Cryo 35° representing the angle of knife). The cutting speed and feed 

step were 1 mm/s and 100 nm, respectively. Experiments were carried out with a 

MultiMode SPM, of the Veeco Metrology Group, operating in tapping mode at room 

temperature under atmospheric conditions. Topographic (height) and phase images were 

recorded simultaneously. Commercial silicon cantilever probes (App Nano, ACT Series) 

were used. Manufacturer nominal values for the length, spring constant, and resonance 

frequency of the cantilever are 125 μm, 37 N/m, and 300 kHz, respectively.  

5.3 Results and Discussion 

 

5.3.1 Microstructure characterization 

Although the scanning area via AFM is small, tapping mode AFM images clearly 

represent the matrix-dispersed structure, where thermoplastic-rich particles are dispersed 

throughout the thermoset-rich continuous phase. The geometric shape of the dispersed 

phase is mostly spherical, as shown in Figure 5.1. Figure 5.1a shows the microstructure 

of the HP sample, which is a binary system without clay, and Figure 5.1b illustrates the 

morphology of the HN sample which is a ternary system containing 2-phr clay. Height 

AFM images show the topological map of the cross section surface, and the phase images 

represent a shift of the cantilever phase from its free oscillation while the tip is in contact 

with the surface. This means that the latter represents the heterogeneity of the local 

mechanical properties of the materials, allowing the AFM to distinguish between the 

thermoplastic-rich phase and the continuous thermoset-rich phase. In contrast, TEM 
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cannot differentiate between these phases, since staining is required in order to observe 

each phase. In addition, since the presence of stiff silicate layers makes the local 

properties of the thermoplastic-rich domains heterogeneous, AFM can differentiate 

between thermoplastic-rich particles containing silicate layers (Fig. 5.1b) and those 

without clay (Fig. 5.1a). 

 

 

 
(a) 

 

 

(b)

Fig. 5.1. AFM images of a) HP binary system (set point ratio: 0.88) and b) HN ternary system containing 2-phr 

clay (set point ratio: 0.95). Both samples contain 7wt% thermoplastic, P(MMA/S). 

The other capability of AFM is to provide 3D images (height and phase) of the cross 

section of the samples, giving greater detail. The phase image of the HP sample (Figures 

5.2a) shows greater phase shifts for the thermoplastics compared to the thermoset, where 

section analysis is required for more exploration. In the phase image of the HN sample 
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(Figure 5.2b), the presence of clay silicate layers in the thermoplastic-rich domains 

causes heterogeneity in the phase shift, where in some spots the phase shift of the 

cantilever is significantly increased, requiring a closer look. 

 

 

(a) 

 

(b)

Fig. 5.2. 3D phase images of: a) HP binary system, b) HN ternary system. Both samples contain 7wt% 

thermoplastic, P(MMA/S). 

5.3.2 Nanostructure study 

Figure 5.3 shows tapping mode AFM images of a thermoplastic-rich domain in a 

sample without clay. Interestingly, at higher magnification, the phase image apparently 

shows globule-type structures—small compact particles—inside the thermoplastic-rich 

domain. This sort of nanostructure has been observed by SEM in the literature [65].  

In our previous work [168], we claimed a fine degree of dispersion and delamination 

of clay silicate layers in the hybrid nanocomposite sample according to X-ray diffraction 

patterns and TEM results. Transmission electron microscopy (Figure 5.4) shows a fine 

dispersion and distribution of clay within the hybrid nanocomposite where a high degree 

of exfoliation is achieved. TEM micrographs indicate that the majority of the clay layers 

are located inside the thermoplastic-rich phase, indicating that clay silicate layers have 

greater interaction with the thermoplastic compared to unsaturated polyester. In addition, 
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the TEM images illustrated that clay layers are preferably arranged parallel to the 

interface between the thermoplastic and thermoset phases [168]. 

  

 

Fig. 5.3. Tapping mode AFM images of the HP sample: a) a thermoplastic domain without clay (set point ratio: 

0.88), b) higher magnification of an internal part of the thermoplastic-rich domain (set point ratio: 0.68). 

Figure 5.5 shows tapping mode AFM images (height and phase images) of 

thermoplastic-rich domains. Both TEM (Figure 5.4) and AFM (Figure 5.5) images show 

small spherical domains (~250 nm diameter) within the thermoplastic-rich particles, 

which are surrounded by clay layers. These small subdomains are likely unsaturated 

polyester microgels, which are surrounded by clay silicate layers [168]. The TEM images 

can reveal these microgels only because of the presence of silicate layers in the interface 

between the microgels and thermoplastic; otherwise, this instrument does not have the 

capability to distinguish between the thermoplastic and thermoset components inside the 

thermoplastic-rich domains. 

A comparison between Figure 5.3b and Figure 5.5 suggests that the presence of 

silicate layers changed the nanostructure inside the thermoplastic-rich domains. After 

mixing the thermoplastic component with thermoset resin, thermoplastic-rich droplets are 

formed, wherein phase separation occurs during curing process [168]. In the absence of 

clay, phase separation inside the thermoplastic-rich domains led to the formation of a 

globule-type structure lacking distinct continuous and dispersed phases. In contrast, in the 

hybrid nanocomposite sample, separate pure unsaturated polyester microgels were 

formed, which are dispersed within all of the thermoplastic particles. The clay silicate 

layers inside the thermoplastic-rich droplets hindered the diffusion of unsaturated 

polyester molecules out of the thermoplastic-rich droplets, resulting in an increase in the 

concentration of unsaturated polyester inside this phase. In addition, the particulate 
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structure within the thermoplastic-rich domains suggests that the presence of clay silicate 

layers in the droplets likely promoted a submicro-phase separation during curing process, 

leading to the formation of submicron-sized thermoset microgels dispersed throughout 

the thermoplastic continuous phase.  

 

 

(a) 

 

(b)

Fig. 5.4. TEM images from the hybrid nanocomposite, Clay/P(MMA/S)/UPR, containing 7wt% thermoplastic and 

2-phr clay. A) Sections of two thermoplastic-rich domains, b) nanostructure of a domain in higher magnification. 

   

In tapping mode AFM, phase images distinguish various components based on their 

different mechanical properties. In general, three factors influence the phase image: the 

topography of the surface, material properties (stiffness and damping), and instrumental 

parameters (e.g., free oscillation amplitude, set point ratio) [154]. The observation of 

scratches in the phase image (Figure 5.1a) is an example of the effect of the topography 

on the phase image. The presence of the silicate layers in the thermoplastic-rich phase 

causes heterogeneity in local mechanical properties, also influencing the phase image. 

The amplitude set point ratio, which is the ratio of the engaged amplitude to the free 

vibration amplitude, influences the interaction force (repulsive/attraction) between the tip 

and the specimen, resulting in a change in the phase shift. 
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Fig. 5.5. Tapping mode AFM images of a thermoplastic-rich domain in the hybrid nanocomposite with different 

magnification (set point ratio: 0.71). 
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Achalla et al. [169] found a relationship between the force applied on the surface of the 

specimen and the phase image contrast. Two-phase contrast reversals in the phase image 

were observed by increasing the tapping force (reducing the set point ratio). As the set 

point decreases from 1 to 0, an increase in the phase shift occurs, followed by a decrease, 

and eventually it again increases [154]. The change of the average tip-sample interaction 

force from attractive to repulsive causes the first reversal. Trapping of the tip in the 

sample likely causes the second reversal. In all AFM images of our samples, according to 

the set point value applied during scanning, the clay as a stiff material is brighter than the 

two polymeric components and has a higher value of phase shift. 

 

  

 
 

 
Fig. 5.6. a) TEM image, b) AFM images of intercalated silicate layers dispersed throughout the thermoset-rich 

phase (set point ratio: 1.2). 

 

 

In our AFM image we can also observe partially intercalated silicate layers dispersed 

throughout the thermoset-rich phase. Typically, the phase shift can lead to clear phase 

images when the mechanical properties of constituents are significantly different, like in 

clay/rubber systems [163,164]. In our system, although the stiffness of the thermosetting 

matrix is high compared to rubber and very similar to that of the other components in our 

material, an ultramicrotome could make a clean cut while maintaining very sharp 

interfaces between the clay and the polymer matrix, leading to high quality phase images 

where intercalated silicate layers can be clearly observed (Figure 5.6). Section analysis of 

(a) (b) 
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phase images is required to get more information about the local mechanical properties 

from phase contrast. 

5.3.3 Local mechanical properties 

In tapping mode, the phase shift (i.e., the difference between the phase angle of the 

free oscillating and interacting cantilever) is used to monitor variations in the local 

properties, such as stiffness, hardness, and viscoelasticity [155]. Different mathematical 

models have been developed to find a correlation between local mechanical properties 

and phase shift [151,154,170]. In our hybrid systems, the glassy thermoplastic and 

unsaturated polyester mainly experienced elastic deformation associated with the tip-

sample interaction force. Therefore, the variation in the phase shift can be related to the 

sample modulus as follows [170]: 

             
 

 
  (5.1) 

where   is a number between 1.9 and 2.4 which is a coefficient in a relation between the 

surface stiffness and E* as well as the radius of the contact area ,  . Q and K are the 

quality factor, representing viscous damping, and the spring constant of the oscillating 

cantilever, respectively. During scanning, the spherical tip touches the sample surface, 

making a circular contact area with a radius of  . In tapping mode, the tip makes 

intermittent and momentary contact during each cycle of oscillation, where the contact 

area varies with time during each contact. Therefore, the time-averaged values of contact 

area and contact radius,    , are used. E* is the effective modulus: 

 
 

  
 

     
  

  
 

     
  

  
 (5.2) 

E1 and E2 are the Young’s moduli and    and    are the Poisson’s ratios of the tip and 

sample respectively. Eq. 5.1 shows that     and E* have the opposite effect on the 

change of the phase shift in response to the applied force on the sample by the tip. In a 

softer material, the tip can make a larger contact area, hence a greater    , leading to an 

increase in the phase shift. In contrast, a stiffer material with a high Young’s modulus 
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(a) (b)

Fig. 5.7. Section analysis of images in Figure 5.1a and b at the locations indicated in the figures. Phase 

shifts of different components are presented: a) HP sample, b) HN sample. (All samples contain 7wt% 

the thermoplastic). 
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Fig. 5.8. Section analysis of images in Figure 5.5a and b at the locations indicated in the figures. Phase 

shifts of the silicate layers are presented. 
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results in an increase in the phase shift. The effect of these parameters is enhanced by 

increasing the set point ratio. In multiphase systems, one of these parameters is dominant 

in controlling the phase shift, depending on the magnitude of the difference between 

mechanical properties of the phases. 

In our systems, since both polymeric components, thermoplastic (P(MMA/S)) and 

thermoset (UPR), are glassy (hard) with comparable elastic properties, their parameters 

    and E
* 

must also be similar. Therefore, the phase contrast between the thermoplastic-

rich particles and the thermoset matrix is expected to be small. Figures 5.7-9 show 

section analyses of different samples (hybrid polyester, HP, and hybrid nanocomposite, 

HN). In these figures, phase shift versus position for the lines shown in the related 2D 

phase images are plotted. Figure 5.8a confirms that the phase contrast between the 

thermoplastic-rich domains and the matrix is low. However, the phase shift in the 

thermoplastic-rich phase is slightly greater than that of the thermoset region, suggesting 

that the glassy thermoplastic is a bit stiffer than the thermoset. There are also some 

negative values of the phase shift, which are caused by deep scratches, likely because the 

overall force acting on the tip is attractive since the tip does not touch the sample in these 

regions. 

In the hybrid nanocomposite (Figure 5.7b), the presence of clay silicate layers in the 

thermoplastic-rich particles causes peaks in phase shift. Section analysis of phase images 

captured at higher magnification (Figure 5.8) shows that these peaks are due to the clay 

silicate layers. The high modulus of the clay compared to the organic polymers increases 

the effect of effective modulus (E
*
), leading to a significant increase in phase shift. 

Figure 5.9 shows the section analysis of a phase image of intercalated silicate layers 

dispersed throughout the thermosetting matrix. There are some negative values 

representing deep channels in the interface, likely caused by debonding between the 

silicate layers and the matrix during microtomy. In contrast, the large negative phase shift 

were not observed in the section analysis of thermoplastic-rich particles (Figure 5.8) 

suggesting that deep channels in the interface of clay and thermoplastic do not exist. This 

means that the interfacial adhesive strength between clay and the thermoplastic is 

stronger than that of clay and the thermoset. 



122 
 

Position (mm)

0.0 0.5 1.0 1.5 2.0

P
h
as

e 
sh

if
t 

(d
eg

re
e)

-20

-15

-10

-5

0

5

10

 

Fig. 5.9. Section analysis of images in Figure 5.6b at the locations indicated in the figure. Phase shifts 

of the silicate layers dispersed throughout the matrix are presented. 

Interestingly, section analysis of phase images related to HP and HN samples (Figures 

5.7.a and b respectively) does not show any deep channel in the interface between the 

thermoplastic-rich domains and the thermoset-rich matrix indicating a good interfacial 

adhesive strength between these phases. Suitable strong interfacial adhesive strength is 

favourable for toughening by increasing the efficiency of crack pinning mechanism [58]. 

(More investigation and discussion will be done in the following chapter.) 

5.4 Conclusions 

The sample preparation procedure has a very important effect on the quality of AFM 

images. The ultramicrotome is a powerful instrument for specimen preparation to 

maximize the capability of AFM, since microtomy preserves the original nanostructure of 

the sample. In the morphology study of the thermoplastic/clay/unsaturated polyester 

hybrid nanocomposite, AFM could distinguish between different polymeric phases 

(thermoplastic and thermoset), whereas TEM cannot. AFM allowed us to see the different 

nanostructures for the thermoplastic-rich domains with and without clay. This suggests 

that the presence of silicate layers changes the nanostructure of the thermoplastic-rich 

domains, likely by affecting sub-micro-phase separation. The silicate layers caused a 

change in nanostructure within the thermoplastic-domains from co-continuous to 

particulate structure indicating more complete phase separation inside the thermoplastic-
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rich domains in the presence of the silicate layers. AFM had the capability to detect the 

silicate layers dispersed throughout different phases and regions including the 

thermoplastic-rich phase, continuous thermoset-rich phase, and the interface between 

thermoplastic and thermoset. In addition, local mechanical properties of different phases 

and components were qualitatively assessed based on phase contrast. AFM showed that 

the thermoplastic component is a little bit stiffer than the thermoset matrix, and the 

presence of silicate layers significantly increases the stiffness of the domains. Section 

analysis showed negative values of phase shifts in the interface between clay and 

thermoset indicating debonding between these components during microtomy whereas 

interfacial debonding between clay and thermoplastic inside the particles did not occur. 

This suggests that the interaction between clay and the thermoplastic is stronger than that 

of between clay and the thermoset. Also, section analysis of phase images indicated that 

there is fine interfacial adhesive strength between two phases which is essential for 

toughening based on crack pinning mechanism. 



124 
 

Chapter 6 

Effect of morphology on fracture toughness of thermoplastic/unsaturated 

polyester hybrid nanocomposites  

6.1.Introduction 

Unsaturated polyester resins (UPRs) are thermosetting polymers with a high crosslink 

density, which leads to superior properties. A glassy polymer can be tough if it can 

experience bulk homogenous yielding. In polymer networks with high crosslink density, 

the only energy dissipating process that may occur is localized plastic deformation 

(micro-shear band formation) resulting in brittleness [31]. To improve fracture toughness, 

incorporation of a second phase in the system can increase the intensity of energy 

dissipation by distributing stress concentration in the whole system resulting in the 

occurrence of localized plastic deformation in a larger volume of the sample. 

Consequently, higher resistance against crack initiation is obtained. However, at a certain 

stress, a crack is formed and starts to grow. In this case, several mechanisms for energy 

absorption become active during crack propagation involving different energy dissipating 

processes such as localized plastic deformation of the matrix, matrix void formation, 

cavitation of soft inclusions (e.g., rubbers), particle/matrix debonding, and plastic 

deformation of the inclusion. In addition, the inclusion located in front of the crack tip 

may perturb the crack front during propagation. Perturbation of the crack front leads to 

crack deflection and/or crack pinning. 

The most frequently applied additives for improving fracture toughness are mineral 

fillers or rubbery/thermoplastic particles, where each toughening agent has its own 

drawbacks. The rubbery dispersed phase can result in a significant improvement in 

fracture toughness but at the cost of elastic modulus [42,43,45] , compressive yield 

strength [42], and thermal stability [36,150]. Thermoplastics [36,143] and inorganic 

additives including particulate fillers [36,71] and nano-reinforcements [84-86] can also 

be used for this purpose without adversely affecting other properties, but they are not as 

effective as rubber additives. Therefore, a combination of different additives is often used 

not only to compensate for and modify the drawback of each additive, but also to take 

advantage of any synergistic effects. Therefore, ternary systems, which typically consist 
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of a polymeric additive (e.g., thermoplastic or rubber), inorganic nano-reinforcement 

such as layered silicates, and thermosetting resins, have attracted a lot of interest 

[60,108,171]. Recently, we introduced novel thermoplastic/thermosetting hybrid 

nanocomposites as ternary systems to improve the fracture toughness of unsaturated 

polyester [168]. The technique led to a substantial improvement in toughness without 

sacrificing other properties. 

In the presence of a secondary phase, the morphology of the system strongly 

influences fracture toughness [60, 168]. In the case of polymeric additives, typically, the 

dispersed phase or particulate morphology results in a greater improvement in toughness 

compared to a homogeneous structure [34,39,60]. Bucknall et al. [60] investigated the 

effect of morphology on fracture toughness in a thermoplastic-modified unsaturated 

polyester resin. They claimed that the particulate structure resulted in a greater 

improvement in fracture toughness of the system compared to the co-continuous 

structure. The nanostructure of layered silicate nanocomposites also plays a key role in 

fracture toughness and its controlling mechanisms. An exfoliated arrangement of the 

silicate layers cannot significantly improve fracture toughness because the size of the 

platelets is too small to cause crack deflection during propagation. These dispersed single 

layers can make a tortuous path for crack propagation occurring locally around the clay 

platelets. In contrast, a micron-sized structure of intercalated tactoids of clay can intercept 

the crack front during propagation, leading to the occurrence of crack deflection, which 

further increases fracture surface areas [84,85]. A few studies have looked at the 

microstructure of ternary systems [108,171,172]. In the case of UPRs, the effect of clay 

and thermoplastics, used as low profile additives, on controlling volume shrinkage has 

been investigated [111,112]. To the author’s knowledge, there is no study on the 

toughness of thermoplastic/clay/unsaturated polyester ternary systems and the effect of 

their microstructure on fracture toughness. 

In our previous work [168], we found that the dispersed second phase acted as a rigid 

filler, where the major mechanism controlling fracture toughness may be crack pinning. 

The crack pinning mechanism involves two processes including crack trapping and crack 

face bridging. Crack trapping refers to the perturbing effect of the inclusion on the crack 
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front, where the front is forced to bow out between the obstacles. In addition, non-

deformed elastic materials make a bridged zone ahead of the crack tip that restrains the 

crack opening displacement, a phenomenon called crack bridging. The crack pinning 

mechanism was firstly modeled by Lange [52], who only considered crack trapping, and 

then modified by Evans [53],
 
who demonstrated that the increase in fracture energy 

required to bow the crack depends upon the particle size and spacing. Later, Lange and 

Radford [55] reported a maximum in the relationship between toughness and the volume 

fraction of inclusions, which is reflecting the particle size and interparticle spaces. 

However, Evans’s model cannot predict the optimum volume fraction. Rose [56] 

suggested an alternative analysis that was in better agreement with experimental 

observations. He assumed that non-deformed elastic materials act as springs, applying 

pressure on the crack faces, where this pressure is a linear function of the crack opening 

displacement. His model agrees with experimental data when particle concentrations are 

modest. Later, Bower and Ortiz modified Rose’s models to predict the maximum 

toughening likely generated by crack trapping [174].  

In all models, the microstructure characteristics (particle size and interparticle 

distance) play a key role in the crack pinning mechanism. The main objective of this 

work is to evaluate the effect of the microstructure on fracture toughness in our hybrid 

nanocomposite ternary systems. For this purpose, firstly the effects of synthesis process  

variables (such as the amount of different components and the ratio of curing agents) on 

the characteristics of the different phases, including matrix crosslink density and its 

localized yielding, as well as impenetrability of second phase particles, were evaluated. 

Suitable variable amounts were found to achieve more improvement in fracture 

toughness. Finally, a correlation between fracture toughness and microstructure 

characteristics was explored. 

6.2.Experimental 

6.2.1. Materials 

Cloisite 20A (Southern Clay Products Inc.) was used as the nanoclay. Methyl 

methacrylate and styrene (Sigma Aldrich) were distilled prior, using an IKA rotary 
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evaporator under vacuum at 30°C to remove the inhibitors. Benzoyl peroxide (Sigma 

Aldrich) was used as a thermal initiator for the thermoplastic synthesis, and the room 

temperature initiator employed for curing the whole system was methyl ethyl ketone 

peroxide (NOROX, MEKP-925H from NORAC Inc.). The unsaturated polyester resin 

(H596-CWA-12, Ashland Chemical) is a general purpose orthophthalic resin synthesized 

from maleic anhydride, phthalic anhydride, and propylene glycol. It contains 45wt% 

styrene and 0.1wt% cobalt octoate promoter.  

In this work, we consider three different classes of materials: (1) simple polyesters 

(SP) that contain unsaturated polyester and one or two crosslinking agents; (2) simple 

nanocomposites (SN) that contain Cloisite 20A in addition to the components of class 1; 

(3) hybrid nanocomposites (HN) that contain the thermoplastic additive (copolymer of 

methyl methacrylate and styrene, P(MMA/S)) in addition to the components of class 2. In 

the sample names, the first number refers to the molar ratio of MMA/StCA as curing 

agents and the second number refers to clay loading in phr units. 

6.2.2. Hybrid polyester and nanocomposite preparation 

The mixture of clay and vinylene monomers (MMA and styrene) was prepared, and 

then in situ copolymerization of styrene and MMA was carried out. After mixing the 

resin with the copolymerization product, the prepared mixture was poured into the mould 

and cured at room temperature. More information about the procedures is mentioned in 

our previous work [168].  

6.2.3. Characterization methods 

Calorimetry was performed with a differential scanning calorimeter TA Q10 on 10 mg 

of uncured sample in a hermetic aluminum pan. The isothermal reaction rate profile was 

measured at 25°C, followed by a scan from 25 to 300°C at a heating rate of 5°C/min to 

determine the total reaction heat. Dynamic mechanical measurements were made 

between 20 and 180°C at 1 Hz, using a TA Instruments DMA 983 dynamic mechanical 

analyzer. 

Dumbbell-shaped specimens based on ASTM D638-82a (type V) were used to 

determine tensile properties on an Instron 3365 (5 kN) testing machine at a constant 

crosshead speed of 1 mm/min. Fracture mechanic tests were carried out by MTS 312.21 
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(100 kN) according to ASTM D5045-99 on sharply notched three-point bend specimens 

at a constant crosshead speed of 10 mm/min.  

A Hitachi S-4700 FE-SEM 2-kV scanning electron microscope was used to observe 

the fracture surface. The microstructure study was done using an optical microscope 

(Variscope).  

6.3. Results and discussion 

In our hybrid nanocomposite systems, four material characteristics can influence 

fracture toughness: (I) matrix characteristics, (II) dispersed phase characteristics, (III) 

adhesion strength of the interface between phases, and (IV) microstructure characteristics 

of the system. In this work, we evaluated parameters controlling the microstructure. Their 

ranges were chosen in order to minimize their effects on other material characteristics 

affecting fracture toughness. We found an interesting correlation between fracture 

toughness, KIc, and a microstructure characteristic the ratio of the particle size, radius r, 

to the interparticle distance, c. This is the most important contribution of this work 

(Figure 6.1). 

There are three original variables affecting these characteristics: (I) molar ratio of 

curing agents (MMA/StCA), (II) clay loading, and (III) thermoplastic content. In addition, 

we used two more preparation methods for a proper evaluation of the effect of process 

variables on the microstructure and fracture toughness of the system. In the following, we 

discuss how the synthesis process parameters control the microstructure and affect the 

characteristics of different phases (the dispersed and continuous phase). 
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Fig. 6.1. Correlation between KIc and r/c.  ) hybrid nanocomposite samples containing 2phr clay with 

MMA/StCA: 0.2 and different P(MMA/S) contents, the numbers indicate the weight percentage of 

P(MMA/S),  ) hybrid nanocomposite samples containing 2 phr clay with MMA/StCA: 0.1 and different 

P(MMA/S) contents, the numbers indicate the weight percentage of P(MMA/S),     ) hybrid 

nanocomposite samples containing 2phr clay and 7wt% P(MMA/S) with different MMA/StCA, the 

numbers indicate the molar ratio of MMA/St. (Dashed line is drawn to aid the eye only). 

 

6.3.1.Characteristics of the continuous thermoset-rich phase 

The crosslink density of the thermosetting matrix strongly influences fracture 

toughness and its controlling mechanisms. High crosslink density prevents crazing by 

restricting fibril formation [31]. In addition, it decreases micro-shear band formation 

(localized shear yielding) by limiting the conformation changes of the polymer chains. 

The key synthesis process parameter affecting crosslink density is the molar ratio of 

curing agents. Other process variables, including the clay and thermoplastic content, may 

affect crosslink density by changing the concentration of the curing agents in the 

continuous thermosetting phase. In general, different diffusion rates of the reactants, 

including curing agents and unsaturated polyester, into the clay or thermoplastic phase 
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decrease the homogeneity of the system. For instance, clay galleries dispersed throughout 

the matrix can reduce the concentration of the curing agents in the continuous phase by 

trapping them resulting in a reduction in crosslink density.  

For different toughening techniques, the improvement in fracture toughness of the 

thermoset strongly depends on localized yielding in the vicinity of the growing crack tip, 

which requires cooperative chain motion and local mobility. In polymer networks, the 

yielding process often needs the motion to occur following the   relaxation mechanism, 

which is mostly due to crankshaft-like motions. The   transition temperature, controlling 

localized plasticity, strongly depends on the chemical structure of the network. Since the 

second curing agent, methyl methacrylate (MMA), participates in the network formation, 

it is expected to affect the   transition. 

Since the molar ratio of the curing agents is the variable directly affecting the 

characteristics of the matrix, we first evaluate its effect in simple polyester systems 

(systems without clay and thermoplastic). Then the effect of all synthesis process 

variables on the matrix characteristics in the complex hybrid systems will be evaluated.  

In the previous work [168], we described the effect of different molar ratios of curing 

agents, MMA/StCA (0.2, 0.4, 0.6, and 0.8), on the degree of cure and glass transition 

temperature, Tg. Clearly, a high degree of cure is prerequisite for reaching high crosslink 

density. DSC data indicated that the final degree of cure at room temperature for all 

samples with different MMA contents is almost the same at around 83%.  The glass 

transition temperature is a suitable criterion that directly depends upon crosslink density 

of the thermosetting matrix. The data showed that a low amount of MMA, up to a molar 

ratio of 0.4, slightly increased Tg, indicating a minor increase in crosslink density. In 

contrast, a higher molar ratio resulted in a significant reduction in Tg, illustrating a 

decrease in crosslink density. Therefore, we chose a variation range of 0.1 to 0.4 for the 

molar ratio of the curing agents to minimize the effect of changes in crosslink density for 

the hybrid systems and eventually in fracture toughness. 

Tensile strength also reflects the crosslink density of a thermoset. Table 6.1 presents 

mechanical properties of these simple polyesters. The presence of even a small amount of 
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MMA resulted in a slight increase in tensile strength compared to neat UPR (SP/0.0), 

indicating a slight increase in crosslink density, consistent with the Tg results. The tensile 

strength of all simple polyesters containing MMA but with varying contents is the same, 

suggesting this range of comonomer ratio does not change crosslink density (Figure 6.2).  

 The modulus of all samples containing MMA is almost the same, suggesting that the 

compactness of the network is not affected by MMA content in this range of variation. 

The presence of MMA did cause a slight increase in modulus compared to neat polyester 

(SP/0.0). 

Table 6.1. Tensile properties of simple polyester samples containing different MMA contents. 

Sample Tensile Strength 

(MPa) 

Tensile modulus 

(GPa) 

Inelastic strength 

(MPa) 

KIc 

(MPa. m
1/2

) 

ry 

(μm) 

SP/0.0 61.5 (3.0)
a 

3.34 (0.06) 36.8 (0.6) 1.15 (0.09) 51.7 

SP/0.1 70.5 (1.8) 3.53 (0.03) 32.3 (0.6) 1.33 (0.07) 90.6 

SP/0.2 70.6 (2.3) 3.56 (0.04) 31.9 (0.2) 1.32 (0.06) 90.7 

SP/0.3 71.8 (2.6) 3.57 (0.06) 32.3 (0.7) 1.31 (0.08) 87.3 

SP/0.4 71.2 (2.2) 3.50 (0.05) 31.5 (0.5) 1.28 (0.05) 87.7 

a The values in parentheses are standard deviations of mechanical properties from seven samples. 

 

 

 

The data in Table 6.1 indicate that the presence of MMA in the network results in a 

slight improvement in fracture toughness (KIc). In a brittle thermoset, the major 

mechanism controlling fracture toughness is localized shear yielding (micro-shear band 

formation) in the vicinity of the growing crack tip [31]. The observed improvement in 

fracture toughness is likely due to the effect of MMA on localized yielding of the 

thermoset where the inelastic strength σi, the stress when a material does not elastically 

deform, can represent this aspect of mechanical behavior. The inelastic strength was 

calculated by using a 0.2% offset strain criterion. The presence of MMA in the network 

caused a slight reduction of inelastic strength compared to neat UPR (SP/0.0), but 

different MMA contents resulted in the same value of σi (Figure 6.2).  
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Fig. 6.2. Effect of MMA content on tensile strength and inelastic strength of simple polyesters. 

There is a concentrated stress field in the vicinity of the crack tip that can exceed the 

yield strength of the polymer, leading to localized yielding. In this case, we can estimate 

the plastic zone size in the crack tip based on the Irwin model, where the equation for the 

plane strain condition is [24]: 

    
 

  
 
   

  
 
 

 (6.1) 

where ry, KIc, and σy are the radius of the plastic zone around the crack tip, critical stress 

intensity factor, and tensile yield strength, respectively where inelastic strength can be 

used instead of σy in brittle materials.  The values of ry for different simple polyester 

samples are presented in Table 6.1. The presence of MMA in the network structure 

resulted in an increase in the size of the plastic zone (ry) around the crack tip, indicating 

higher energy dissipation during crack propagation, which results in the improvement in 

fracture toughness. This effect of MMA on localized yielding of the matrix is likely due 

to its effect on the   transition temperature of the matrix. The unsaturated polyester 

network has a   relaxation because of the ester group, which is inactive at ambient 

temperature (a typical testing temperature) since the   transition temperature of UP when 

cured with styrene is high (80-100°C for a frequency of 1 Hz) [27]. The ester group in 

methyl methacrylate causes the   relaxation for poly (methyl methacrylate) with a low 
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transition temperature (0<T <30°C) [175]. Since the inelastic strength of the system is 

reduced by the addition of MMA, it is likely that the presence of MMA in the network, 

replacing some styrene units, promotes localized yielding of the network. As a result, a 

slight increase in fracture toughness was achieved.  

Therefore, the addition of MMA as the second curing agent causes a slight increase in 

crosslink density and localized yielding of the thermoset, but different ratios of 

MMA/StCA led to the same results. Therefore, the matrix characteristics do not play an 

important role in controlling fracture toughness in this range of MMA/StCA.  

In the hybrid nanocomposite systems, different experiments were designed to evaluate 

the effect of the synthesis process parameters, including MMA/StCA (0.1, 0.2, 0.3, and 

0.4), clay loading (1, 2, and 3 phr), and P(MMA/S) content (2.5, 4.5, 5.6, 7, and 9wt%), 

on the degree of cure and Tg of the matrix. These variables did not significantly change 

the final degree of cure (data are presented in Appendix A6). In hybrid nanocomposites, 

the presence of clay and the thermoset-rich phase can affect crosslink density by 

changing the concentration of curing agent monomers in the continuous thermoset-rich 

phase.  

 

Fig. 6.3. Effect of MMA content on the Tg of hybrid nanocomposite samples with different clay 

loading (all samples contain 7wt% P(MMA/S)). 
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Since, in the determined range of MMA/StCA ratio (0.1-0.4), different MMA contents in 

simple polyesters did not significantly affect Tg, we do not expect substantial changes in 

the Tg of hybrid systems containing different amounts of clay and MMA.  

Figure 6.3 shows the effect of MMA and clay content on the Tg of the hybrid 

nanocomposites containing 7wt% P(MMA/S). As reported in the previous work [168], 

the hybrid nanocomposite system has a slightly higher glass transition temperature 

compared to neat polyester. The addition of clay caused a slight increase in Tg, likely due 

to its restricting effect on the mobility of the polymer segments in both phases.  

In addition to crosslink density, localized yielding of the matrix may be affected by the 

synthesis process variables. For simple polyesters, we used Irwin’s theory to estimate the 

plastic zone size at the crack tip, since the major energy dissipating process is localized 

plastic deformation of the matrix. In hybrid nanocomposites, this estimation is not valid, 

as different mechanisms contribute to the toughening of the thermoset via various energy 

dissipating processes.  However, inelastic strength can represent localized yielding of the 

matrix. Table 6.2 presents tensile properties of hybrid nanocomposite samples with 

different clay, MMA, and P(MMA/S) contents. The data show that the inelastic strength 

of hybrid nanocomposites is not significantly affected by different synthesis process 

variables.  

In the presence of a second phase, adhesive strength of the interface between the two 

phases plays an important role in tensile strength. The data in Table 6.2 indicate that the 

incorporation of a second phase either thermoplastic (HP/0.1 and HP/0.2) or clay 

(SN/0.0/2phr, SN/0.0/3phr) causes a reduction in tensile strength due to the imperfect 

adhesion at the interface between two phases. Figure 6.4 shows the effect of clay and 

MMA content on the tensile strength of hybrid nanocomposite samples. Clay loading up 

to 2 phr causes a slight decrease in tensile strength, while higher loading (3 phr) leads to a 

significant reduction in tensile strength (Figure 6.5). In particulate composites, interfacial 

adhesion strength strongly depends on the size of spherical particles, where it is 

decreased by an increase in the size of the particles [176]. Table 6.3 presents the size 
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(average diameter) of the thermoplastic-rich particles in different hybrid nanocomposites.  

The addition of clay up to 2 phr slightly increased the size of the thermoplastic-rich 

domains, resulting in a small reduction in tensile strength. In contrast, 3-phr clay loading 

led to a significant increase in the particle size and resulted in a substantial reduction in 

tensile strength. For each clay loading, the tensile strength of hybrid nanocomposites 

containing MMA is the same (Figure 6.4), suggesting that crosslink density did not 

change with MMA content .  

Higher P(MMA/S) content resulted in a reduction in tensile strength due to the 

increase in the volume fraction of the dispersed phase. The presence of clay silicate 

layers slightly increased the modulus of the nanocomposites due to the high stiffness of 

clay relative to polymers. This is an advantage of this toughening technique compared to 

rubber toughening techniques. 
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Fig. 6.4. Effect of MMA content on tensile strength of hybrid nanocomposite samples with different 

clay loading (all samples contain 7wt% P(MMA/S)). 

 

These results show that in our hybrid nanocomposite systems, the system composition 

did not affect the crosslink density and localized yielding in a manner sufficient to change 

fracture toughness. In fact, we used a range of values for the synthesis process parameters  
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Fig. 6.5. Effect of clay content on tensile strength of hybrid nanocomposite samples with different 

MMA content (all samples contain 7wt% P(MMA/S)). 

Table 6.2. Tensile properties of simple and hybrid nanocomposites.  

Sample Tensile Strength 

(MPa) 

Inelastic Strength 

(MPa) 

Tensile Modulus 

(GPa) 

SP/0.0 61.5 (3.0)
c
 36.8 (0.6) 3.35 (0.06) 

SN/0.0/2phr 57.7 (1.3) 32.6 (0.5) 3.42 (0.06) 

SN/0.0/3phr 51.0 (2.9) 32.0 (0.3) 3.41 (0.08) 

HP/0.1 56.5 (3.1) 31.2 (0.4) 3.51(0.05) 

HP/0.2 57.3 (3.2) 31.0 (0.5) 3.52 (0.06) 

HN/0.1/1phr
a
 56.4 (1.4) 29.5 (0.4) 3.35 (0.05) 

HN/0.2/1phr
a
 56.9 (1.9) 28.3 (0.3) 3.35 (0.04) 

HN/0.3/1phr
a
 55.5 (2.3) 28.7 (0.7) 3.37 (0.04) 

HN/0.4/1phr
a
 56.5 (2.4) 30.1 (0.6) 3.38 (0.05) 

HN/0.1/2phr
a
 52.8 (0.7) 28.8 (0.2) 3.40 (0.04) 

HN/0.2/2phr
a
 52.9 (1.3) 29.1 (0.5) 3.41 (0.04) 

HN/0.3/2phr
a
 52.5 (2.0) 29.9 (0.4) 3.45 (0.05) 

HN/0.4/2phr
a
 50.9 (1.3) 29.6 (0.3) 3.43 (0.06) 

HN/0.1/3phr
a
 41.1 (1.4) 28.1 (0.7) 3.42 (0.04) 

HN/0.2/3phr
a
 42.7 (1.5) 27.5 (0.4) 3.40 (0.06) 

HN/0.3/3phr
a
 42.6 (0.8) 27.7 (0.3) 3.44 (0.05) 

HN/0.4/3phr
a
 43.6 (2.3) 28.5 (0.6) 3.39 (0.07) 

HN/0.2/2phr/2.5wt%
b 

56.1 (2.1) 28.9 (0.7) 3.39 (0.04) 

HN/0.2/2phr/4.5wt% 55.6 (2.1) 29.1 (0.9) 3.41 (0.03) 

HN/0.2/2phr/5.6wt% 54.7 (1.1) 29.2 (0.4) 3.42 (0.05) 

HN/0.2/2phr/7.0wt% 52.5 (1.3) 29.1 (0.5) 3.41 (0.04) 

HN/0.2/2phr/9.0wt% 47.4 (3.2) 29.0 (0.4) 3.44 (0.06) 
a These hybrid nanocomposite samples contain 7wt% P(MMA/S). 
b The last number represents the mass fraction of P(MMA/S). 
c The values in parentheses are standard deviations of the property  from seven samples. 
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to keep the matrix characteristics constant for different samples and minimize its effects 

on the fracture toughness of the hybrid nanocomposites. 

6.3.2 Microstructure 

Table 6.3 presents the particle size and interparticle distance in the different samples, 

indicating that changes in composition and synthesis process variables caused significant 

change in the microstructure characteristics. To interpret the effect of each variable, the 

microstructure development in these systems must be understood. During mixing of the 

unsaturated polyester resin with the thermoplastic/clay mixture, small droplets of 

thermoplastic-rich phase are formed. Small molecules of curing agents (MMA and 

styrene) can diffuse into the droplets faster than unsaturated polyester (UP) molecules. 

Consequently, these droplets are first swollen by curing agent monomers. This swelling 

makes it easier for UP molecules to diffuse into the droplets. Therefore, these 

thermoplastic-rich droplets are expanded to contain all constituents. The presence of 

exfoliated clay inside the droplets causes an increase in their viscosity. The much larger 

viscosity of the droplets compared to that of the continuous phase leads to an increase in 

the resistance of the droplets against shear stress during mixing. As a result, the size of 

the droplets attained during the mixing and will be higher when clay is present [168]. The 

final size of the droplets after curing will then depend on the size of the dispersed phase 

before solidification, the rates of diffusion of constituents in and out of the thermoplastic-

rich phase under quiescent conditions, and likely the gel time. We explored the effect of 

the gel time on the final size of the thermoplastic-rich domains as well as fracture 

toughness of the hybrid samples. The results showed that the gel time does not affect   

fracture toughness of the hybrid nanocomposite systems (Appendix A8). 

Table 6.3 indicates that the addition of clay causes an increase in the final size of the 

thermoplastic-rich domains. The effect of MMA content on the size of the thermoplastic-

rich domains depends on clay loading. The Florry Huggins interaction parameter between 

the MMA monomer and P(MMA/S) is approximately 1.41×10
-3

, which is greater than 

that between styrene and the copolymer [168] (1.07×10
-4

). This means there is more 

compatibility between the copolymer, P(MMA/S), and styrene compared to the 

copolymer and MMA, leading to faster diffusion of styrene into the thermoplastic-rich 

phase. Therefore, styrene monomers are expected to have the highest concentration inside 
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the droplets. On the other hand, an increase in MMA/StCA ratio, meaning a reduction in 

the total concentration of styrene in the whole system, results in a reduction in the 

concentration of styrene in the thermoplastic-rich phase and likely a higher polyester 

concentration. 

 

 Table 6.3. Average particle size, interparticle distance, and KIc of different samples. 

Samples Particle 

Diameter 

(d=2r) (μm) 

Interparticle 

distance-C (μm) 

r/c KIc 

MPa⋅m1/2
 

SP/0.0 --- --- --- 1.15 (0.09) 

SN/0.0/2phr --- --- --- 1.33 (0.06) 

SN/0.0/3phr --- --- --- 1.29 (0.08) 

HP/0.1 3.50 (1.2)
d
 8.76 (3.1) 0.20 1.44 (0.1) 

HP/0.2 3.40 (1.4) 9.02 (2.7) 0.19 1.42 (0.05) 

HN/0.1/1phr
a
 3.91 (0.8) 8.31 (3.9) 0.24 1.54 (0.07) 

HN/0.2/1phr
a
 4.10 (0.9) 8.23 (4.2) 0.25 1.52 (0.08) 

HN/0.3/1phr
a
 3.94 (1.1) 7.98 (4.1) 0.25 1.49 (0.06) 

HN/0.4/1phr
a
 3.85 (0.9) 8.71 (4.3) 0.22 1.47 (0.05) 

HN/0.1/2phr
a
 4.55 (0.6) 8.94 (4.2) 0.25 1.91 (0.05) 

HN/0.2/2phr
a
 5.35 (0.7) 9.09 (4.6) 0.29 1.83 (0.06) 

HN/0.3/2phr
a
 5.69 (1.0) 9.01 (4.8) 0.32 1.64 (0.04) 

HN/0.4/2phr
a
 5.87 (0.9) 9.00 (5.0) 0.33 1.57 (0.06) 

HN/0.1/3phr
a
 9.24 (2.5) 13.70 (11.2) 0.34 1.56 (0.09) 

HN/0.2/3phr
a
 10.48 (3.5) 14.27 (10.3) 0.37 1.59 (0.07) 

HN/0.3/3phr
a
 11.15 (3.1) 13.68 (11.8) 0.41 1.53 (0.08) 

HN/0.4/3phr
a
 11.10 (3.3) 14.45 (12.4) 0.38 1.50 (0.09) 

HN/0.1/2phr/4.5%
b
 2.00 (0.7) 7.70 (2.7) 0.13 1.39 (0.04) 

HN/0.1/2phr/5.6%
 b
 2.95 (0.9) 8.2 (2.9) 0.18 1.52 (0.05) 

HN/0.1/2phr/7.0%
 b
 4.55 (0.6) 8.94 (4.2) 0.25 1.91 (0.05) 

HN/0.2/2phr/2.5%
b
 1.37 (0.5) 7.27 (2.6) 0.09 1.34 (0.04) 

HN/0.2/2phr/4.5%
 b
 2.09 (0.9) 7.60 (3.1) 0.14 1.44 (0.05) 

HN/0.2/2phr/5.6%
 b
 3.07 (1.1) 8.05 (3.4) 0.19 1.58 (0.03) 

HN/0.2/2phr/7.0%
 b
 5.35 (0.9) 9.09 (4.6) 0.29 1.83 (0.06) 

HN/0.2/2phr/9.0%
 b
 6.40 (1.2) 9.71 (5.6) 0.33 1.55 (0.05) 

1NUP+1NTP
c
 --- --- --- 1.54 (0.07) 

2NUP+TP
c
 --- --- --- 1.45 (0.06) 

a These hybrid nanocomposite samples contain 7wt% P(MMA/S). 
b The last number represents the mass fraction of P(MMA/S). 
c These samples contain 2-phr clay and 7wt% P(MMA/S) with MMA/St=0.2. 
d The values in parentheses are standard deviations of the property. 

 

 

 

This results in an increase in the concentration of UP microgels. Eventually larger 

thermoplastic-rich particles are formed [168]. For 1-phr clay loading, MMA content does 

not have a significant effect on the final particle size, suggesting that the content of clay 
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silicate layers is not enough to hinder diffusion of UP chains. In contrast, for higher clay 

loading, the addition of MMA caused an increase in the particle size (Figure 6.6). 

The other microstructure parameter is related to the distribution of the thermoplastic-

rich domains. Table 6.3 presents the interparticle distance in different samples, where the 

standard deviation values represent non-uniformity of particle distribution. The data show 

that interparticle distance is not significantly affected by MMA and P(MMA/S) content.  
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Fig. 6.6. Effect of MMA content on particle diameter in hybrid nanocomposite samples with different 

clay loading (all samples contain 7wt% P(MMA/S)). 

Only a clay loading of 3 phr resulted in a significant increase in the interparticle distance 

and standard deviation. A high content of clay in the thermoplastic-rich phase causes a 

significant increase in viscosity and density of the thermoplastic-rich droplets in the 

liquid state (before curing). High viscosity results in an increase in the resistance of the 

droplets against shear stress during mixing, leading to a significant increase in the final 

size of the thermoplastic-rich domain and the non-uniformity of particle spacing 

distribution.  
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6.3.3.Fracture toughness and controlling mechanisms 

In hybrid polyester samples (HP/0.1 and HP/0.2), the thermoplastic additive forms a 

second phase dispersed throughout the matrix, as shown in SEM micrographs of the 

fracture surface (Figure 6.7). The SEM images show that the majority of the 

thermoplastic-rich particles are fractured due to their low stiffness and fracture toughness 

[173]. This means the thermoplastic-rich domains cannot perturb the crack front during 

crack propagation. In the images, a few faint fracture tails can be observed behind the 

thermoplastic-rich particles. The propagation of the crack through the thermoplastic area 

is slower compared to the thermoset matrix, causing small variations in the height of the 

crack front. These tails are formed because the crack front segments meet up again at 

different heights after passing the thermoplastic domains [168]. In this case, the major 

energy dissipating process is likely the plastic deformation of the thermoplastic-rich 

particles, leading to a small improvement in fracture toughness (Table 6.3). In addition, 

SEM images show some cavities and intact particles, illustrating the occurrence of the 

particle/matrix debonding, which can make a small contribution to toughening via crack 

blunting. 

In hybrid nanocomposites, the presence of clay silicate layers in the thermoplastic-rich 

domains results in an increase in their stiffness and fracture toughness, increasing their 

impenetrability. In general, rigid second phase inclusions, located in front of the crack 

tip, can perturb the crack front during propagation, causing a reduction in the stress 

intensity [132]. Two dominant perturbations are crack deflection and crack pinning. In 

most cases, they occur simultaneously, but the dominant perturbing process is determined 

by the adhesion strength of the interface between the inclusion and matrix. When the 

crack approaches or intercepts the inclusion, if the interfacial adhesion strength is less 

than the stress at the crack tip, then the crack is forced by the impenetrable inclusion to 

tilt out of the plane normal to the applied stress and propagate through the interface, 

causing a non-planar crack front. Consequently, crack deflection causes a high roughness 

on the fracture surface and increases the fracture surface area, resulting in an 

improvement in fracture toughness. However, this increment in fracture toughness can be 

considered a lower bound estimate of the total increase in fracture toughness via crack 

deflection [58]. This means, during crack deflection, other energy dissipating processes 
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are engaged to improve fracture toughness, such as localized plastic deformation of the 

matrix in the vicinity of the growing crack tip. These energy dissipating processes 

strongly depend upon the characteristics of the matrix, including its crosslink density and 

localized yielding, which depend on the chemical structure. On the other hand, if the 

interfacial adhesion strength is high enough, the inclusion resists against the propagating 

crack. The crack front is forced to bow between the particles, causing a reduction in the 

stress intensity along the bowed segments of the crack front, but an increase in the stress 

intensity at the particles. Therefore, crack bowing results in a non-linear crack front, 

increasing the fracture toughness. Crack pinning leads to a lower degree of roughness on 

the fracture surface compared to crack deflection. 

Table 6.3 presents the KIc of hybrid nanocomposites with different clay loading. The 

addition of 1 phr clay caused a slight improvement in fracture toughness compared to 

hybrid polyesters, whereas 2 phr of clay resulted in a significant improvement in fracture 

toughness (Figures are presented in appendices A9-A11). SEM images (Figure 6.8) of the 

fracture surface related to the hybrid nanocomposite sample containing 1 phr of clay 

(HN/0.1/1phr) show a high degree of roughness, indicating that the dominant mechanism 

controlling fracture toughness is crack deflection instead of crack pinning. The clay 

content in the thermoplastic-rich particles is not enough to increase impenetrability of all 

domains. In other words, the concentration of the impenetrable particles is not enough to 

reduce the stress intensity at the crack tip by inducing a large number of bowed segments 

of the crack front. Therefore, this high stress field at the crack tip overcomes the 

interfacial adhesion strength, resulting in crack deflection instead of crack pinning. Since 

the   transition temperature of unsaturated polyester, which is responsible for local 

mobility of the polymer segments and consequently localized yielding, is much higher 

than the testing temperature (room temperature), the intensity of localized yielding of the 

matrix in the vicinity of the crack tip is expected to be low. Consequently, crack 

deflection can only lead to a slight improvement in fracture toughness, mainly by 

increasing the fracture surface area.   

Figure 6.9 shows SEM images of the fracture surface of a hybrid nanocomposite with 

2-phr clay loading, HN/0.1/2phr. The images suggest a different mechanism because the 

particles are mostly intact and the roughness of the fracture surface is very low. In 
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addition, many thick fracture tails are visible behind the particles in the micrograph plane 

which is located on the plane normal to the applied stress. All of these features are 

consistent with pinning of the crack front. Therefore, we conclude that crack pinning is 

the dominant perturbing process and controlling mechanism which results in a significant 

improvement in fracture toughness.  

In contrast, a higher clay loading (3 phr) resulted in a smaller improvement in fracture 

toughness. SEM images of HN/0.1/3phr samples (Figure 6.10) show all signs of crack 

pinning, including low roughness of the fracture surface, intact particles, and thick 

fracture tails behind the particles. The number of intact domains in these samples is 

greater compared to the samples containing 2 phr. The fracture of the perturbing particles 

in the wake of the crack depends on the ratio of the fracture toughness of the particles 

(K
P

c) to the fracture toughness of the matrix (K
m

c). A higher ratio (  
    

 ) results in an 

increase in the number of intact particles [173]. Since clay content in the thermoplastic-

rich domains determines their fracture toughness and consequently their resistance 

against fracture, higher clay loading increased the number of intact particles. 

Bower and Ortiz [173]
 
evaluated the effect of particle bridging on the fracture 

toughness of a brittle matrix where particles make bridges between two sides of the crack 

and resist against crack opening. They claimed that if K
P

c is comparable to K
m

c, the 

particles are penetrated by the crack and particle bridging does not contribute to 

toughening. If the fracture toughness of the particles exceeds a critical value, the 

obstacles will be intact in the wake of the crack and particle bridging occurs. When K
P

c is 

lower than this critical value, crack bowing occurs, but particles are fractured in the wake 

of the crack. They believed that particle bridging is a very effective toughening 

mechanism due to its contribution to energy dissipation. However, this mechanism can 

only contribute a significant improvement to the fracture toughness of a brittle matrix 

when the particles are tough and the interfacial adhesion between the particles and matrix 

is strong. In our systems, the number of intact particles in the samples containing 3-phr 

clay is much higher than other samples with lower clay loading (2 phr), but the overall 

values of fracture toughness are lower. In addition, the thermoplastic-rich domains are 

not particularly tough. Although the presence of clay inside the domains increases 

somewhat their fracture toughness, these particles are still fundamentally brittle. 
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Therefore, particle bridging likely does not contribute a significant improvement to 

fracture toughness in our systems, and the major controlling mechanism must be crack 

pinning. 

 According to the crack pinning mechanism, the growing crack is pinned by 

impenetrable particles, causing the crack front to bow out between them. After bowing, 

the crack keeps propagating and after a distance of about one particle diameter, the crack 

front breaks free and resumes its linear shape [51]. In this case, two distances become 

important to controlling toughening, namely: (i) the interparticle distance and (ii) the 

distance that the crack propagates along the particles before breaking free, referred to as 

the critical propagation distance. The former is linked to the particle concentration and 

diameter. Fracture toughness is increased when the interparticle distance decreases and 

the critical propagation distance increases. Therefore, the spatial distribution of particles 

plays an important role in fracture toughness. Table 6.3 presents the interparticle distance 

and its standard deviation, which represents the degree of non-uniformity of the particle 

distribution in space. Higher clay loading (3 phr) leads to a sudden increase in the 

interparticle distance and its standard deviation. This means some areas are free of the 

thermoplastic-rich particles while dense aggregations of particles exist in other regions. 

Heterogeneity of distribution of the impenetrable particles resulted in a reduction in the 

efficiency of the crack pinning mechanism, likely by reducing the number of the bowed 

segments of the crack front. Consequently, hybrid nanocomposite samples with higher 

clay loading (3 phr) have lower fracture toughness compared to those samples with better 

particle distribution (2 phr clay loading). 

Both perturbations, crack deflection and crack pinning, strongly depend on the 

characteristics of the second phase (the dispersed inclusion), including stiffness and 

fracture toughness, where the inclusion must be able to resist against the crack front 

during its propagation. In our systems, the clay content inside the thermoplastic-rich 

domains controls these characteristics. In order to investigate further, we used two more 

preparation procedures to have better control of the location of the clay silicate layers 

with a constant clay loading (2 phr). In the first procedure, a mixture of clay (2 phr) and 

thermoset was prepared and then mixed with the neat thermoplastic. In this case the 

majority of clay silicate layers are located in the continuous thermoset matrix, and the  
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(a) 

 
(b) 

 
(c) 

Fig. 6.7. SEM images of fracture surface of 

HP/0.1 containing 7wt% P(MMA/S). The arrows 

indicate direction of fracture. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 6.8. SEM images of fracture surface of 

HN/0.1/1phr containing 7wt% P(MMA/S). The 

arrows indicate direction of fracture. 
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(a) 

 
(b) 

 
(c) 

Fig. 6.9. SEM images of fracture surface of 

HN/0.1/2phr containing 7wt% P(MMA/S). The 

arrows indicate direction of fracture. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 6.10. SEM images of fracture surface of 

HN/0.1/3phr containing 7wt% P(MMA/S). The 

arrows indicate direction of fracture. 
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sample is called (2NUP+TP). In the second procedure, a half-part of clay (1 phr) was 

mixed with the thermoset and the other part was added to the whole system as a mixture 

with the thermoplastic, and this sample is called (1NUP+1TP). In this case, there is a 

more uniform dispersion of the silicate layers in both phases. The third sample was 

prepared via the major procedure (used for the preparation of all HN samples), where the 

entire clay content was introduced to the system with the thermoplastic component. The 

value of fracture toughness of each sample is presented in Table 6.3. In the former two 

samples, the improvement in fracture toughness is not significant since the clay content 

inside the thermoplastic-rich domains is not enough to increase the impenetrability of the 

domains to resist against the crack front propagation. This suggests that crack trapping 

was not the controlling mechanism of fracture in the samples containing low clay (less 

than 2phr). 

The stiffness of the inclusion can affect the contribution of each mechanism (crack 

deflection and crack pinning) to fracture toughness by impacting interfacial adhesion 

strength. The ratio of the particle modulus (Ep) to the matrix modulus (Em) strongly 

affects the interfacial debonding strength, where a higher ratio (     ) leads to a lower 

interfacial adhesion strength [37,176]. For soft particles like rubber, lower interfacial 

adhesion is appropriate for the integrity of the rubber and the matrix, whereas for stiff 

particles like glass-beads interfacial bonding is essential. A very stiff particle creates a 

high stress state across the interfacial region, increasing the occurrence of interfacial 

debonding [37]. Weak interfacial adhesion strength resulted in an increase in the 

occurrence of crack deflection because the stiff particles force the crack front to tilt out 

the plane and propagate through the interface. Since the efficiency of crack deflection for 

toughening strongly depends on the matrix characteristics such as localized yielding and 

unsaturated polyester is not able to undergo significant localized yielding, a promotion of 

crack deflection compared to crack pinning processes in our system is to the detriment of 

toughening. Therefore, the addition of very stiff ceramic inclusions like glass beads is 

likely not as effective as our thermoplastic-rich domains with moderate stiffness. 

Incorporation of glass beads requires strong interfacial bonding between the two phases, 

the ceramic particles and UP matrix; otherwise, debonding occurs, resulting in a 

reduction in the efficiency of crack pinning. In contrast, for our system, the stiffness ratio 
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of the thermoplastic-rich domains and UP-rich matrix is suitable for the occurrence of 

crack pinning. In addition, in our system the interaction between the two organic and 

partially polar polymeric phases is much higher than the interaction between a ceramic 

particle (like glass beads) and the organic thermoset polymer (UP), resulting in a better 

interfacial adhesion. 

 6.3.4.Effect of microstructure on fracture toughness 

In order to evaluate the effect of the microstructure on fracture toughness, we designed 

experiments where clay loading was kept constant (2 phr) to reach adequate 

impenetrability for thermoplastic-rich particles and suitable particle distribution. We 

changed MMA content (0.1<MMA/StCA<0.4) and P(MMA/S) content (2.5, 4.5, 5.6, 7.0, 

9.0wt%).   

In the previous work [168], we found that the size of the thermoplastic-rich particles 

play important role in fracture toughness and we observed an increase in this property 

when the particle diameter increased. In crack pinning mechanism, an increase in the 

particle size promotes perturbation of the crack front resulting in an increase in fracture 

toughness, but the particle size is not the only influencing factor where the interparticle 

distance and spatial particle distribution also have controlling effect on the efficiency of 

crack pinning mechanism. Table 6.3 shows the effect of the particle size on fracture 

toughness of HN samples (figures are presented in appendices A10 and A11). Although a 

larger size is favourable for toughening, a best size was observed due to the important 

effect of the interparticle distance on the number of bowed segments of the crack front 

during propagation. Therefore, a ratio of particle radius to interparticle distance must be 

considered to correctly evaluate the effect of the microstructure on fracture toughness.  

Figure 6.1 shows the correlation between fracture toughness and r/c for hybrid 

nanocomposite samples with different contents of MMA and P(MMA/S). The diagram 

shows a range of r/c values to achieve maximum fracture toughness. It does not matter 

which variable caused the change in the particle size and interparticle distance. Lange and 

Radford [55] also reported a maximum in the relationship between toughness and volume 

fraction of inclusions affecting the particle size and interparticle distance. For a high 

concentration of particles, interparticle distances are reduced. Lange and Radford [55] 
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pointed out that for each particular size of particles, there is an optimum interparticle 

distance resulting in maximum crack trapping. Although more bowed segments of the 

crack front are favourable for maximum toughening, there is also a minimum 

interparticle distance where the bowed segments of crack front can be formed and crack 

bridging, caused by the non-deformed matrix, occurs. Otherwise, very low interparticle 

distance leads to significant overlapping of stress fields caused by adjacent particles, 

increasing stress intensity in the region between particles. Consequently, this high stress 

intensity can cause fracturing of the interface, reducing the efficiency of crack pinning. 

Therefore, in our systems, a range of r/c values was observed to achieve maximum 

fracture toughness. 

Figure 6.11 shows the effect of r/c on fracture toughness of different HP and HN 

samples which are classified based on the controlling mechanisms. Although a 

combination of mechanisms normally control fracture toughness, but in this figure only 

the dominant mechanisms are considered. Figure 6.11 shows crack pinning is the most 

effective mechanism to improve fracture toughness where r/c has a significant role in the 

efficiency of this mechanism. 

Table 6.3 shows that a significant increase in the size of particles in HN samples 

containing 3-phr clay caused a substantial increment in the heterogeneity of spatial 

particle distribution. Although the major mechanism controlling fracture toughness in 

these samples is crack pinning, a sharp reduction in fracture toughness can be seen due to 

polydispersity of the interparticle distance in these samples. This means that the degree of 

uniformity of the particle distribution also plays an important role in the efficiency of 

crack pinning mechanism. This polydispersity indicates the aggregation of the particles 

which results in a reduction in the efficiency of crack trapping by the particles and crack 

bridging by the matrix. 
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Fig. 6.11. KIc vs. r/c where the controlling mechanism is a parameter (Only major mechanisms are 

considered here). 

6.4. Conclusions 

The effect of synthesis process variables, including the contents of clay, MMA, and 

P(MMA/S), on the characteristics of the continuous phase and dispersed phase was 

evaluated. The major variable affecting the matrix characteristics, crosslink density and 

localized yielding, is the ratio of curing agents (MMA content) where a specific range of 

MMA/StCA was selected for study to minimize the change of these characteristics.  

The most important characteristic of the dispersed phase is its impenetrability. The 

presence of clay silicate layers in the thermoplastic-rich domains increases their stiffness 

and fracture toughness, enhancing their impenetrability. Impenetrable particles can 

perturb the crack front during propagation, leading to the simultaneous occurrence of 

crack deflection and crack pinning. Contribution of each mechanism to fracture 

toughness is controlled by the impenetrability of the particles. Lower impenetrability 

caused the occurrence of crack deflection, resulting in a lower improvement in fracture 
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toughness due to low localized yielding of unsaturated polyesters. Higher clay loading 

(more than 1 phr) sufficiently increased impenetrability of the thermoplastic-rich 

domains, leading to an increase in the contribution of the crack pinning mechanism. 

In addition to impenetrability of obstacles, the particle size and interparticle distance 

are important in the efficiency of crack pinning. For each specific particle size, there is an 

optimum interparticle distance, resulting in the maximum improvement in fracture 

toughness. Between all variables, clay content had the greatest effect on the 

microstructure of the system, where the addition of clay resulted in an increase in size 

and interparticle distance. However, a large particle size causes a less homogeneous 

spatial particle distribution, resulting in a reduction in the efficiency of crack pinning. 

Therefore, the most suitable clay loading (2 phr) was identified relating to the maximum 

value of fracture toughness corresponding to a suitable particle size and interparticle 

distance. 

To explore the effect of microstructure on fracture toughness, hybrid nanocomposite 

samples containing 2-phr clay with different contents of MMA and P(MMA/S) were 

prepared. The addition of MMA and P(MMA/S) resulted in an increase in the size of 

particles without significant change in the interparticle distance. Therefore, an interesting 

correlation between the microstructure and fracture toughness was found, where a best 

ratio of particle size to interparticle distance (r/c), in a range between 0.2 and 0.3, was 

found to achieve the maximum value of fracture toughness (about 65%). 
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Chapter 7 

Conclusions, Contributions, and Recommendations for Future Work 

7.1. Conclusions 

Firstly, organoclay nanocomposites based on unsaturated polyesters were investigated 

to evaluate the effect of the silicate layers on curing reactions and the final properties of 

the thermoset, since there is some controversy surrounding these issues. The addition of 

clay causes a reduction in the total curing rate and an increase in induction time. The 

silicate layers can trap styrene monomers (as the curing agent), leading to a reduction in 

the concentration of styrene in extragallery regions and an increase in the residual styrene 

after curing at room temperature. This resulted in a decrease in the degree of cure and 

consequently crosslink density of the network, especially in high clay loading. However, 

in lower clay loading, this reduction in the degree of cure and crosslink density is slight.  

To evaluate the effect of nanostructure on fracture toughness of the system, different 

mixing methods were used for the preparation of clay nanocomposites based on UPs, 

leading to the different degree of clay dispersion and distribution. The solvent-aided high 

pressure mixing method was successful to achieve a high degree of clay dispersion and 

delamination throughout the matrix. For comparison, a simple mechanical mixing method 

was also used. The results indicated that an almost identical improvement in fracture 

toughness for all nanocomposite samples prepared by different methods was achieved. A 

fine intercalation/exfoliation of the silicate layers slightly improved fracture toughness, 

while a higher degree of exfoliation did not contribute greater improvement. Intercalated 

silicate layers can have the potential to cause crack deflection in unsaturated polyester, 

contributing an improvement in fracture toughness. In this mechanism, other energy 

dissipation processes such as localized plastic deformation of the matrix in the vicinity of 

the growing crack tip contribute greater improvement to fracture toughness compared to 

the contribution obtained by the increase in fracture surface area. On the other hand, the 

intensity of localized plastic deformation of unsaturated polyester during crack 

propagation is low, since the   transition temperature of UP, which is responsible for 

local mobility of the polymer chains, is higher than room temperature, resulting in 
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inactivation of the   relaxation, causing a reduction in the efficiency of the crack 

deflection mechanism. A slight improvement in the fracture toughness of the 

nanocomposite systems was caused by the increase in fracture surface area. Therefore, 

for toughening of unsaturated polyesters, all techniques involving localized yielding of 

the matrix, such as layered silicate toughening, are not as effective as the case for 

toughening of thermosets such as epoxy, which have    transition temperature lower than 

room temperature. 

We introduced a second dispersed phase with suitable impenetrability to the thermoset 

to perturb crack front propagation. For this purpose, a new class of ternary systems 

(thermoplastic/organoclay/unsaturated polyester hybrid nanocomposites) was developed. 

Relationships between precursor material composition, micro- and nano-structure, and 

mechanical properties were explored, demonstrating the potential of this new ternary 

hybrid system.  

To compensate for the negative effect of clay on the final degree of cure and crosslink 

density of the thermoset matrix, a second curing agent, methyl methacrylate (MMA), and 

a thermal initiator were used. The addition of MMA allowed for increased styrene 

conversion, resulting in an improvement in glass transition temperature and higher 

crosslink density. In situ polymerization between two curing agents (MMA and styrene) 

in the presence of clay silicate layers was carried out to improve clay dispersion and 

distribution and to prepare the second dispersed phase for toughening. Complex micro- 

and nano-structures for hybrid nanocomposites were observed, which can be controlled 

by the composition of the system prior to curing. A synergistic effect of clay and 

thermoplastic on fracture toughness was observed, resulting in a significant improvement 

in fracture toughness. Two different thermoplastics, polystyrene (PS) and a copolymer of 

MMA and styrene (P(MMA/S)) with a composition of 18 mol% MMA, were examined, 

where the copolymer resulted in greater improvement in fracture toughness due to 

stronger adhesion strength between the copolymer and unsaturated polyester. 

The morphology study showed that a combination of clay and thermoplastic led to the 

formation of spherical minor phase domains, which are rich in thermoplastic and contain 

the delaminated silicate layers surrounding tiny microgels of pure unsaturated polyester. 
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The presence of silicate layers increased the stiffness and impenetrability of the 

thermoplastic-rich domains that appeared to act as rigid fillers, where the major 

mechanism of energy dissipation during fracture is crack pinning. The potential of this 

new ternary hybrid system to improve fracture toughness by perturbing crack front 

propagation was demonstrated, where more refinement of the composition further 

improved fracture toughness. In addition, the initial morphological study illustrated that 

microstructure plays an important role in fracture toughness, calling for more 

investigation. Therefore, we used atomic force microscopy (AFM) to gather more 

information about the morphology and local mechanical properties of the system. 

The preparation procedure of samples has a very important effect on the quality of 

AFM images. The ultramicrotome is a powerful instrument for specimen preparation to 

maximize the characterization capability of AFM, since microtomy preserves the original 

nanostructure of the sample. In the morphological study of the 

thermoplastic/clay/unsaturated polyester hybrid nanocomposite, AFM could distinguish 

between different polymeric phases (thermoplastic and thermoset), whereas TEM does 

not have this capability without staining. AFM showed different nanostructures for the 

thermoplastic-rich domains with and without clay. This suggests that the presence of 

silicate layers changes the nanostructure of the thermoplastic-rich domains, likely by 

affecting phase separation. The silicate layers caused a change in nanostructure from co-

continuous to particulate, representing more complete phase separation inside the 

thermoplastic-rich domains. AFM had the capability to detect the silicate layers dispersed 

throughout different phases and regions, including the thermoplastic-rich phase, 

continuous thermoset-rich phase, and the interface between thermoplastic and thermoset. 

In addition, local mechanical properties of different phases and components were 

qualitatively assessed based on phase contrast. AFM showed that the thermoplastic 

component is a little bit stiffer than the thermoset matrix, and the presence of silicate 

layers significantly increased the stiffness of the domains, where higher stiffness of the 

particles is favourable for the crack pinning mechanism. Section analysis showed 

negative values of phase shifts in the interface between clay and thermoset, representing 

the occurrence of debonding between these components. In contrast, interfacial 

debonding between clay and thermoplastic inside the particles did not occur. This 
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suggests that the interaction between clay and thermoplastic is stronger than between clay 

and thermoset. Interestingly, no deep channel at the interface of the thermoplastic-rich 

and continuous phases was detected. This means that the adhesive strength in the 

interface between the two phases is strong enough to increase the occurrence of crack 

trapping. 

For more refinement of the composition of the system, the effect of synthesis process 

variables, including the content of clay, MMA, and P(MMA/S), on the characteristics of 

the continuous and dispersed phases was evaluated. The major variable affecting the 

matrix characteristics, crosslink density and localized yielding, is the ratio of curing 

agents (MMA content), where a specific variation range of MMA/StCA (0.1 to 0.4) was 

selected to minimize the change of these characteristics. However, the presence of MMA 

in the system, in the mentioned range, slightly increased crosslink density and localized 

yielding of the thermoset matrix. Other variables did not significantly change these 

characteristics of the thermoset-rich phase, indicating that these characteristics do not 

play important roles in the achieved improvement of fracture toughness in the hybrid 

systems. 

The most important characteristic of the dispersed phase is its impenetrability. The 

presence of clay silicate layers in the thermoplastic-rich domains increased their stiffness 

and fracture toughness, enhancing their impenetrability. Impenetrable particles can 

perturb the crack front during propagation, leading to the simultaneous occurrence of 

crack deflection and crack pinning. Contribution of each mechanism to fracture 

toughness is controlled by impenetrability of the particles. Lower impenetrability causes 

fracture in the domains and a lower reduction in stress intensity in the crack tip, leading 

to the propagation of the crack front through the interface between two phases and 

consequently the occurrence of crack deflection. It results in a lower improvement in 

fracture toughness, since low localized yielding of unsaturated polyesters caused a 

reduction in the efficiency of crack deflection mechanism. Higher clay loading (2 phr and 

above) sufficiently increased impenetrability of the thermoplastic-rich domains, leading 

to an increase in the resistance of the domains against the crack front. As a result, the 
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stress intensity of the crack tip is decreased and the efficiency of the crack pinning 

mechanism is increased. 

In addition to impenetrability of obstacles, the particle size and interparticle distance 

are important in the efficiency of crack pinning. For each specific particle size, there is an 

optimum interparticle distance, resulting in the maximum improvement in fracture 

toughness. Between all variables, clay content had the most effect on the microstructure 

of the system, where the addition of clay resulted in an increase in size and interparticle 

distance. However, the large particle size disturbed particle distribution, resulting in a 

reduction in the efficiency of crack pinning. Therefore, the best clay loading (2 phr) was 

observed to achieve the maximum value of fracture toughness, corresponding to suitable 

particle size, interparticle distance, and particle impenetrability. 

To find out the effect of microstructure on fracture toughness, hybrid nanocomposite 

samples containing 2-phr clay with different MMA and P(MMA/S) contents were 

prepared. The addition of MMA and P(MMA/S) resulted in an increase in the size of 

particles without significant change in interparticle distance. Therefore, an interesting 

correlation between the microstructure and fracture toughness was observed, where the 

best ratio of the particle size to interparticle distance (r/c), in a range between 0.2 and 0.3, 

was found to achieve the maximum improvement in fracture toughness (about 65%). In 

addition to this outstanding improvement in fracture toughness, a slight improvement in 

the Tg and elastic modulus were achieved. 

In the case of unsaturated polyesters, mechanisms in which localized yielding of the 

matrix do not play any important role in energy dissipation and consequently in the 

efficiency of the mechanism, like crack pinning, are more effective for improving 

fracture toughness. 

7.2. Contributions 

During this research, various aspects of unsaturated polyester toughening were 

studied. Most findings and results could be useful for different toughening techniques of 

thermosets. 
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For the first time, the effect of the nanostructure of organoclay nanocomposites based 

on UPs on fracture toughness was explored. In the literature, mainly chemical treatments 

were applied to improve the degree of clay dispersion and distribution, normally without 

reporting the final fracture toughness property. We applied different mechanical mixing 

methods to achieve different nanostructures. We found out that the characteristic and 

chemical structure of the thermoset matrix determine the efficiency of toughening 

techniques based on nano-reinforcements. 

For improving the fracture toughness of unsaturated polyesters, we proposed that 

toughening techniques in which localized yielding of the matrix has a smaller role in the 

efficiency of the mechanism controlling fracture toughness are more successful. 

Therefore, we introduced a novel ternary hybrid system, containing a polymeric 

dispersed phase with suitable mechanical properties (fracture toughness and stiffness) and 

appropriate interfacial adhesion with the matrix. The obtained thermoplastic-rich domains 

have properties between brittle organic thermoplastics and rigid inorganic particulate 

fillers, which is favourable for the crack pinning mechanism. In addition, our technique 

involves feasible preparation procedures, where all raw reactants are typically used in 

commercial general purpose UPRs. 

In the case of UPRs, thermoplastics have been widely applied as low profile additives 

(LPAs) to control volume shrinkage of these resins. While there has been a significant 

lack of information about the effect of thermoplastics on other properties of UPRs, 

especially fracture toughness, this study contributes useful information about these 

aspects of a common thermoplastic that is typically used as an LPA for unsaturated 

polyester resins. 

Recently, ternary systems composed of polymeric additives, inorganic nano-

reinforcements, and thermosets have attracted a lot of attention. These systems have 

synergistic effects to improve different physical and mechanical properties, while the 

micro- and nano-structures of these systems have very important roles to control final 

properties. In general, few studies have been done on the morphology of these new 

systems, and more investigations are required. In this work, precise morphological 

studies were done on a sample of these ternary systems. 
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Atomic force microscopy is a powerful instrument for nanostructure and 

microstructure studies. AFM can give information about local mechanical properties of 

materials, but is typically used for those materials composed of phases with significantly 

different viscoelastic properties, like soft rubbers, and rigid materials, like inorganic 

fillers. In this study, we modified the preparation technique and were able to capture high 

quality phase images. Section analysis of these images gave valuable information about 

the local mechanical properties of the ternary system composed of hard materials.  

The morphological studies in this work enabled the determination of the role of 

microstructure characteristics (size and distribution of particles) on the fracture toughness 

of a ternary system in which crack pinning is the dominant controlling mechanism. In 

addition, an interesting correlation between microstructure characteristics and fracture 

toughness was found.  

7.3. Recommendations for future work 

 The following recommendations are proposed based on the present research: 

I. In this work, we found that the characteristics of the thermosetting matrix, which 

are directly dependent upon chemical structure, play an important role in the 

efficiency of toughening techniques and mechanisms controlling fracture 

toughness. It would be interesting to further investigate this area by preparing 

hybrid thermosets, such as a combination of unsaturated polyester and vinylester, 

which have a similar mechanism of network formation but different localized 

yielding. Another option is to use a different curing agent change the chemical 

structure of the network (increasing flexibility) in order to achieve better properties 

of the matrix. 

II. In these new hybrid systems, crack deflection and crack pinning are two 

mechanisms controlling fracture toughness that can occur simultaneously. 

Interfacial adhesion strength plays an important role in determining which 

mechanism has the greater contribution to toughening. Hence, while crack pinning 

is a more effective mechanism for controlling fracture toughness of unsaturated 

polyesters, improving interfacial adhesion strength between two phases would be 
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favorable. For this purpose, living free radical copolymerization of the 

thermoplastic or chemical treatment of the thermoplastic to make reactive 

functional groups (like unsaturated double bonds) may be interesting approaches. It 

would be helpful to estimate interfacial interactions between phases based on 

surface energies of the components.  

III. In unsaturated polyester resins, thermoplastics are typically applied as low profile 

additives to control fracture toughness. In this research, we introduced these ternary 

systems to improve fracture toughness. It would be interesting to explore the effect 

of this toughening additive on volume shrinkage of UPRs.  

IV. This technique has a limitation on incorporation of higher clay content due to 

polydispersity of particle distribution. Therefore, it is strongly recommended that 

the technique be further developed and modified to improve the distribution of the 

thermoplastic-rich domains throughout the matrix to achieve greater improvement 

in fracture toughness. 

V. In the literature, few studies reported optimum values for microstructure parameters 

to achieve the maximum fracture toughness of systems in which crack pinning is 

the controlling mechanism. Our experimental data are useful to develop theoretical 

models of the crack pinning mechanism for these polymeric ternary systems. 

VI. This technique caused a significant improvement in fracture toughness, even with 

slight improvement in elastic modulus and Tg. It is interesting to investigate the 

application of this ternary hybrid system as matrix for fiber-reinforced composites 

in structural applications. For this purpose, the effect of the toughening agents on 

the viscosity of the ternary system, as the matrix, must be explored. 
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Appendix 

 

A1. Other mixing methods 

Two other mixing methods are (i) mixing by a high speed mixer machine, (ii) 

alternative SHM where the order of mixing steps is changes compared to SHM. 

 

 

 

 

Fig.A1.1. Preparation procedures. HSM: high speed mixer method; ASHM: alternative solvent-aided 

high-pressure method. 
a
 shear rate was increased step by step (5000, 10000, 15000, 20000), where each step was about 15 min 

with a rest time for 20 min between each step 
b 
Weight percentage of styrene in the resin. 
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A2. Effect of clay on the total degree of cure 
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Fig. A2.1. Effect of clay loading on the total degree of cure. 

A3. DMA results, loss modulus  

 

Fig. A3.1. Effect of clay loading on loss modulus (glass transition temperature) 
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A4. Fracture toughness of samples prepared by HSM and ASHM 

 

 

Fig. A4.1. Fracture toughness KIc as a function of mixing method. Nanocomposite samples contain 

2phr cloisite 20A, DM: direct method, SHM: solvent-aided high pressure mixing method, SSHM: 

SHM followed by sonication, HSM: high speed mixer machine method, ASHM: alternative SHM. 

 

A5. Comparison between Cloisite 20A and 30B 

 

Table. A5.1. Properties of organically modified clay 

Commercial name Organic modifier Density (g/cc) d spacing (nm) 

Cloisite 20A 

 

1.77 2.42 

Cloisite 30B 

 

1.98 1.85 

HT: Hydrogenated Tallow (~65% C18; ~30% C16; ~5% C14) 
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Fig. A5.1. Fracture toughness KIc as a function of clay content (phr) and clay type. 

All samples were prepared by SHM: solvent-aided high pressure mixing method. 

 

A6)Chemical reactions during curing 

To evaluate the effect of MMA content on the curing process in a hybrid system, for 

each clay content (1, 2, 3 phr), four MMA/St ratios (0.1, 0.2, 0.3, and 0.4) were used. 

Figures A4.1-3 show the effect of MMA content on the total reaction rate and degree of 

cure (presented in parentheses) for hybrid nanocomposites with different clay loading. 

The addition of MMA slightly increased the induction time, where in higher clay loading 

the increase is more substantial. The change in the total reaction rate due to different 

MMA contents is negligible, and the final degree of cure is also independent of MMA 

content.  

Figure A4.4-7 shows the effect of clay loading on the total reaction rate and degree of 

cure. The addition of clay caused a slight reduction in both characteristics regardless of 

MMA content. The change in the degree of cure is not significant, indicating that 

crosslink density likely was not changed by varying these parameters.  
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Fig.A6.1. Effect of MMA on curing rate of hybrid nanocomposites containing 1phr clay. 
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Fig.A6.2. Effect of MMA on curing rate of hybrid nanocomposites containing 2phr clay. 
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Fig. A6.3. Effect of MMA on curing rate of hybrid nanocomposites containing 3phr clay. 
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Fig. A6.4. Effect of clay on curing rate of hybrid nanocomposites with MMA/st:0.1, 7wt% P(MMA/S)). 
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Fig. A6.5. Effect of clay on curing rate of hybrid nanocomposites with MMA/st:0.2, 7wt% P(MMA/S)). 
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Fig. A6.6. Effect of clay on curing rate of hybrid nanocomposites with MMA/st:0.3, 7wt% P(MMA/S)). 
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Fig. A6.7. Effect of clay on curing rate of hybrid nanocomposites with MMA/st:0.4, 7wt% P(MMA/S)). 

A7)Tensile properties of hybrid nanocomposites 

 
Fig. A7.1. Effect of MMA content on inelastic strength of hybrid nanocomposites with different clay 

contents (all samples contain 7wt% P(MMA/S)). 



168 
 

MMA/St

0.0 0.1 0.2 0.3 0.4 0.5

Y
o

u
n

g
's

 M
o
d
u

lu
s 

(G
P

a)

3.2

3.3

3.4

3.5

3.6

SP/0.0

Clay: 1phr

Clay: 2phr

Clay: 3phr

 

Fig. A7.2. Effect of MMA on elastic modulus of hybrid nanocomposites with different clay contents 

(all samples contain 7wt% P(MMA/S)). 

 

 
Fig. A7.3. Effect of thermoplastic mass on tensile strength and inelastic strength  

(hybrid nanocomposites, HN, contain 2-phr clay with MMA/StCA=0.2). 
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A8) Effect of gel time on fracture toughness  

The synthesis process variables can change the gel time which may affect fracture 

toughness by changing the size of the final thermoplastic-rich particles. For this purpose, 

we added hydroquinone as an inhibitor (1000 ppm) to increase the gel time.  The 

inhibitor was added to the mixtures of UPR and the copolymerization product, containing 

different MMA, clay, and P(MMA/S) content, before curing.  

Figures A6.1 and A6.2 show the reaction rate during room temperature curing of  two 

hybrid nanocomposite samples, (HN/0.1/2phr/4.5wt%) and (HN/0.2/2phr/5.6wt%), 

respectively. The addition of 1000 ppm hydroquinone significantly increased the 

induction time and the gel time via reducing the reaction rate. Although a large amount of 

the inhibitor is used, the final degree of cure was not significantly changed to affect 

fracture toughness. 
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Fig.A8.1. Effect of hydroquinone on the reaction rate of a hybrid nanocomposite sample containing 

2phr clay and 4.5wt% P(MMA/S) with MMA/StCA:0.2. 
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Fig.A8.2. Effect of hydroquinone on the reaction rate of a hybrid nanocomposite sample containing 

2phr clay and 5.6wt% P(MMA/S) with MMA/StCA:0.1. 

 

 

Table A8.1. Effect of inhibitor on KIc and particle diameter 

Sample Hydroquinone 

(ppm) 

Particle diameter 

(μm) 

KIc 

(Mpa.m
1/2

) 

HN/0.1/2phr/4.5wt% 0.0 2.0 (0.7) 1.39 (0.04) 

HN/0.1/2phr/4.5wt% 1000 2.11 (0.6) 1.40 (0.05) 

HN/0.1/2phr/5.6wt% 0.0 2.95 (0.9) 1.52 (0.05) 

HN/0.1/2phr/5.6wt% 1000 3.05 (0.8) 1.55 (0.06) 

HN/0.1/3phr/7wt% 0.0 9.24 (2.5) 1.56 (0.09) 

HN/0.1/3phr/7wt% 1000 9.10 (2.1) 1.51 (0.08) 

HN/0.2/2phr/5.6wt% 0.0 3.07 (1.1) 1.58 (0.03) 

HN/0.2/2phr/5.6wt% 1000 2.94 (1.0) 1.54 (0.05) 

HN/0.2/3phr/7wt% 0.0 10.48 (3.5) 1.59 (0.07) 

HN/0.2/3phr/7wt% 1000 10.60 (3.8) 1.54 (0.06) 

a  The last number represents the mass fraction of P(MMA/S). 
b The values in parentheses are standard deviations of the property. 
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The gel time can influence the particle size by affecting the available time for the 

diffusion of different constituents (especially unsaturated polyester) out of the dispersed 

phase during quiescent conditions. Since the presence of clay silicate layers in the 

thermoplastic-rich phase restricts the diffusion of the constituents out of the 

thermoplastic-rich phase during quiescent conditions and curing process, the gel time did 

not significantly affect the final size of the particles and consequently fracture toughness 

(Table A6.1). 

 

A9) Effect of the synthesis process variables on fracture toughness 
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Fig. A9.1. Effect of clay and MMA content on fracture toughness 

(All hybrid nanocomposite samples contain 7wt% P(MMA/S)). 
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Fig. A9.2. Effect of the thermoplastic content on fracture toughness (All hybrid nanocomposite 

samples contain 2-phr clay with MMA/StCA:0.1). 

 

 

 

 

 

 
Fig. A9.3. Effect of the thermoplastic content on fracture toughness (All hybrid nanocomposite 

samples contain 2-phr clay with MMA/StCA:0.2). 

 

 

 



173 
 

A10)Relationship between the particle size and KIc 
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Fig. A10.1. KIc vs. the particle diameter. The size of particles is a function of clay and MMA content 

(wt%). (all samples contain 7wt% P(MMA/S)). 
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Fig. A10.2. KIc vs. the particle diameter. The size of particles is a function of clay and MMA content 

(wt%). (all samples contain 7wt% P(MMA/S)). 
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Fig. A10.3. KIc vs. particle diameter. The size of particles is changed by varying the thermoplastic 

mass (wt%). 
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Fig. A11.3. A relationship between KIc and the interparticle distance.  
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