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ABSTRACT 

The non-stoichiometric curing effects on mechanical properties of nano-silica 

particulate-reinforced epoxy composites were clarified experimentally to consider the 

interaction effects between nano-particles and network structures in matrix resin. The 

matrixes were prepared by curing with an excessive mixture of diglycidyl ether of 

bisphenol A type epoxy resin as the curing agent for the stoichiometric condition. The 

volume fraction of the silica particles with a median diameter of 240 nm was constantly 

0.2 for every composite. The crosslinking densities and glass transition temperatures of 

the neat epoxy resins were identified from thermo-viscoelastic properties measured by 

dynamic mechanical analysis. The glass transition temperatures, the bending strengths, 

and the fracture toughnesses were found to sensitive to the crosslinking densities but 

the compressive yield stresses approximately did not affect to the crosslinking densities. 

The interactions between the nano-particles and the network structures reduce the 

glass transition temperatures and improve the compressive yield stresses, the bending 

strengths and the fracture toughnesses in high crosslinking densities. The bending 

strengths, the compressive yield stresses and the fracture toughnesses were higher for 

composites than those of the neat epoxy resins, because existence of the nano-silica 

particles encumbered the entanglements of the molecular chains and the deformations 

in the matrix resins having fine network structures with high crosslinking densities. 
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1.1  Epoxy Resins  

Epoxy resins as a class of thermoset materials are one of the most versatile 

polymers under today. Epoxy resin was discovered in 1938 by Pierre Castan, a 

chemist in Switzerland. Since the first commercial production of epoxy resin occurred 

simultaneously in Europe and in the United States in the late 1930s and early 1940s, 

the consumption of epoxy resins has grown gradually almost every year [1.1].  

Epoxy resins are used extensively in structural and special composites 

applications because of better performances such as excellent chemical resistance, 

excellent adhesion to various substrates, good heat and electrical resistances, low 

shrinkage, and good mechanical properties. These desirable properties result in epoxy 

resins having wide markets in industry, packaging, aerospace, construction, etc. 

Remarkable applications are bonding and adhesives, protective coatings, electrical 

laminates, apparel finishes, fibre reinforced plastics, flooring and paving, and 

composite pipes. Recently, the application of fibre reinforced epoxy composites can 

also be found in biomedical engineering. [1.2–1.4].  

In general, epoxy resin contains one or more oxirane structures, three-membered 

rings containing two carbon atoms and one oxygen atom, namely the epoxide group or 

epoxy ring at the end(s) of the molecule and a few repeated units in the middle of the 

molecule. The epoxide group or epoxy ring is given in Fig. 1.1. Epoxy resins can 

chemically have one or more 1,2-epoxy groups and can convert to thermosetting 

materials. Since the 1930’s when the preparation of epoxy resins was patented, many 

types of new epoxy resins have been developed from epoxides. Epoxy resins exist 

either as liquids with lower viscosity or as solids depending on their molecular weights. 

Tanaka [1.5] gave a complete list of epoxides and discussed their properties and 

preparation.  

 

 

 

 

Fig. 1-1 Epoxide Group [1.6] 
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The resin that is the basis for most our epoxy formulations is the diglycidol ether of 

bisphenol A (DGEBA). Bisphenol A is the chemical product made from chemically 

combining two phenols with one acetone. Unreacted acetone and phenol are stripped 

from the bisphenol A which is then reacted with a material called epichlorohydrin. This 

reaction sticks the two (di) glycidyl groups on ends of the bisphenol A molecule. The 

resultant product is the diglycidyl ether of bisphenol A, or the basic epoxy resin.  

DGEBA accounts for more than 75% of the epoxy resin used in industrial applications, 

because it has excellent toughness, adhesiveness and chemical resistance. Epoxy 

resins such as DGEBA have the ability to react and cross-link by means of the epoxide 

group on each end to generate three-dimensional networks, which provide cured epoxy 

resins. The chemical formula of the DGEBA used in this research is shown in Fig. 1.2. 

Other types of epoxy resins are glycidyl ether of novolac resins, phenoxy epoxy resins, 

and (cyclo) aliphatic epoxy resins. Glycidyl ether of novolac resins, and phenoxy epoxy 

resins usually have high viscosity and better high temperatures properties while (cyclo) 

aliphatic epoxy resins have low viscosity and low glass transition temperatures.  

 

 

 

 

 

 

Fig. 1.2 Bisphenol A type (DGEBA) [1.6] 
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The epoxy resins will react with a large number of chemical species called curing 

agents or curatives or hardeners. During the ring opening reaction in epoxide groups, 

the active epoxide groups in the uncured epoxy can respond with many curing agents 

that contain hydroxyl, carboxyl, amine, and amino groups to obtain the different epoxy 

systems with a large range of chemical and physical properties. Selection of the curing 

agents determines characteristics of cured epoxy resins because they relate to the 

curing kinetics reaction rate, gel time, degree of cure, viscosity, curing cycle, and the 

final properties of the cured products. The most commonly used chemical classes of 

curing agents are amines, amine derivatives, and acid anhydrides. Among these, acid 

anhydride curing provides epoxy resins with a high glass transition temperature and 

excellent mechanical properties, especially at high temperature. In addition, the 

shrinkage caused by curing is small. Therefore, the chemical formula of the 

Methytetrahydrophthalic anhydride (MeTHPA) used in this research as the acid 

anhydride curing agent is shown in Fig. 1.3. 

The anhydrides are sometimes used alone, but they are more frequently used in 

combination with such basic compounds such as tertiary amine catalysts to accelerate 

the curing. The chemical formula of the 2,4,6-Tris (dimethyl amino-methyl) phenol used 

in this research as the tertiary amine catalysts is shown in Fig. 1.4. 

 

 

Fig. 1.3 Methytetrahydrophthalic anhydride (MeTHPA) [1.6] 

 

 

 

Fig. 1.4 2,4,6-Tris (dimethyl amino-methyl) phenol [1.6] 
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 The curing reaction of epoxide is the process by which one or more kinds of 

reactants, i.e., an epoxide and one or more curing agents with or without the catalysts 

are transformed from low-molecular-weight to a highly crosslinked structure. As 

mentioned earlier, the epoxy resin contains one or more 1, 2-epoxide groups. Because 

an oxygen atom has a high electronegativity, the chemical bonds between oxygen and 

carbon atoms in the 1, 2-epoxide groups are the polar bonds, in which the oxygen atom 

becomes partially negative, whereas the carbon atoms become partially positive. 

Because the epoxide ring is strained (unstable), and polar groups (nucleophiles) can 

attack it, the epoxy group is easily broken. It can react with both nucleophilic curing 

reagents and electrophilic curing agents. The curing reaction is the repeated process of 

the ringopening reaction of epoxides, adding molecules and producing a higher 

molecular weight and finally resulting in a three-dimensional structure. The chemical 

structures of the epoxides have an important effect on the curing reactions.  

 Theoretically, a crosslinked thermoset polymer structure is obtained when 

equimolar quantities of resin and curing agent are combined. However, in practical 

applications, epoxy formulations are optimized for performance rather than to complete 

stoichiometric cures. The stoichiometric relationship between curing agents and resins 

has a great effect on the physical and the mechanical properties of the epoxy resin 

[1.7]. The different types of curing agents required addressing stoichiometric balance 

between the reacting species. A key parameter that determines resin suitability for use 

is the epoxy equivalent weight (EEW) which can be defined as the weight of the resin 

per epoxide group. The equivalent weight of a polymer is used to calculate the 

stoichiometric ratio between the epoxy resin and curing agent in order to optimize the 

cured properties. 

 Figure 1.5 shows a schematic diagram of a polyaddition reaction of an acid 

anhydride curing agent and a bisphenol A type epoxy resin according stoichiometric 

ratio. Figure 1.5(a) shows the epoxy groups of the epoxide resin monomer and the acid 

anhydride groups of the curing agent monomer. The epoxide resin monomer reacts 

with curing agent monomer to result a liner molecular chain shown in Fig. 1.5(b). After 

a liner molecular chain grows to form a branch structure when the new monomer of 

epoxide resin and curing agent join shown in Fig. 1.5(c), two branches merge to result 

cross-linked structure shown in Fig. 1.5(d). Finally, all polymer chains connect in cross-

linked structure to produce complete network structures. 
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 (a) Monomer 

 

 

 

 

 

(b) Linear growth stage (c) Branch growth stage 

 

 

 

 

 

 

 

 

 

 

(d) Cross-linked structure formation stage 

 

Fig. 1.5 A schematic diagram of a polyaddition reaction of an acid anhydride curing 

agent and a bisphenol A type epoxy resin [1.8, 1.9]. 
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1.2.  Particulate Reinforced Epoxy Composites  

1.2.1.  Inorganic particulate reinforced epoxy composites 

Particulate reinforced polymer composites are defined as materials made up of two 

components and consisting of two phases such as a continuous polymer matrix phase 

and a discontinuous organic-inorganic reinforcement phase.  

Polymer materials are in the broadest sense referring to that they are relatively 

brittle and have lower resistance to crack propagation even after curing process. For 

this reason most of the studies has been investigated to modify the polymer structure in 

order to improve its fracture toughness, flexibility, impact strength and other 

mechanical properties by reinforcing with highly stiffer inorganic particles, which have a 

wide dimensions from the macro-scale to nano-scale ranges [1.10].  

The various types of reinforcing particles are classified by several ways, such as 

based on the origin: natural or synthetic, chemical composition: organic or inorganic, 

mean dimension: macro- to nano-size, and based on the shape: spherical or irregular, 

aspect ratio.  

Generally, many of the reinforcements used for polymer composites are inorganic 

spherical particles of low aspect ratio [1.11]. The typical commercially available 

particles used as the reinforcement are as follows [1.12]: 

1. Calcium carbonate: lowest cost particle and mostly used in polyvinylchloride (PVC), 

polypropylene (PP) and polyamides (PA). Because of reducing polymer’s 

shrinkage during molding and curing, it is a usual particle in low shrink reinforced 

polyester sheet molding components. Even with a low aspect ratio and a fatty 

acids coating, resulting in a limited modulus increase in the composite and 

improvements in particle dispersion.  

2. Kaolin (Clay): when used as a common particle in thermoplastics, clay is referred 

mainly to kaolinite. The particle is non-abrasive, chemical resisting and has 

relatively high surface area which results in high viscosities in liquid polymers. With 

various surface treatments, it is available to provide outstanding water resistance 

and electrical properties in a variety of polymers. 

3. Silica: over 20 distinct phases of silica and produced in several synthetic ways. 

Low aspect ratio and usually spherical particle. Very high surface area and so fine 

in particle size provide a thixotropic effect and enhance properties and hardness in 

cured polymers. 
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Recently, several scientific and technical researches concerning particulate 

reinforced polymer composites have been conducted, because of that the possibilities 

with a wide range of applicative properties are numerous. There are many reasons for 

using the particulate reinforced polymer composites rather than the pure polymer 

materials. The initial reason for the use of various particles to reinforcing polymer 

materials is to reduce the cost, but mainly it is driven by the enhancements in 

mechanical and other properties of the composite. Some of these primary reasons are 

as follows [1.13–1.17]: 

1. Increasing stiffness and/or strength. 

2. Increasing heat distortion temperature (HDT). 

3. Increasing toughness and/or impact strength. 

4. Increasing dimensional stability due to the reduced coefficient of thermal 

expansion.  

5. Increasing mechanical damping, and modifying electrical properties. 

6. Reduced flammability, and permeability to gases and liquids because of the 

increased barrier property. 

However, some disadvantages which should be reduced are also found.  

1. Increased viscosity before curing, resulting in more difficult to manufacture 

processing. 

2. Usually lost in transparency properties. 

3. Sometimes reduced toughness at high volume of the reinforcement, compared to a 

tough polymers 

From the perspective of described advantages, the particulate reinforced polymer 

composites are currently used in numerous electric and electronic applications as 

packaging or encapsulating materials, and have a wide range of applications in 

sensors, nanoelectronic devices, mobile phone, portable computers and batteries as 

structure materials [1.18–1.21].  
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1.2.2.  Silica particles reinforced epoxy composites 

The main drawback of the epoxies is brittleness, which gives limitation to extend 

engineering applications. Thus, numerous studies have been suggested the addition of 

silica particles in order to improve toughness properties of the epoxy without 

associated decrease of thermal and other important mechanical properties such as the 

strength and modulus [1.22]. Because the silica particle has the diversity of shape and 

size, and competitive cost compared to other reinforcements, as well as outstanding 

chemical, mechanical and thermal properties.  

Silica particles reinforced epoxy composites described mainly in this study are 

extensively used as a molding compound in electronic device packages, which role to 

ensure the electrical insulation of the silicon chip and of circuit bonding wires upon 

handling in any circumstances [1.23]. Figure 1.6 shows the schematic illustration of 

packaging system of electronic device, and the general component ratio of packaging 

material is given in Fig. 1.7. The principal reason for using this composites for such 

applications is because of the addition of silica particle can consist in the improvement 

of the electrical properties, thermal dimensional stability and adhesion, etc. but it also 

can be an enhancement of their mechanical properties. Furthermore, shrinkage in size 

and other complexities of design for electronic device recently lead these package 

materials to have a high reliability performance which can be remarkably developed by 

increased toughness and thermal resistance of the silica particles reinforced epoxy 

composites [1.24, 1.25].  

 The properties of silica particulate reinforced epoxy composites are mainly 

governed by the intrinsic properties of the silica and epoxy, geometry of the reinforcing 

silica particles, morphology of the epoxy matrix, and also the interface properties 

between silica particles and epoxy matrix. Therefore, the desired properties of the 

composites could be obtained by varying some of these factors. In opposition, a variety 

of improved properties could be determined through modification of these factors [1.26]. 

 Several researches have been focused on the particle effects to improve the 

properties of the composites. Previous researches concerning properties of silica 

particles reinforced epoxy composites are surveyed below. 
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Fig. 1.6 Schematic diagram of semiconductor packaging system [1.27] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.7 General component ratio of packaging material [1.28] 
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(a)  Mechanical properties 

Several researcher reported mechanical properties of epoxy composites reinforced 

with silica particles having different shape, size and volume fraction.  

Kausch et al. [1.29] reported deformation and fracture mechanisms in filled 

polymers, and proposed three types of fracture modes in highly particulate reinforced 

epoxy composites: rapid brittle fracture due to single particle debonding, crack 

propagation between debonded particle zones, crack propagation through coalescence 

of voids. Kishimoto et al. [1.30] and Adachi et al. [1.31] studied the Mode I and mixed-

mode fracture behavior of silica particles reinforced epoxide resin (varied by volume 

fraction of silica particles) at room and high temperatures. The result showed the 

fracture behavior was relatively dependent on temperature and particle volume, and 

the fracture toughness was predicted for a wide range of temperatures by the thermo-

viscoelastic characteristics.  

Spanoudakis and Young [1.32, 1.33] reported the effect of spherical shaped silica 

particles from 4.5 to 62 μm filled epoxy composites on modulus and fracture 

toughness. For lower volume fractions (10 – 18 vol.%), the modulus was almost 

independent of particle size but for higher volume fractions (30 – 46 vol.%), there was a 

slight decrease in modulus with increasing particle size. The fracture properties 

strongly depended on particle size and volume contributing to the differences in crack 

propagation and interaction of particles with matrixes. Nakamura et al. [1.34–1.38] 

discussed the effect of spherical and irregular shaped silica particles from 2 to 30 μm 

on modulus, flexural strength and fracture toughness. It was found that fracture 

toughness was slightly higher for irregular shaped particles but other properties mostly 

depended on the volume fraction for a given particle size. Yaguchi et al. [1.39] 

observed that the fracture toughness increased with increasing volume fraction and 

with irregularly-shaped particles for highly silica particulate-filled epoxy resins. 

Yamamoto et al. [1.40] and Niinomi et al. [1.41] also found the remarkable increases in 

tensile properties and impact fatigue properties for the irregular crystalline silica 

particulate-filled epoxy composites.  

McMurray et al. [1.42] showed that the flexural creep strength and fatigue 

properties of crystalline silica particulate-filled epoxy resins were dependent on the time 

and temperature. Koh et al. [1.43] investigated the fracture toughness and failure 

mechanisms of epoxy composites filled with silica particles (2 – 47 μm), and found a 

significant effects of temperature and loading rate on the impact fracture toughness. 

Zheng et al. [1.44] reported that the impact strength of epoxy composites increased 
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with the silica content up to about 2 vol.%, and then decreased. The decrease of the 

impact strength at high silica content was attributed to the increasing particle 

agglomeration.  

Monette et al. [1.45] concluded that the reinforcement efficiency in epoxy 

composites significantly increased when decreasing the particle size. The Young’s 

modulus not only depends on the volume fraction but also on the particle size. Wang et 

al. [1.46] observed that the increase in Young’s modulus was directly proportional to 

silica particles content at room temperature, but the modulus and yield stress were not 

varied with the silica volume fraction at high temperature. Fiedler et al. [1.47] showed 

the Young’s modulus for any silica content (up to 1 vol.%) and surface modification 

decreased compared to the neat epoxy, but the toughness and the strain to failure 

increased as the silica content increased up to about 0.5 vol.%. 

Anderson et al. [1.48] reported that remarkable increase of fracture toughness 

showed at the silica content as low as 0.5 vol.%. Imanaka et al. [1.49] studied the effect 

of silica particle size (mean sizes in the range of 6 – 30 μm) and particle/matrix 

adhesion on the fracture toughness, and concluded that fracture toughness and 

interfacial strength depended on the particle size and content, respectively. Young et al. 

[1.50] and Kobayashi et al. [1.51] showed that the mechanical properties of silica 

particulate-filled epoxy composites resulted from the complex interfacial interactions 

between the particles and the matrix. Furthermore, Swanson et al. [1.52] observed the 

strong effects of shape and size of silica particles on the fracture strength of the epoxy 

resin.  

Kawamura et al. [1.53] found the fracture toughness of silica particulate-filled 

epoxide resins (containing 70 wt.% of silica particles) slightly increased with moisture 

absorption while the bonding strength tended to decrease, and concluded that the 

discrepancy in strength and fracture toughness could be attributable to differences in 

the three-dimensional stress sate of the materials. Yoshida et al. [1.54] studied the 

mechanical properties of tensile and bending deformations of silica particulate-filled 

epoxy composites, and found that the adhesive effects between the particles and the 

matrix could be expressed as the square root of boiling time in water but the 

mechanical properties decreased with the water absorption time. Boonyapookana et al. 

[1.55] discussed fatigue crack growth behavior of silica particulate reinforced epoxy 

resin composite where the average particle size was 20 – 30 μm. They found that the 

present silica particle reinforcement significantly contributed to enhance the fatigue 

crack growth resistance. 
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Currently, the particle size is being decreased to below the micrometer level to form 

the nanocomposites with superior mechanical properties. The effect of the size and 

volume fraction of the particle, namely, the interaction effect between the particles and 

the epoxy matrix, has been study to determine how the properties of the 

nanocomposites can be improved. Adachi et al. [1.56–1.58] discussed the effect of 

particles diameter and volume fraction on fracture toughness of spherical-silica-

particle-filled epoxy composites. The particle diameters ranged from 240 nm to 1.56 μm 

and the volume fraction ranged from 0 to 0.35. They found that the fracture toughness 

increased drastically as the volume fraction increased and the particles diameters 

decreased as shown in Fig. 1.8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.8 Relation between fracture toughness and volume fraction of particle [1.56] 
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Kwon et al. [1.59–1.63] discussed the dispersion effects of nano (240 nm)- and 

micro (1.56 μm)-scale silica particles on mechanical properties of the composites. They 

reported that the bidispersion of nano- and micro-particles enabled tailoring composites 

strength and toughness due to more interactions between particles and the matrix that 

are governed by interparticle distance and particle packing. They also found that two-

particle composition enabled significant increase in mechanical properties of the 

composite for a given constant volume fraction (VP = 0.30) while maintaining a lower 

viscosity compared to single particle composites.  

Olhero et al. [1.64] shown that the rheological behavior strongly depended on the 

particle size distribution. Preghenella et al. [1.65, 1.66] observed the thermo-

mechanical properties of nanocomposites, and found that the huge viscosity increased 

in epoxy resins induced by the addition of nano-scale silica particles. By using atomic 

acoustic microscopy, they also confirmed that the mechanical properties strongly 

governed by the distribution of nano-particles. 

Jumahat et al. [1.67] showed the addition of 25 wt.% nanosilica enhanced the 

tensile modulus and strength of about 38% and 24%, respectively, compared to the 

neat polymer. Veena et al. [1.68] found that the ultimate tensile strength, hardness, and 

electrical resistivity increased with 10 wt.% of nanoparticle with distribution range of 14 

– 21 nm and after that deceased. Zheng et al. [1.69] discussed the influences of nano-

silica particles (20 nm) in epoxy resin on the mechanical properties in terms of non-

notched charpy impact strength and flexural strength. The results indicated that nano-

silica particles could effectively increase both the toughness and strength of epoxy 

resin at low loadings (no more than 3 wt.%) when nano-silica particles could be well 

dispersed in epoxy matrix without any great aggregations. 

Devaprakasam et al. [1.70] evaluated energy dissipation and failure mechanics of 

silica nano- and micro-particle-filled polymer composite, and explained that 

nanocomposite showed better tribo-mechanical performance compared with that of the 

micro-particle-filled composite. Jajam et al. [1.71] discussed nano (20 nm)- vs. micro 

(35 μm)-size filler and loading-rate effects on mode-I crack initiation and crack growth 

behaviors of silica filled epoxy. The fracture tests showed fracture toughness 

enhancement in case of nanocomposites relative to micro-particle filled ones, and the 

dynamic crack-initiation toughness was consistently higher for micro-particle filled 

composites relative to the nano-filler counterparts.  
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Chen et al. [1.72] found that increases of 25% in tensile modulus and 30% in 

fracture toughness were obtained for epoxy–nanocomposite resins filled with 12 nm 

spherical silica particles on loadings less than 10 wt%. Battistella et al. [1.73] discussed 

fracture, fatigue and tensile strength of silica/epoxy nanocomposites for the average 

particle diameter of 7 nm. The fracture toughness increased of 54% at 0.5 vol.% of 

silica particles and also fatigue crack growth resistance, but not so significant. On the 

other hand, the ultimate tensile strength was not significantly affected by the silica 

particles. Yao et al. [1.74] found that the nanocomposite with 3 wt.% nano-silica 

(average diameter 90 nm) had higher fracture toughness and larger deformation 

resisting capability than other nanocomposites weight contents. Ragosta et al. [1.75] 

showed that the addition of silica nanoparticles (10 – 15 nm) up to 10 wt.% carried 

about a considerable enhancement in fracture toughness and an increase in the critical 

crack length for the onset of crack propagation. Zhang et al [1.76] confirmed that the 

homogeneously distributed of silica nanoparticles with an average diameter of 25 nm 

were able to improve the static/dynamic modulus, microhardness, and fracture 

toughness of the nanocomposites with increasing silica content up to 14 vol.% (23 

wt.%)   

Zhang et al. [1.77] discussed fracture behaviours of silica nanoparticle-filled epoxy 

at different temperatures (296 K and 353 K) where the average diameter of silica 

nanoparticles was about 25 nm. The stiffness, strength and toughness were improved 

simultaneously and a strong particle–matrix adhesion was found by fractography 

analysis. Deng S. et al. [1.78] discussed fracture behaviours of nano-silica modified 

epoxies at low and elevated temperatures. Fracture toughness of the nano-silica (20 

nm) modified epoxies was clearly increased at 296 K and 323 K, but the role of nano-

silica particles in enhancing the fracture toughness became less pronounced at 273 K 

and 223 K and disappeared at 343 K.  

Several researchers clarified two different diameters in nanometers. Chen et al. 

[1.79] discussed mechanical and fracture behavior of epoxy resin with 12 nm and 100 

nm silica particles. They found that the tensile strength of all composites was 

independent of particle size and weight fraction, which was attributed to strong particle 

bonding and failure initiation in the matrix. They also reported that compared with neat 

epoxy, the fracture toughness of epoxy composites increased by 35% for 15 wt.% silica 

loading. Liang et al. [1.80] discussed toughening mechanisms in epoxy–silica 

nanocomposites with different average particle sizes (20 nm and 80 nm in diameter). 
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They observed that the fracture toughness of epoxy–silica nanocomposites increased 

as the nanosilica volume fraction increased up to 17.4 vol.%.  

Moreover, several researchers clarified three different diameters in nano scale. 

Dittanet P. et al [1.81] and Bray et al [1.82] discussed the effect of volume fraction and 

particle size of the toughening of epoxy polymers reinforced three different diameters 

(23, 74 and 170 nm) of silica nanoparticles. They found that the fracture toughness 

increased significantly with the addition of silica nanoparticles and with increasing the 

concentration of silica nanoparticles, but no significant effects of particle size were 

found on the measured value of toughness. Zamanian et al. [1.83] discussed an epoxy 

resin was modified by the addition of different nanosilica particles where the diameters 

of silica particles were 12, 20, and 40 nm. They clarified that Young’s modulus 

increased and the glass transition temperature was unchanged. The fracture energy 

increased to about 620 J/m2 for the epoxy with 3.17 vol.% of 12 nm diameter 

nanoparticles. 

The other researcher modified the structure/property of epoxy polymers and 

clarified the properties of composites. Hsieh et al. [1.84] clarified the mechanical and 

fracture properties of four different epoxy polymers containing 0, 10 and 20 wt.% of 

well-dispersed silica nanoparticles. They found that for any given epoxy polymer, their 

Young’s modulus steadily increased as the volume fraction of the silica nanoparticles 

was increased. The presence of silica nanoparticles always led to an increase in the 

toughness of the epoxy polymer. However, to what extent a given epoxy polymer could 

be so toughened was related to structure/property relationships which were governed 

by the values of glass transition temperature and molecular weight between cross-links 

of the epoxy polymer, and the adhesion acting at the silica nanoparticle/epoxy-polymer 

interface. 

Based on the available literatures, it can be concluded that mechanical properties 

of silica particles reinforced epoxy composites in general appeared to exhibit the 

advantages of increasing either the stiffness or the fracture toughness as silica 

particles reinforced. The mechanical properties also shown enhancement in case of 

nanocomposites relative to micro-particle filled. Consequently, these properties were 

well improved by a suitable volume and size reduction of silica particles, and it resulted 

that an optimal microstructure of silica particles should be proposed for the 

reinforcement of epoxy composites.  
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(b)  Thermo-viscoelastic properties 

Several papers are published to research the thermo-viscoelastic properties of 

epoxy composites reinforced with silica particles having different shape, size and 

volume fraction. 

Li et al. [1.85], Unsworth et al. [1.86,1.87] and Kim et al. [1.88] found that the peak 

of dynamic loss factor (tan δ) and dynamic storage and loss modulus changed 

considerably during the glass transition, and the dynamic mechanical properties were 

very sensitive to the structural changes in the silica particulate-filled epoxy composites 

due to the thermal degradation. Goyanes et al. [1.89] studied the dynamic mechanical 

properties of silica particulate-filled epoxy composites, and found that the storage 

modulus increased strongly with increasing the silica content but this increase was 

more important at the rubbery state than at the glassy state. Kwon et al [1.90] 

discussed the effect of compositions of two sizes of spherical silica particles, 0.24 and 

1.56 μm, at a fixed volume fraction (VP = 0.30) on the thermo-viscoelastic properties of 

epoxy composites. The thermo-viscoelastic properties of the two-particle reinforced 

composites are dependent on temperature, and the composition ratio of the particles, 

and they are also governed by the maximum packing fraction of particles which is 

strongly related to the particle size distribution. 

Kang et al. [1.91] investigated the surface modification effect of the silica particles 

(mean diameter of 400 nm) on the viscoelastic properties of the epoxy resin, and found 

an increase of glass transition temperature and a decrease of coefficient of thermal 

expansion as the silica content increased, but observed a decrease in glass transition 

temperature when the absence of reaction at the interfaces due to the surface 

modification. Sun et al. [1.92] studied that the nano- and micro-particles effect on the 

relaxation behavior of an epoxy resin, and found that the nano-silica particles increased 

slightly the glass transition temperature of the epoxy, but the particle content became 

higher than 5 – 10 wt.% and then the glass transition temperature decreased. 

Sangermano et al. [1.93] found a slight increase of glass transition temperature with an 

increase of silica particles content, and concluded it resulted from the restriction of the 

segmental motion of the epoxy by increasing silica particles. Barabanova et al. [1.94] 

clarified the glass transition temperatures of nanocomposites where the silica particle 

dimensions were 10 – 15 nm. They found that the glass transition temperatures of 

nanocomposites were 303 – 313 K higher than those of the neat epoxy resin. 
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An reinforcing silica particles played important role in order to improve the 

properties of epoxy composites, that are also an optimal microstructure of silica 

particles existed, and indeed interaction between silica particles and epoxy matrix in 

the thermo-viscoelastic and thermal properties reported by the researches especially 

for nanocomposites. 
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(c)  Other properties 

The following limited literature studies are published to broadly review the 

adhesive, tribological, and electrical properties of epoxy composites reinforced having 

different shape, size and volume fraction of silica particles. 

Tishin et al. [1.95] investigated the particles effect on the adhesive properties of 

the epoxy as a function of the specific surface area and surface treatment of adding 

silica particles, and found the remarkable increased in adhesive and cohesive strength 

as the silica content was between 4 – 6 wt.%. Kinloch et al. [1.96] investigated the 

effect of silica particles (mean diameter of 20 nm) on the structural adhesive properties 

of the epoxy resin, and found the significant toughening of the epoxy with an increase 

in the adhesive fracture energy at silica content was 8 wt.%.  

Xing et al. [1.97] discussed the wear behavior of epoxy matrix composites filled 

with uniform sized spherical silica particles in diameter of 120 and 510 nm. The wear 

test results showed that the spherical silica particles could improve the wear resistance 

of the epoxy matrix even though the content of the fillers was at a relatively low level 

(0.5 – 4.0 wt.%). Zhang et al. [1.98] studied the tribological properties of the epoxy 

composites filled with silica particles, and found that the wear rate and the fractional 

coefficient markedly increased with the surface treated nano-silica particles while no 

effect for the surface treated micro-particles. Wang et al [1.99] discussed the effect of 

nanoparticle content on the wear behavior of silica nanoparticle-reinforced composites 

correlated where it improved the wear resistance of nanocomposites. Veena et al. 

[1.100] clarified the tribological and electrical properties of epoxy composites filled with 

nano-sized silica particles with distribution range of 14 – 21 nm. They observed that 10 

wt% loading of silica was very effective in reducing the wear loss and the dielectric 

strength, arc and track resistance increased with increase in filler loading (up to 15 

wt%). With further increase of silica filler loading, the nanoparticles agglomerated and 

resulted in increase of the specific wear rate. 

Akelah et al. [1.101], Friedrich et al. [1.102] and Yao et al. [1.103] reported a 

synergistic effect on the abrasion resistance, the impermeability to gas and moisture, 

and the structural characterization resulted from the addition of nano- and micro-silica 

particles.  

The above literature surveys shown that reinforcing silica particles acted an 

important role in order to improve the adhesive, tribological, and electrical properties of 

epoxy nanocomposites, that are also an optimal microstructure of silica particles 

existed, and indeed interaction between silica particles and epoxy matrix was 

evidenced as a primary parameter for characterizing the properties.  
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1.3. Non-Stoichiometric Curing 

1.3.1.  Crosslinking network structure of thermoset 

 Based on the literature studies in Section 1.2.3, 1.2.4, and 1.2.5, the properties of 

silica particles reinforced epoxy composites in general appeared to exhibit the 

advantages of increasing the properties such as the stiffness or the fracture toughness 

as silica particles reinforced. In the case of nanocomposite, the interactions between 

silica particle and network structure of matrix resin increased highly because the nano-

particles produced extremely large boundary surface created by decreasing of the 

interparticle distance, and also obtained unique internal structure in the composites. 

The interfacial interaction of the particles with the surrounding the matrix has a close 

relationship with the network morphology in the polymer matrix [1.104–1.106]. 

Therefore, the properties of nano-particle reinforced epoxy composites are 

considerably dependent not only on the particle geometry effect (size, shape, and 

specific surface or distribution) but also on the intrinsic properties of the epoxy matrix. 

Consequently, the optimal network morphology of matrix resin should be clarified to 

obtain excellent properties of composites. 

 In general, the network morphologies are characterized by the degree of cross-

linking reaction, which are estimated from a variation of physical properties related to 

chemical reaction. Crosslinking density is one of the most important parameters for 

identifying the network morphology of matrix resins. Crosslinking density can be 

defined as the number of effective cross-link per unit volume of the thermoset material, 

in inverse relation to molecular weight between cross-link. Crosslinking density 

determines the properties of the cured resin, particularly the mechanical properties. 

Usually, a thermoset resin with high crosslinking density is harder but more brittle, 

while low density leads to increase flexibility, better impact strength, and higher 

elongation. Table 1.1 shows relationship of crosslinking density to polymers properties 

[1.107 ].  
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Tabel 1.1. Relationship of crosslinking density to polymers properties [1.107] 

 

Increasing crosslinking density 

will cause decreasing 

Increasing crosslinking density 

will cause increasing 

Impact strength  Modulus 

Elongation Tensile strength 

Fatigue properties Hardness 

Peel strength Chemical resistance 

Thermal shock resistance Heat resistance 

Coefficient of thermal expansion Glass transition temperature 

 Internal stress 

 Brittleness 
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  Several methods are obtained to modify the crosslinking densities of matrix 

network morphology, among others: modification of the resin or curing agent 

combination, modification of the cure process and modification of the resin or curing 

agent ratio in the reaction mixture. This last one is called non-stoichiometric curing 

method. The non-stoichiometric curing method can result the different crosslinking 

densities of epoxy network structures to optimize the properties of epoxy resins and 

composites. It provides different way of the modifying the network without modification 

of the chemical nature of polymer chains. 

 Three crosslinking network structures are formed by variation of epoxy/anhydride 

ratios of the epoxide resin monomer and acid anhydride based on non-stoichiometric 

curing method. The network structures are illustrated in Fig. 1.9. Figure I.9(a) 

expresses crosslinking network structures of stoichiometric curing between epoxy resin 

and acid anhydride. In this composition, the complete network structures can be 

resulted with maximum crosslinking density. Figure 1.9(b) shows crosslinking network 

structures of non-stoichiometric curing in case of epoxy resin excess. In this 

composition, incomplete network structures can be resulted with decreasing of 

crosslinking densities because the epoxide resin composition is surplus to produce 

unreacted parts of epoxy resin groups in cured epoxy resin. Figure 1.9(c) shows 

crosslinking network structures of non-stoichiometric curing in case of acid anhydride 

excess. In this composition, incomplete network structures can be resulted with 

decreasing of crosslinking densities because the curing agent composition is surplus to 

produce unreacted parts of acid anhydride groups in cured epoxy resin. 
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(a) Crosslinking network structures of stoichiometric curing between epoxy resin and acid 

anhydride. 

 

 

 

 

 

(b) Crosslinking network structures of non-stoichiometric curing in case of epoxy resin excess. 

 

 

 

 

 

(c) Crosslinking network structures of non-stoichiometric curing in case of acid anhydride 

excess. 

Fig. 1.9 Three types of crosslinking network structures formed by variation of 

epoxy/anhydride ratios 
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1.3.2.  Methods of measuring crosslinking density of thermoset 

 There are a number of methods for measuring the crosslinking density of a 

thermoset resin: chemical analysis, infra-red/near-infrared, swelling, differential 

scanning calorimetry, and parallel plate rheometry. These methods measure the extent 

to which the active resin sites are consumed. Other methods can measure the 

properties that relate directly to the crosslinking density: heat distortion temperature, 

glass transition temperature, hardness, electrical resistivity, dynamic and mechanical 

properties, thermal expansion, and refractive index [1.107].   

 The most common method is to measure the elastic modulus of the thermoset in 

its rubbery regime using a thermal mechanical testing instrument and then to apply 

theory to calculate the crosslink density. In applying the theory to epoxy materials, the 

primary assumption is that at temperatures much higher than the glass transition 

temperature, the epoxy thermosets exhibit rubbery behavior [1.108, 1.109].  

 The use of swelling experiments is used to obtain quantitative crosslinking density 

value of epoxy thermoset because they are generally easier and lower cost to perform. 

The degree of swelling is an inverse dependency on the crosslinking density of 

thermoset network. The greater the crosslinking density is the lower the degree of 

swelling [1.107, 1.110, 1.111]. 

 Differential scanning calorimetry is used to predict the change of crosslinking 

density by following the change of temperature that accompanies the chemical reaction 

of the curing process. The sample is heated at a programed rate so that the enough 

energy is provided to the potential reactive groups for reaction. The peak glass 

transition temperature, most often exothermic, correlates with the amount of molecule 

that reacted. When no peak is observed, it is accepted that all reactants (monomers) 

are fully cured [1.107]. 

 The parallel plate test has great shearing ability, therefore it can be used to 

analyze hard thermoset resin. Like the differential scanning calorimetry test, the parallel 

plate test can identify additional chemical reaction by differences in the measured 

viscosity [1.112].     
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1.3.3.  Mechanical properties of non-stoichiometrically cured epoxy resins 

Generally in practical applications, non-stoichiometric curing is often used to clarify 

the network morphology effects in the epoxy matrix to determine the performance of 

epoxy composites. The mechanical properties of the non-stoichioterically cured epoxy 

resins with and without fillers have been reported in several papers.   

Selby and Miller [1.113] investigated the variation of fracture and mechanical 

properties of epoxy resin cured with diaminodiphenyl-methane by variation of the 

resin/amine ratio. Observations of the crack tip have shown that fracture toughness 

variations can be attributed to the different blunting characteristics of the various 

resin/amine compositions. Wingard and Beatty [1.114] reported that glass transition 

temperature and secondary glass transition temperature of the epoxy resins identified 

from thermo-viscoelastic properties varied depending on the non-stoichiometrically 

cured epoxy resins used. Palmese and McCullough [1.115] found that the elastic 

modulus and glass transition temperature of the epoxy resin were significantly affected 

by relatively small variations in stoichiometry.  

d’Almeida and Monteiro [1.116] showed that composites consisting of glass 

microspheres in the epoxy resins fabricated with a curing agent-rich formulation had 

the best deformation capacity. Vanlandingham et al. [1.117] denoted the relation 

between microstructure and properties in epoxy resins as a function of epoxy-amine 

stoichiometry. Calventus et al. [1.118] found that the glass transition temperatures of 

the cured epoxy resins became highest during stoichiometric curing.  

d’Almeida et. al. [1.119] investigated the room temperature ageing of non-

stoichiometric epoxy formulations. The results obtained show that the epoxy rich 

mixtures have their inherent brittleness increased by the ageing treatment. The initial 

reaction steps dominated by the amine addition reactions control the macromolecular 

structure and the mechanical performance of the stoichiometric and near stoichiometric 

formulation with excess of epoxy monomer. The amine rich mixtures have the more 

stable structures. Monteiro et. al. [1.120] investigated through mechanical tests and 

scanning electron microscopy observation epoxy matrix composites, with different parts 

of hardener per hundred of resin, reinforced with 10, 20 and 30 wt.% diamond particles. 

The results have shown that the non-stoichiometric epoxy formulation had the highest 

tensile strength more than the stoichiometric formulation. Moreover, the strength of the 

composite is decreased with the amount of incorporated diamond.  

Fang et al. [1.121] improved the fracture toughness and flexural strength of 

graphene sheet/epoxy nanocomposite by amine-rich formulation to construct 

hierarchical interphase structures between the sheet and the matrix epoxy. Bignotti et 
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al. [1.122] reported that epoxy-clay nano-composites and the neat epoxy with the same 

stoichiometric ratio had basically the same crosslinking density. García et al. [1.123] 

clarified the influence of stoichiometry on curing the epoxy-clay nanocomposites and 

their viscoelastic properties.  

 As a result in the case of the particles reinforced epoxy composites, the interaction 

between particles and epoxy network structures will strongly affect to mechanical 

properties of the epoxy composites. This means that the mechanical properties of 

epoxy composites are considerably dependent not only on the particle size effect but 

also on the interaction between particles and network structures of matrix resin. To 

consider the interaction effects in nanocomposites, the different network structure must 

be proposed by non-stoichiometric curing to produce incomplete network structures in 

matrix resins. Investigations related interaction effects between network structures in 

epoxy matrix and nano-particles on mechanical properties using non-stoichiometric 

curing effects in matrix resin are highly limited. Moreover, the literatures of non-

stoichiometric curing effects on mechanical properties of nano-silica particulate-

reinforced epoxy composites to clarify the interaction effects between the particles and 

epoxy matrix resins are not available.  
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1.4. Objective of the Thesis 

 Nano-silica particulate-reinforced epoxy composites are important for industrial 

application to packaging materials in electronic devices, among other things. The 

properties of particles-reinforced epoxy composites are considerably dependent not 

only on the particle size effect but also on the interaction of particles and matrix resins. 

 The rapid decrease in the interparticle distance resulting from their small size to 

produce nanocomposites has in turn resulted in more interaction particles and the 

matrix resins. To consider the interaction effects in nanocomposites, the different 

network structure must be proposed to improve the performances of nanocomposites. 

The non-stoichiometric curing is developed to provide an alternative and different way 

of the modifying crosslinking network structure of epoxy matrix without modification of 

the chemical nature of epoxy chains. Therefore, developing relationships of nano-silica 

particles with different crosslinking network structures in epoxy matrix and interactions 

of them are necessary to understand the mechanical behavior of nano-silica 

particulate-reinforced epoxy composites.  

 In this dissertation, the interaction effects between different network structures in 

epoxy matrix and nano-silica particles are clarified and then discussed experimentally 

to improve the properties of epoxy nanocomposites by non-stoichiometric curing effects 

in matrix resin. The matrixes were prepared by curing with an excessive mixture of 

diglycidyl ether of bisphenol A type epoxy resin to the curing agent (methyl-tetrahydro-

phthalic anhydride) for the stoichiometric condition. The matrix resin was a blend of the 

diglycidyl ether of bisphenol A type epoxy resin, with methyl-tetrahydro-phthalic 

anhydride as the curing agent and 2,4,6-tris (dimethyl aminomethyl) phenol as the 

accelerator. The mixture ratio of the epoxide resin and the curing agent was changed 

to consider the interaction between the silica particles and the network structures in the 

matrix resin. Silica particles with a median diameter of 240 nm were used as the filler of 

the composite. The volume fraction of the silica particles was 0.2 for every composite. 

The surfaces of the particles were not chemically coated. 

 The specific objectives of this study are denoted in Fig. 1.10. First is the 

modification network morphology by non-stoichiometric curing method of composites 

and neat epoxy resins to obtain different crosslinking density in matrix resins. Second 

is to clarify interaction effects between nano-silica particles and epoxy network 

structures on mechanical properties based on crosslinking density. Therefore, 

crosslinking density will be useful as a parameter for estimating the mechanical 

properties of materials. Furthermore, it can be a valuable guideline to the design of 

composites with appreciated properties. 
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1.5. Synopsis of the Thesis 

This dissertation consists of five chapters. As sketched in Fig. 1.10, the outline of 

this dissertation is described as follows: 

In chapter 2, “Thermo-viscoelastic and bending behaviors”, the interaction effects 

between nano-silica particles and epoxy network structures on thermo-viscoelastic and 

bending properties of epoxy composites were investigated by non-stoichiometric curing 

in matrix resin. The non-stoichiometric curing effects were expressed by the 

crosslinking densities in matrix resins. The crosslinking densities can be determined 

from the dynamic storage moduli, E', in the rubbery state according the rubber elasticity 

theory. The crosslinking densities in the composites are same with their cured resins 

because the crosslinking densities are concerned with the chemical reactions of the 

resin monomer and the curing agent [1.122]. The glass transition temperatures and the 

dynamic storage moduli of the neat epoxy resins and composites were identified from 

thermo-viscoelastic properties measured by dynamic mechanical analysis. Therefore, 

the relations between crosslinking densities and the mechanical properties were 

evaluated. The mechanical properties: thermo-viscoelastic and bending strength were 

obtained from dynamic mechanical thermal analysis and three-point bending test, 

respectively. 

In chapter 3, “Compression behavior”, the interaction effects between nano-silica 

particles and epoxy network structures on static and dynamic compression behaviors 

were discussed by non-stoichiometric curing in matrix resin using a material testing 

machine and a split Hopkinson pressure bar (SHPB) machine. The network structures 

of each neat epoxy resin and composite were appreciated by crosslinking densities of 

matrix resins obtained in chapter 2. Finally, the compressive yield stresses of 

composites and neat epoxy resins were discussed in order the interactive effects 

between nano-particles and different network structures in epoxy matrix resin.  

In chapter 4, “Fracture behavior”, the interaction effects between nano-silica 

particles and epoxy network structures on Mode I fracture toughness was investigated 

and discussed by non-stoichiometric curing effects in matrix resin. The non-

stoichiometric curing effects were expressed by the crosslinking densities in matrix 

resins identified from the thermo-viscoelastic properties of neat epoxy resins obtained 

in Chapter 2. The fracture toughness of the composites and the neat epoxy resins were 

clarified and were compared with the bending strength in Chapter 2.  

In chapters 5, “Conclusions”, the main conclusion of this research was 

summarized from each chapter and an outlook is given regarding possible future 

researches on this research. 
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Fig. 1.10 Objectives of dissertation. 

 

 

 

 

 

 
 

THERMO-VISCOELASTIC AND BENDING BEHAVIOUR  
  

 Characterizing the network structures in matrix resins 
expressed by crosslinking density parameter, n.  

 Evaluating interaction effects between nano-silica 
particles and epoxy network structures on thermo-
viscoelastic and bending strength. 

CHAPTER 2 

 
 

COMPRESSION BEHAVIOUR  
 

 Evaluating interaction effects between 
nano-silica particles and epoxy 
network structures on compressive 
yield stress. 

 
 

FRACTURE BEHAVIOUR  
 

 Evaluating interaction effects between 
nano-silica particles and epoxy 
network structures on fracture 
toughness corresponding with bending 
strength. 

 

 
 

CONCLUSIONS 
 

• Characterizing the network structures in matrix resins using crosslinking 
density parameter.  

• Estimating the interaction effects between nano-silica particles and 
different epoxy network structures on the mechanical properties based 
on non-stoichiometric curing effects in matrix resin.  

• Crosslinking density in matrix resins as a guideline to clarify the 
interaction effects between nano-silica particles and epoxy network 
structures on mechanical behaviors of nano-silica particulate-reinforced 
epoxy composites. 

CHAPTER 5 

CHAPTER 4 CHAPTER 3 
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2.1. Introduction  

 Currently, epoxy resins are widely applied to various engineering fields due to their 

excellent mechanical and insulation properties. These resins are reinforced with 

various particles or fibers to improve the properties further. The particle size is currently 

being decreased to below the micrometer level to form nanocomposites with superior 

mechanical properties. 

 The mechanical properties of nancomposites have been investigated in several 

previous studies. The effects of the size and volume fraction of the particles, namely, 

the interaction effect between the particles and the epoxy matrix, has been studied to 

determine how the properties of the nanocomposites can be improved. The mechanical 

properties of composites are strongly dependent on the network structure and shape of 

the silica particles, as found by Yamamoto et al. [2.1], Moloney et al. [2.2–2.4], and 

Adachi et al. [2.5–2.7], and for the size, shape, and specific surface of the silica 

particles, clarified by Nakamura et al. [2.8–2.10]. In order to further clarify the effect of 

particle size on the mechanical properties, properties of the composites filled with 

particles having different distributions of particle size have been investigated. The 

mechanical properties of these composites were found to be governed by the 

distributions [2.11–2.15]. The rapid decrease in the interparticle distance resulting from 

their small size has in turn resulted in more interactions between particles and the 

epoxy matrix. The interfacial interaction of particles with the surrounding matrix has a 

close relationship with the crosslinking network morphology in the polymer matrix 

[2.16–2.18]. As a result, the mechanical properties of nano or micron-particle-

reinforced epoxy composites are considerably dependent not only on the particle size 

effect but also on the intrinsic properties of the epoxy matrix.  

 Nano-silica particulate-reinforced epoxy composites are important for industrial 

application to packaging materials in electronic devices, among other things. The 

mechanical properties of the composites need to be improved to increase the reliability 

of the devices. Therefore, the interaction effects between network structures in the 

epoxy resins and the silica particles on the mechanical properties must be clarified.  

 The objective of the present chapter was to investigate the interaction between 

nano-particles and network structures on thermo-viscoelastic and bending properties of 

nano-silica particulate-reinforced epoxy composites by non-stoichiometric curing 

effects in matrix resin. The non-stoichiometric curing effects were expressed by 

crosslinking densities in matrix resins. The matrixes were prepared by curing with an 
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excessive mixture of diglycidyl ether of bisphenol A type epoxy resin to the curing 

agent (methyl-tetrahydro-phthalic anhydride) for the stoichiometric condition. The 

crosslinking densities in the matrix resins were characterized from the dynamic storage 

moduli of neat epoxy resins in a rubbery state, and the glass transition temperatures of 

the neat epoxy resins and the composites were determined from the temperature 

dependence of the loss tangents. The thermo-viscoelastic was measured by dynamic 

mechanical analysis. Elastic moduli and strengths of the composites and the neat 

epoxy resins were measured by three-point bending tests.  

2.2. Specimens 

 The materials used for specimens in this study were bisphenol A type epoxy 

composites filled with spherical silica particles.  

 The matrix resin was a blend of the diglycidyl ether of bisphenol A type epoxy resin 

(Asahi Kasei E-Materials, AER 2603), with methyl-tetrahydro-phthalic anhydride (New 

Japan Chemical, RIKACID MH-700) as the curing agent and 2,4,6-tris (dimethyl 

aminomethyl) phenol (Mitsubishi Chemical, jER BMI12) as the accelerator. The 

equivalent weight of the epoxide resin was 188 grams/equivalent and the acid 

anhydride equivalent weight of the curing agent was 162 grams/equivalent. The 

stoichiometric-mixture-weight ratio of the epoxide resin, the curing agent, and the 

accelerator was 100: 86: 0.5. 

 The mixture ratio of the epoxide resin and the curing agent was changed to 

consider the interaction between the silica particles and the network structures in the 

matrix resin. In this research, the changed mixture ratio is hereafter expressed as the 

epoxy-equivalent-weight ratio (EEWR) defined by the epoxide resin weight over the 

stoichiometric epoxide resin weight in the mixture. In the experiment, the EEWR 

ranged from 1.0 to 3.2 and the accelerator was kept constant at 0.5, as listed in Table 

2.1. The neat epoxy resins manufactured for the EEWR over 3.2 were too weak to 

measure the viscoelastic properties mentioned below. We did not use any epoxy-

equivalent-weight ratios below 1.0 to manufacture the resin or the composites because 

unreacted curing agents might leak out of the cured resins.  

 Silica particles with a median diameter of 240 nm (Tatsumori, SO-C1) were used 

as the filler of the composite. The volume fraction of the silica particles was 0.2 for 

every composite. The surfaces of the particles were not chemically coated. 
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 The silica particles were added to the epoxy resin containing the curing agent and 

accelerator. After stirring sufficiently to disperse the particles without agglomeration, 

the mixture was stored in a vacuum vessel to remove voids and then poured into an 

aluminum mold coated with a Teflon sheet. The mold was 260 mm long, 5 mm wide, 

and 120 mm deep. The mixture in the mold was heated for curing in an oven. The 

curing procedure was performed in two steps: first, the mixture was kept at 373 K for 2 

h to gel the matrix resin (pre-curing), and second, the post-curing, which greatly affects 

the crosslinking reaction of the resin, was performed at 403 K for 15 h.  The heating 

rate from pre-curing to post-curing was kept constant at 72 K h-1. A schematic of 

preparation process, mold geometry, and curing process are illustrated in Figs. 2.1, 2.2, 

and 2.3, respectively. Cured epoxy resins without silica particles were also prepared in 

the same process as that for the composites. Hereafter, the cured epoxy resins without 

the silica particles are referred to as neat epoxy resins. Both the neat epoxy resins and 

the composites were used in the experiment listed in Table 2.1. 

 Densities of the cured materials were measured in accordance with ASTM 

standard 792-08. The results are listed in Table 2.1. The densities of both the neat 

epoxy resins and the composites were confirmed to be independent of the EEWR.  
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Table 2.1 Neat epoxy resins and composites. 

 

Materials 

           

   

Matrix (weight ratio) 

Epoxy-

equivalent-

weight ratio 

Volume 

fraction of 

silica 

particles
 

Density 

(kg/m
3
) 

 

Epoxide 

resin 

Curing 

agent Accelerator 

Neat epoxy resin 100 86 0.5 1.0 - 1200 

 

160 86 0.5 1.6 - 1200 

 

200 86 0.5 2.0 - 1200 

 

240 86 0.5 2.4 - 1200 

 

280 86 0.5 2.8 - 1200 

 

320 86 0.5 3.2 - 1200 

Composite 100 86 0.5 1.0 0.2 1400 

 

160 86 0.5 1.6 0.2 1400 

 

200 86 0.5 2.0 0.2 1400 

 

240 86 0.5 2.4 0.2 1400 

 

280 86 0.5 2.8 0.2 1400 

 

320 86 0.5 3.2 0.2 1410 
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Epoxide resin 

(Stirring) 

300 K, ≥ 60 min 

(Degassing) 

300 K 

(Molding & 

Curing) 

Accelerator Curing agent 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.1 Schematic of preparation process. 
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Fig. 2.2 Mold geometry (not to scale). Units in mm. 
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Fig. 2.3 Curing process. 
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2.3. Experiments 

2.3.1. Dynamic mechanical test 

The dynamic mechanical properties of the neat epoxy resins and composites were 

measured by using a non-resonance tensile method with a dynamic viscoelastometer 

(Rheogel-E4000, UBM), as shown in Fig. 2.4. The specimen was 40 mm long, 5 mm 

wide, and 2 mm thick. 

 The dynamic complex moduli of the specimens for the tensile oscillation with a 

frequency of 10 Hz were measured at each 1 K ranging from 223 K to 493 K.  The 

heating rate was 1 K min-1. The glass transition temperature, Tg, was determined at 

peaks of the maximum tan δ. 

 

 

 

 

 

 

 

 

 

 

 

(a) Experimental apparatus 

 

 

Fig. 2.4 Dynamic viscoelastometer. 
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(b) Clamped tension 

 

Fig. 2.4 Dynamic viscoelastometer. (Continued). 
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2.3.2. Bending test  

 Three-point bending tests were performed on the specimens at room temperature 

in accordance with ASTM standard D790-07 to measure the bending elastic moduli 

and the bending strengths. The geometry of the three-point bending test is shown in 

Fig. 2.5. The specimens cut from the cured materials were 100 mm long, 15 mm wide, 

and 5 mm thick. The span length between the supports was 60 mm. The constant 

deflection rate (50 μm s-1) at the loading point was applied and the load was recorded 

by using a universal materials testing machine (Shimadzu, AGS-J).  

 The bending elastic modulus, EB, and bending strength, σB, was calculated by 

 
3

3

4WB

mL
 E

B
  (2.1) 

 
22

3

WB

LP
  σ max

B
 , (2.2)

 
where m, Pmax, W, B, and L are the slope of the initial linear portion of the load-

deflection curve, maximum load, width, thickness, and span length of the specimens, 

respectively.   

 

 

 

 

 

 

 

 

 

Fig. 2.5  Three-point bending test. Shaded areas represent stainless steel. Specimen 

unit is mm. 
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2.4. Experimental Results 

2.4.1. Dynamic mechanical result  

 Figure 2.6 shows the temperature dependences of the dynamic storage moduli, E', 

of the neat epoxy resins and the composites with different EEWRs. The dynamic 

storage moduli of the neat epoxy resins and the composites decreased gradually as 

the temperature increased in the glassy states and decreased rapidly in a narrow 

temperature range near the glass transition temperatures. After that, the moduli 

increased gradually in the rubbery states. The dynamic storage moduli in the glassy 

and rubbery states, as well as the glass transition temperature, were clarified to be 

strongly dependent on the EEWRs. For both the neat epoxy resins and the composites 

with a higher EEWR, the dynamic storage modulus was larger in the glassy state but 

smaller in the rubbery state. A comparison of the moduli of the composites and the 

neat epoxy resins with the same EEWR showed that the composites (Fig. 2.6(b)) had a 

consistently higher storage moduli than the neat epoxy resins (Fig. 2.6(a)) because the 

composites were reinforced by silica particles that had a high elastic modulus. 

 The results of tan δ for the neat epoxy resins and composites are shown in Fig. 

2.7. The tan δ of both the composites and the neat epoxy resins had one sharp peak, 

similar to general epoxy resin. The temperatures at the peaks of the tan δ, namely, the 

glass transition temperatures, were found to decrease as the ratios of the EEWRs 

increased. 

 

 

 

 

 

 

 

 

 



Thermo-viscoelastic and bending behaviors  Chapter 2 
 

 
 

 

55 
 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Neat epoxy resins 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) Composites 

 

Fig. 2.6 Temperature dependence of dynamic storage modulus. 
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(a) Neat epoxy resins  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) Composites 

 

Fig. 2.7 Temperature dependences of tan δ.  
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2.4.2. Bending test result 

 Figure 2.8 shows the typical load-deflection curves of the three-point bending tests 

for the neat epoxy resins and the composites. The load-deflection relations for the neat 

epoxy resins and the composites were linear and curved near the maximum load, 

indicating that they were either brittle or quasi-brittle. The slope of the curves for the 

composites was larger than that for the neat epoxy resins due to the addition of silica 

particles to the epoxy resin. The maximum load for the neat epoxy resins and the 

composites increased as the EEWRs decreased. The bending deformations of the neat 

epoxy resins and the composites were found to strongly depend on the EEWR. 

After the bending tests, the fracture surfaces of the composites were observed by 

SEM as shown in Fig. 2.9. The unevenness of the fracture surfaces were 

approximately the same even if the composites had different EEWRs. No particles 

were found to be on every fracture surface. This means that the particles were 

surrounded by a polymer region, namely the interphase region [2.6, 2.19]. Therefore, 

the fracture surfaces were not dependent on the EEWRs in the matrix resins. 
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(a) Neat epoxy resins 

 

 

 

 

 

 

 

(b) Composites 

Fig. 2.8 Load-deflection curves of bending tests.  
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(a) Epoxy equivalent weight ratio = 1.0. 

 

 

 

 

 

 

 

 

(b) Epoxy equivalent weight ratio = 1.6. 

Fig. 2.9 Fracture surface. 
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(c) Epoxy equivalent weight ratio = 2.4. 

 

 

 

 

 

 

 

 

 

(d) Epoxy equivalent weight ratio = 3.2. 

Fig. 2.9 Fracture surface. (Continued)  



Thermo-viscoelastic and bending behaviors  Chapter 2 
 

 
 

 

61 
 

2.5. Discussion 

2.5.1. Crosslinking density and glass transition temperature 

 Network structure is expressed by the degree of cross-linking reaction. Regarding 

the rubber elasticity theory for incompressible material, the crosslinking density, n, can 

be determined from the dynamic storage moduli, E', in the rubbery state according to 

[2.20, 2.21] 

nRT  E' 3 ,  (2.3) 

where R is the gas constant (= 8.3145 J mol-1 K-1 ).  

 The curve slopes of dynamic storage moduli for the neat epoxy resins in Fig. 

2.2(b) were calculated from the temperature range of Tg + 30 K to Tg + 50 K. The 

crosslinking densities in neat epoxy resins with different EEWRs were calculated using 

Eq. (2.3). The results (Fig. 2.10) indicate that the crosslinking densities were inversely 

correlative to the EEWRs. The crosslinking densities in the composites were assumed 

to be the same as the ones of the neat epoxy resins with the same EEWRs [2.20] 

because the EEWRs are concerned with the chemical reactions of the epoxide resin 

and the curing agent. 

 The glass transition temperatures of the neat epoxy resins and the composites 

were defined as the temperatures having maximum values of the tan δ. The relation 

between the glass transition temperature, Tg, and the crosslinking densities, n, are 

shown in Fig. 2.11. The Tg of the neat epoxy resins decreased linearly as the 

crosslinking densities decreased from the stoichiometric condition (n = 2740 mol m-3). 

The Tg of the composites, which was lower than that of the neat epoxy resins, is known 

to be affected not only by the volume fractions of particles, the curing condition, and the 

system of dispersing particles [2.22, 2.23] but also by the mobility of polymer molecules 

caused by local adsorption on the silica particles [2.24] and by particles packing [2.15]. 

The matrix resins with EEWRs both near and far from the stoichiometric conditions 

were predicted to be very fine and very rough polymer network structures, respectively. 

Because the interaction between nano-particles and very fine or rough network 

structures would not be sufficiently strong, the relation between crosslinking densities 

and the glass transition temperatures for the composite was the same as the one of the 

neat epoxy resin for the crosslinking densities near 2700 mol m-3 and 500 mol m-3 in 

Fig. 2.11. Chain entanglement of the molecules in the matrix resins was considered to 

be encumbered by the particles in the composites. Therefore, the glass transition 

temperatures of the composites with crosslinking densities ranging approximately from 

1000 mol m-3 to 2500 mol m-3 were lower than the ones of the neat epoxy resins in Fig. 

2.11. 
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Fig. 2.10 Relation between crosslinking densities and epoxy-equivalent-weight ratios 

for neat epoxy resins. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.11 Relation between glass transition temperature and crosslinking densities. 
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2.5.2. Elastic bending modulus 

The bending elastic moduli of the neat epoxy resins and the composites were 

determined from the load-deflection curves by using Eq. (2.1) (as shown in Fig. 2.12). 

The circles and triangles in Fig. 2.12 denote the average over seven experiments, and 

the error bars denote their standard deviations. It is difficult to see the error bars 

because the standard deviations were less than 6 %. The elastic moduli of composites, 

Ec, were calculated by using Lewis and Nielsen’s equation with the elastic moduli of the 

neat epoxy resins. The equation is expressed mathematically as [2.5, 2.15, 2.25–2.27] 

      
P

P

V Bψ-

ABV
mEcE

1

1
 


   ,  (2.5) 

where 

mν
mνA

 10-8

 5-7
  ,  

AmE  /E
mE  /E

B
P

P






1
  ,  PV

-
1  ψ
















2
max

max1




. 

Here, VP, EP, Em, and v are the volume fraction of the silica particles, Young’s modulus 

of particles, Young’s modulus of matrix, and Poisson’s ratio of matrix, respectively. The 

subscripts m and p donate the matrix and the particles. The Young’s modulus of the 

particles and Poisson’s ratio of the epoxy resins are 72.1 GPa and 0.38, respectively. 

The maximum packing fraction, φmax, is 0.74 for spheres in closed packing [2.5–2.7, 

2.25, 2.27]. The solid line in Fig. 2.8 denotes the result of Lewis and Nielsen’s equation 

with the measured Young’s modulus of the epoxy resins. 

 The bending moduli of the composites were larger than the ones of the neat epoxy 

resins due to the addition of the silica particles. The moduli of the composites 

increased slightly as the crosslinking densities decreased from the stoichiometric 

condition (n = 2740 mol m-3). The measured bending modulus of the composites 

agreed well with the results calculated from the experimental results of the neat epoxy 

resins with Lewis and Nielsen’s equation. These results indicate that the interaction 

between the particles and the polymer network structure in the matrix resins did not 

affect the bending moduli of the composite, because Lewis and Nielsen’s equation is 

derived with the assumption that a composite is a mixture of bulk materials without the 

interaction effect. This corresponds to the fact that an elastic modulus is generally 

insensitive to micro-structure in a material and tends to have average properties. 
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Fig. 2.12 Relation between crosslinking densities and bending elastic moduli. 
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2.5.3. Dynamic storage modulus 

Figure 2.13 shows the dynamic storage modulus of the neat epoxy resins and the 

composites having different crosslinking densities in the glassy state, with a 

temperature of Tg – 50 K, and in the rubber state, with a temperature of Tg + 40 K. In 

the figures, the solid line denotes the moduli of the composites calculated from the 

result of the neat epoxy resins by using Eq. 2.3. 

 The dynamic storage modulus of the composites in the glassy state in Fig. 2.13(a) 

agreed with the results of Lewis and Nielsen’s equation. This is the same result as the 

bending modulus in Fig. 2.12. The storage modulus of both the composites and the 

neat epoxy resins decreased when the crosslinking densities increased, so the storage 

modulus was lowest at the highest crosslinking density (stoichiometry ratio). This was 

caused by the β-relaxation of the epoxy, which occurred at about 185 K, and by the 

aftermath of low molecular packing [2.15, 2.26, 2.28, 2.29]. The elastic deformation in 

the glassy state was confirmed to be insensitive to the interaction between the particles 

and the polymer network structure in the matrix resins. 

 In contrast, the dynamic storage modulus in the rubbery state disagreed with the 

results of Lewis and Nielsen’s equation (Fig. 2.13(b)). The dynamic storage moduli of 

the composites were lower than the ones of the neat epoxy resins and were nonlinear; 

however, those of the neat epoxy resins were linear to the crosslinking densities. 

Because the mobility of the network structures in the matrix resins became active 

above the glass transition temperature, the interaction between the particles and the 

network structures increased. Therefore, the dynamic storage modulus could not be 

predicted by the mixture law.  
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(a) Glassy state  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) Rubbery state 

 

Fig. 2.13 Dynamic storage moduli for crosslinking densities as a function of 

temperature. 
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 The bending strengths of the neat epoxy resins and the composites were 

evaluated from the load-deflection curves by using Eq. (2.2). The results are plotted in 

Fig. 2.14. The circles and the triangles are the averages of the neat epoxy resins and 

the composites calculated from more than five experimental results. The error bars 

indicate the standard deviations of the experiment data and the solid lines show the 

fitting curves.  

 The bending strengths of the neat epoxy resins were an approximately constant 

150 MPa for the crosslinking densities more than 1500 mol m-3 and then decreased 

suddenly from 150 MPa to 100 MPa for the crosslinking densities less than 1500 mol 

m-3. As the crosslinking densities of the neat epoxy resins decreased from the density 

of the stoichiometrically cured resins, weak entangling of the molecular chains in the 

matrix resins with rough network structures and low crosslinking density reduced the 

bending strength. 

 The bending strengths of the composites decreased gradually in the crosslinking 

density ranging approximately from 2740 mol m-3 to 2000 mol m-3 but decreased 

drastically below the crosslinking density of 2000 mol m-3. The strengths of the 

composites were considerably smaller than the ones of the neat epoxy resins, in spite 

of the added silica particles. In the end, the decrease to the strengths became more 

moderate. The drastic reduction of the strengths was caused not only by reducing the 

crosslinking density in the matrix resins but also by the interaction effect between the 

silica particles and the network structures in the matrix resins. The existence of the 

nano-silica particles encumbered the entanglements of the molecular chains in the 

matrix resins with rough network structures and low crosslinking density. Therefore, 

adding the nano-silica particles was totally counterproductive in terms of strengthening 

the composites with matrix resins having low crosslinking densities. 

 The elastic moduli were confirmed to be governed by the volume fraction of the 

silica particles and the strengths were found to be strongly dependent on network 

structures, namely, the crosslinking densities. It should be noted that the strength of the 

composites is likely to be weakened by adding nano-particles to matrix resins with a 

low crosslinking density. 
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Fig. 2.14 Effect of crosslinking densities on bending strength. 
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2.6. Conclusion 

This chapter provided thermo-viscoelastic and bending strength for nano-silica 

particulate-reinforced epoxy composites with different crosslinking densities in matrix 

resins. The composite materials were prepared by adding silica particles that had a 

median diameter of 240 nm to the diglycidyl ether of bisphenol A type epoxy resin that 

were then cured methyl-tetrahydro-phthalic anhydride as a curing agent in several non-

stoichiometric mixed quantities. The volume fraction of the particles was kept at 0.2 for 

every composite.  

 The glass transition temperatures of the neat epoxy resins decreased linearly as 

the crosslinking densities decreased from the stoichiometric condition, and the glass 

transition temperatures of the composite were lower than those of the neat epoxy 

resins. The interaction effects between nano-particles and network structures in matrix 

resin reduced the glass transition temperatures of the composite because the chain 

entanglement of the molecules in the matrix resin was considered to be encumbered 

by the particles. 

 Both the bending moduli and the dynamic storage moduli in the glassy state of the 

composites were larger than those of the neat epoxy resins and increased slightly as 

the crosslinking densities decreased from the stoichiometric condition. The interaction 

effects between the silica particles and the polymer network structure in the matrix 

resins did not affect either the bending moduli or the dynamic storage moduli in the 

glassy state of the composite because an elastic modulus is typically insensitive to 

microstructures in a material. The mobility of the molecules in the matrix resins became 

active above the glass transition temperature, and the interaction increased, so the 

dynamic storage moduli could not be predicted by the mixture law.  

 The bending strengths were very sensitive to the microstructures, and the 

strengths for the composites were more sensitive than those of the neat epoxy resins. 

The interaction effects between nano-particles and network structures reduced the 

bending strengths because the existence of the nano-silica particles encumbered the 

entanglements of the molecular chains in the matrix resins having rough network 

structures with low crosslinking densities. 
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3.1. Introduction 

Epoxy composite filled with silica particles is widely applied to various engineering 

fields, such as for industrial application to packaging materials in electronic devices, 

aircraft and automotive components, etc., because of their excellent mechanical and 

insulation properties. The size of silica particles is currently decreased below the 

micrometer level to manufacture nano-composites with superior mechanical properties 

[3.1–3.9]. The dynamic mechanical properties of the composites are required to 

improve the reliability of devices or components. Therefore, the interaction effects 

between network structures in epoxy resins and silica particles on the dynamic 

mechanical properties must be clarified. 

Several researchers have investigated the dynamic compression behavior 

responses of nano-silica particle filled epoxy composites. Zheng et al. [3.10] 

considered the impact strengths of composites having different contents of silica 

particles. They denoted that inhomogeneous dispersion of the nano-particles caused 

variation in the impact strengths. Gou and Li [3.11] concluded that the performance of 

silica/epoxy nano-composites in quasi-static and dynamic responses was dependent 

on loading rates and nano-particle dispersion. Jajam and Tippur [3.12] reported that 

quasi-static fracture toughness of silica nano-composites was significantly higher than 

the micro-silica particle filled epoxies. The reduction of interparticle distance owing to 

their small particle size resulted in more interactions between particles and the epoxy 

matrix. The interfacial interaction of particles with a surrounding matrix has a close 

relationship with the crosslinking network morphology in a polymer matrix [3.13–3.16]. 

The dynamic behaviors of nano- or micron-silica particle-reinforced epoxy composites 

are considerably dependent not only on the particle size but also on the network 

structure of the epoxy resin matrix. 

 As previously reported in Chapter 2, the interactions between nano-particles and 

network structures increase the bending strengths for high crosslinking densities [3.17]. 

In this chapter, the interaction effects between nano-particles and network structures 

on the compression properties of nano-silica particulate-reinforced epoxy composites 

were clarified experimentally by using non-stoichiometric curing effects in matrix resin. 

Static and dynamic compression tests were performed by using a universal material 

testing machine and a split Hopkinson pressure bar testing machine [3.18, 3.19]. The 

crosslinking densities and glass transition temperatures of the neat epoxy resins and 

composites were identified from thermo-viscoelastic properties measured by dynamic 
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mechanical analysis. Finally, the compressive yield stresses of the composites were 

discussed in order to consider the interaction between the particles and the network 

structures in the matrix resins. 

3.2.  Specimens 

3.2.1. Materials 

 Epoxy resin was filled with silica particles to make the composite materials for the 

specimens. The epoxide resin in the experiment was a diglycidyl ether of bisphenol A 

type epoxy resin (Asahi Kasei E-Materials, AER 2603), and the equivalent weight was 

188 grams/equivalent. The curing agent was methyl-tetrahydro-phthalic anhydride 

(New Japan Chemical, Rikacid MH-700), and the acid anhydride equivalent weight was 

162 grams/equivalent. The accelerator was 2,4,6-tris (dimethyl aminomethyl) phenol 

(Mitsubishi Chemical, jER BMI12). The mixture weight ratio of the epoxide resin, the 

curing agent, and the accelerator was 100 : 86 : 0.5 according to stoichiometry. 

 The filler of the composite was spherical silica particles with a median diameter of 

240 nm (Tatsumori, SO-C1), and the volume fraction of the silica particles was 0.2 for 

every composite. The surfaces of the particles were not chemically coated. 

3.2.2. Preparation 

 In this chapter, the mixture ratio was changed in order to consider the interaction 

between the silica particles and the matrix resins. The mixture ratio of the epoxy resin 

to the curing agent is hereafter denoted as the epoxy-equivalent-weight ratio (EEWR) 

obtained by changing the epoxide resin weight over the stoichiometric epoxide resin 

weight in the mixture. The EEWRs in this experiment were modified in a range from 1.0 

to 3.2, and the accelerator was kept constant at 0.5, as shown in Table 3.1. The 

complete network structures in the matrix resin was produced at stoichiometric 

composition, corresponding to EEWR = 1.0, and the incomplete network structures in 

the matrix resin were produced for EEWRs > 1 caused by the exaggerated mixtures of 

epoxide resin. The EEWRs over 3.2 were not selected because the materials cured 

with EEWR > 3.2 were too weak to measure viscoelastic properties and unreacted 

curing agents in the materials with EEWR < 1.0 could be transferred out of the cured 

resins. 

 To produce composite materials as specimens, nano-spherical-silica particles 

were mixed with epoxide resin, a curing agent, and an accelerator until any 
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agglomerates of particles disappeared. The mixtures of epoxy/silica were stored in a 

vacuum vessel to remove voids, poured into an aluminum mold coated with a Teflon 

sheet, and then set in an oven. The mold was 260 mm long, 5 mm wide, and 120 mm 

deep. The curing procedure was performed in two steps. For the first step, pre-curing, 

the epoxy was kept at 373 K for 2 h to gel the matrix resin. The second step, post-

curing, which greatly affects the crosslinking reaction of the resin, was performed at 

403 K for 15 h.  The heating rate from pre-curing to post-curing was constant at 72 K/h. 

For comparison, neat epoxy resins were also prepared and cured in the same process 

as that for the composites. Both the neat epoxy resins and the composites were used 

in the experiment listed in Table 3.1. 

 The densities of the cured materials were measured in accordance with ASTM 

standard 792-08. The results are listed in Table 3.1. The densities of both the neat 

epoxy resins and the composites were confirmed to be independent of the EEWR. 
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Table 3.1 Neat epoxy resins and composites used in experiment 

Materials 

Matrix (weight ratio)  
Volume fraction of 

silica particles 

Density 

[kg/m
3
] 

Epoxide 

resin 

Curing 

agent 
Accelerator EEWR 

Composite 100 86 0.5 1.0 0.2 1400 

 160 86 0.5 1.6 0.2 1400 

 200 86 0.5 2.0 0.2 1400 

 240 86 0.5 2.4 0.2 1400 

 280 86 0.5 2.8 0.2 1400 

 320 86 0.5 3.2 0.2 1410 

Neat epoxy resin 100 86 0.5 1.0 - 1200 

 
160 86 0.5 1.6 - 1200 

 
200 86 0.5 2.0 - 1200 

 
240 86 0.5 2.4 - 1200 

 
280 86 0.5 2.8 - 1200 

 
320 86 0.5 3.2 - 1200 
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3.2.3. Characterization 

 A dynamic viscoelastometer (Rheogel-E4000, UBM) using a non-resonance 

tensile method was conducted to measure the dynamic mechanical properties of the 

neat epoxy resins and composites. The specimen was 40 mm long, 5 mm wide, and 2 

mm thick. The dynamic complex moduli of the specimens for the tensile oscillation with 

a frequency of 10 Hz were measured at each 1 K ranging from 223 K to 493 K.  The 

heating rate was 1 K/min.  

 Figure 3.1 shows the dependency of the dynamic storage moduli, E', and loss tan 

δ, on the temperature of the neat epoxy resins and the composites with different 

EEWRs. The dynamic storage moduli of the neat epoxy resins and the composites 

decreased gradually as the temperature increased in the glassy states and decreased 

rapidly in a narrow temperature range near the glass transition temperatures, after 

which the moduli increased gradually in the rubbery states. The tan δ of both the 

composites and the neat epoxy resins had one sharp peak, similar to general epoxy 

resin. The dynamic storage moduli in the glassy and rubbery states, as well as the 

temperatures at the peaks of the tan δ, namely, the glass transition temperatures Tg, 

were clarified to be strongly dependent on the EEWRs. 

 Network structures in the epoxy resins were expressed by the degree of the cross-

linking reaction. Regarding the rubber elasticity theory for incompressible material, the 

crosslinking density n can be determined from E' in the rubbery state, which can be 

expressed as follows [3.20, 3.21]:  

nRT  E' 3 ,          (3.1)   

where T and R are the absolute temperature and the gas constant (= 8.3145 J mol-1K-

1). From the neat epoxy resin curve slopes of the dynamic storage moduli (Fig. 3.1 (a)) 

with the temperature range of Tg + 30 K to Tg + 50 K, the crosslinking densities in 

matrix resins with different EEWRs were calculated by using eq. (3.1). Because the 

EEWRs are concerned with the chemical reactions of the epoxide resin and the curing 

agent, the crosslinking densities in the composites were assumed to be the same as 

those of the neat epoxy resins with the same EEWRs [3.20]. The relation between the 

glass transition temperature Tg and the crosslinking densities n are shown in Fig. 3.2. 

The Tg of the neat epoxy resins decreased linearly as the crosslinking densities 

decreased from the stoichiometric condition. The Tg of the composites was lower than 

that of the neat epoxy resins. 
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(b) Composites 

Fig. 3.1 Temperature dependence of dynamic storage modulus and tan δ.  
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Fig. 3.2 Relation between glass transition temperature and crosslinking densities. 
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3.3. Compression Tests 

 Static compression tests were performed on a material testing machine (Autograph 

DCS-25 T, Shimadzu) with a constant displacement rate, 1 mm/min at room 

temperature, as shown in Fig. 3.3. The specimens were 5 mm high, 10 mm long, and 

10 mm wide. The strain rate for the tests was approximately 3.3 × 10-3 1/s. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3 Material testing machine (Autograph DCS-25 T, Shimadzu). 
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 Dynamic compression tests were conducted at a high strain rate ranging from 500 

to 1500 1/s by using a split Hopkinson pressure bar (SHPB) machine [3.19] at room 

temperature, depicted in Fig. 3.4. The specimens cut from the cured materials were 

square plates that were 10 mm long, 10 mm wide, and 5 mm thick. In the preliminary, 

we confirmed that the measured stress-strain curves for the square-plate specimens 

were the same as those for specimens having smaller or larger shapes than the cross-

section of the bars in the SHPB test. Strain gauges (KFG-5-120-C1, Kyowa) were 

attached on the input and output bars to measure the pulses incident, reflected and 

transmitted to the specimens. The strain gauge signals were measured by using DC 

strain amplifiers (AS2101, NEC) and a data logger (Hicoder 8835, Hioki). The material 

type of bars is high strength aluminum A7075-T6 (E = 73.2 GPa, and  ρ= 2800 kg/m3). 

The strain wave’s incident, εI(t), reflecting, εR(t), and transmitting, εT(t), to the 

specimens were evaluated from the strain histories, ε1(t) measured at the middle point 

of the input bar and ε2(t) measured at 500 mm from the tip of the output bar.  On the 

basis of the hypotheses of equilibrium and uniform strain in the specimen, the histories 

of stress, σ(t), strain, ε(t), and strain rate,  tε , of the test samples were calculate by 

using the following equations, 

      tEε tεtεE t)σ TRI ( ,           (3.2) 

   

t

0

R dttε

sL

C
tε 2 ,           (3.3) 

   tε
L

C
 tε R

S

2 ,           (3.4) 

where C and E are the velocity of the longitudinal elastic wave and the Young’s 

modulus of a bar. LS refers to the thickness of the specimens. The stress-strain curves 

of the specimens were calculated from the histories of the stress and strain. The strain 

rate was evaluated by averaging the numerical results calculated from eq. (3.4). 

Figure 3.5 plots the strain histories, ε1(t) and ε2(t), in the input and output bars for 

the composite specimen with EEWR = 1.0 as an example. The stress histories on the 

front and back faces of the specimens were evaluated by using the middle and right 

equations of eq. (3.2) substituted with the experimental results in Fig. 3.6. Both stress 

histories on the front and back sides of the specimens were confirmed to coincide 

mutually. Therefore, dynamic equilibrium during the SPBH test was found to be 

satisfied. The validities of the other SHPB tests were also confirmed. 
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Fig. 3.4 Split Hopkinson pressure bar (SHPB) testing machine. 
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Fig. 3.5 Strain histories on input and output bars for composite with EEWR = 

1.0 and strain rate 760 1/s. 

 

 

 

 

 

 

 

 

Fig. 3.6 Histories of stresses applied to sides of input and output bars for composite 

material with EEWR = 1.0 and strain rate of 760 1/s. 
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3.4. Experimental Results 

Figure 3.7 shows compressive stress-strain curves of the composites and the neat 

epoxy resins that were measured under various strain rates in the dynamic and static 

compression tests. The neat epoxy resins and the composites were not broken within 

the stress-strain curves in Fig. 3.7. The interruptions of stress-strain curves mean that 

unloading processes began in the SHPB tests. 

 The compressive stress-strain curves for the stoichiometrically cured epoxy resins 

and composites (EEWR = 1.0) under various strain rates of the composites and the 

neat epoxy resins are shown in Fig. 3.7(a). The stress-strain relations for the 

composites and the neat epoxy resins were linearly elastic before yielding and were 

relatively constant after the yield stress. The compressive stresses varied rapidly after 

the region of constant stress. The yield stress of both the composites and the neat 

epoxy resins increased when the strain rate increased from the static compression test 

condition. The yield stresses and the Young’s moduli of the composites were higher 

than the neat epoxy resins because the epoxy resins were reinforced by adding the 

silica particles. 

 As the strain rates increased, the Young’s modulus of both the neat epoxy resins 

and composites increased similar to the viscoelastic properties (Figs. 3.1 and 3.2), and 

the yield stresses also increased. The stress-strain curves of the non-stoichiometrically 

cured epoxy resin having EEWR = 1.6 are shown in Fig. 3.7(b). The yield stresses of 

the composites were higher than the neat epoxy resins under the same strain rate. 

Moreover, the stresses after the yielding reduced for both the composite and the neat 

epoxy resin. The yield stresses of the material having the EEWRs = 2.0 (Fig. 3.7(c)) 

and 2.4 (Fig. 3.7(d)) were approximately the same for high strain rates, although the 

yield stresses of the composites were higher than those of the neat epoxy resins for 

low strain rates. 

 The stress-strain curves of the composites and neat epoxy resins having an 

EEWR larger than 2.8 are shown in Figs. 3.7(e) and (f). The Young’s moduli could be 

explained by the viscoelastic properties. The yield stresses of the neat epoxy resins 

were higher than those of the composites with the same strain rate. In general, the 

stress-strain curves of the composites and the neat epoxy resins were strongly 

dependent on the strain rates. For both the neat epoxy resins and composites, 

softening after yielding was found remarkably in low crosslinking densities. 
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 (b) EEWR 1.6 

Fig. 3.7 Stress-strain curves of static and dynamic compression tests. 
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 (c) EEWR 2.0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 (d) EEWR 2.4 

Fig. 3.7 Stress-strain curves of static and dynamic compression tests. (Continued) 
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 (e) EEWR 2.8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 (f) EEWR 3.2 

Fig. 3.7 Stress-strain curves of static and dynamic compression tests. (Continued) 
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3.5.  Discussion 

3.5.1. Yield stress 

Figure 3.8 shows the strain rate dependence of the yield stresses of the neat 

epoxy resins and the composites. In the figure, the results of the composites for the 

strain rate that was approximately 600 1/s were removed because the compressive 

deformation at this strain rate was not enough to evaluate the stress-strain curves after 

yielding in the SHPB test. The yield stresses of the neat epoxy resins and the 

composites were largely reduced for higher strain rates. 

The yield stresses of the neat epoxy resins (Fig. 3.8(a)) increased to 1.7 times as 

the strain rate increased. The yield stresses were independent of the crosslinking 

densities and could be approximated by one fitting line. Because the decreasing of the 

crosslinking densities was counterbalanced with the increasing entanglement of the 

chains in the resins, the crosslinking densities were not significant to the yield stresses. 

The yield stresses of the composites (Fig. 3.8(b)) were found to be dependent on 

the crosslinking densities and the strain rates. The yield stresses of the composites 

with high crosslinking densities increased to approximately 1.5 times as the strain rate 

increased to 1500 1/s, although the increases in the yield stresses were smaller for 

lower crosslinking densities. As the crosslinking densities decreased from the non-

stoichiometric condition, the yield stress of the composites decreased. This fact means 

that the existence of the nano-silica particles in the matrix resins prevented yielding 

due to the interaction of the particles and the network structures of the matrix resin. 
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(b) Composite 

Fig. 3.8 Relation between yield stress and strain rate. 
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3.5.2. Strain softening after yielding 

 The ratios of minimum stress after yielding to yield stresses for the neat epoxy 

resins and the composites are shown in Fig. 3.9 to clarify strain softening after yielding. 

In Fig. 3.9(a), the stress after the yielding of the neat epoxy resins reduced rapidly to 

80% at a high strain rate especially for a lower crosslinking density (n = 490 mol/m3), 

although the stress after yielding for the stoichiometrically cured epoxy resins kept 

constant regardless of the strain rates because the entanglement of the chain 

molecules in the epoxy resin was easily released after yielding due to the low 

crosslinking density and high strain rate deformation. However, the stresses after 

yielding of the composites (Fig. 3.9(b)) were clarified to reduce a little to approximately 

20% because the existence of the nano-silica particles interfered with the release of 

entanglements. 
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(a) Neat epoxy resin 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) Composite 

Fig. 3.9 Dependence of ratio of minimum stress to yield stress on strain rate. 
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3.6. Conclusion 

The compression properties of nano-silica particulate-reinforced epoxy composites 

with different crosslinking densities in matrix resins were investigated experimentally by 

using static and dynamic tests to clarify the interaction effects between the nano-

particles and network structure in the matrix resin. 

The composite materials were prepared by adding silica particles having a median 

diameter of 240 nm to the diglycidyl ether of bisphenol A type epoxy resin that was 

then cured with methyl-tetrahydro-phthalic anhydride as a curing agent in several non-

stoichiometric mixed quantities. The volume fraction of the particles was kept at 0.2 for 

every composite. The range of the crosslinking densities of the cured epoxy resin was 

from 490 to 2740 mol/m3. The compressive behavior was measured within a strain rate 

that ranged from 3.3  10-3 to 1500 1/s.  

The compressive yield stresses of the neat epoxy resins increased to 1.7 times as 

the strain rate increased to 1500 1/s. Although the compressive yield stresses were 

independent of the crosslinking densities, the compressive yield stresses of the 

composites were found to be dependent on the crosslinking densities and the strain 

rates. The compressive yield stresses of the composites with high crosslinking 

densities increased to approximately 1.5 times as the strain rate increased to 1500 1/s. 

The increases in the yield stresses of the composites were smaller for lower 

crosslinking densities. The strain softening of the composite after the yielding was 

clarified to reduce a little to approximately 20% at most as the strain rate increased to 

1500 1/s, while the strain softening of the neat epoxy for higher strain rates reduced 

rapidly to approximately 80%.  
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4.1. Introduction  

 Particulate-reinforced epoxy composites are widely used for applications in various 

engineering fields such as for packaging materials in electronic devices and 

components of aircraft and automotive, because of their excellent mechanical and 

insulation properties. Fracture toughness is one of most important mechanical 

properties of materials to improve the reliability of these devices and components. By 

diminishing of particle size from the micrometer to the nanometer level, 

nanocomposites are produced to further improve mechanical properties.  

 The fracture properties of silica particulate-reinforced epoxy composites have been 

investigated in several previous studies. Several researchers have conducted intensive 

studies regarding the effects of particles volume fraction and its size on the properties 

of micro- or nano-silica particulate-reinforced epoxy composites. Spanoudakis and 

Young [4.1, 4.2], Moloney et al. [4.3], Nakamura et al. [4.4, 4.5], and Adachi et al. [4.6] 

reported that fracture properties strongly depended on particle size, shape, and volume 

contributing to the differences in crack propagation and interaction of particles with 

matrixes. Preghenella et al. [4.7], Kitey et al. [4.8], Butcher et al. [4.9], Kwon et al. 

[4.10–4.15], and Adachi et al. [4.16–4.18] clarified that the fracture properties strongly 

related to the size distributions of silica particles due to enhanced interactions between 

the particles and the matrixes. Rapid interparticle distance with decreasing particle size 

resulted in more interactions between particles and epoxy matrixes.  The interfacial 

interaction of particles with the surrounding matrix is closely related with the 

crosslinking network morphology in polymer matrixes [4.19–4.21]. Therefore, the 

fracture properties of nano- or micron-particle-reinforced epoxy composites are 

considerably dependent not only on the particle size effect but also on the internal 

network structures of the epoxy matrixes.  

 The previous study of Chapter 3 reported dynamic compression behavior of non-

stoichiometrically cured epoxy resin [4.22] and nano-silica particulate-reinforced epoxy 

composites [4.23] to consider what effects the incomplete network structured the resins 

had on the dynamic properties. Moreover, the previous study of Chapter 2 investigated 

the interaction effects between nano-particles and epoxy network structures on 

bending strengths using incomplete network structures in epoxy composites and 

reported that the interactions increased the bending strengths for high crosslinking 

densities [4.24]. These mean that not only the size distribution and volume friction of 
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particles but also the incomplete network structures in epoxy composites are important 

take into consideration the mechanical properties of composites.  

 In this chapter, the interaction effects between nano-particles and epoxy network 

structures on the fracture toughness of nano-silica particulate-reinforced epoxy 

composites using incomplete network structures in epoxy composites were 

experimentally clarified by comparing them with bending strength [4.24] where the 

bending strength data referred to Chapter 2. The incomplete network structures in 

epoxy composites were resulted by non-stoichiometric curing effects and were 

expressed by the crosslinking densities in matrix resins identified from the thermo-

viscoelastic properties of materials in Chapter 2. The fracture toughness of the 

composites and the neat epoxy resins were performed at room temperature (RT) to 

measure mode I fracture. Finally, the interactive effects between nano-particles and the 

network structures in matrix resin were considered on the basis of fracture toughness 

and the bending strengths of the specimens. 

4.2. Specimens 

4.2.1. Materials  

 Epoxy resin was filled with spherical silica particles to produce the composite 

materials for the specimens. The epoxy resin was a mixture of diglycidyl ether of 

bisphenol A type epoxy resin (Asahi Kasei E-Materials, AER 2603), with methyl-

tetrahydro-phthalic anhydride (New Japan Chemical, Rikacid MH-700) as the curing 

agent and 2,4,6-tris (dimethyl aminomethyl) phenol (Mitsubishi Chemical, jER BMI12) 

as the accelerator. The equivalent weight of the epoxide resin was 188 g/equivalent 

and the acid anhydride equivalent weight of the curing agent was 162 g/equivalent. The 

weight ratio of the resin, the agent, and the accelerator was 100: 86: 0.5 according to 

stoichiometry.  

 The filler for the composites was made of silica particles with a median diameter of 

240 nm (Tatsumori, SO-C1), and the surfaces of the particles were not chemically 

coated. The volume fraction of the silica particles was 0.2 for every composite. 

 The mixture ratio of the epoxide resin to the curing agent was varied in the study to 

take into consideration the interaction between the silica particles and the network 

structures in the matrix resin. The mixture ratio of the epoxy resin to the curing agent 

was defined in the experiment as the epoxy-equivalent-weight ratio (EEWR) expressed 

by the epoxide resin weight over the stoichiometric epoxide resin weight in the mixture. 
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The EEWRs were prepared in a range from 1.0 to 3.2 and the accelerator was kept 

constant at 0.5, as listed in Table 4.1. The chemical reaction in the matrix resins 

resulted in complete network structures under stoichiometric condition (EEWR = 1.0) 

and incomplete network structures were formed due to the excess mixtures of epoxide 

resins for EEWRs > 1.  We did not manufacture EEWRs over 3.2 to produce resins or 

composites because the specimens were too weak to enable viscoelastic properties to 

be measured and unreacted curing agents could be transferred from the cured resins 

for EEWRs below 1.0.  

 To manufacture the composite materials, the nano-silica particles were blended 

with the epoxy resin containing the curing agent and accelerator until all particles 

dispersed without agglomeration. The complete mixture was degassed in a vacuum 

vessel and then poured into an aluminum mold coated with a Teflon sheet. The mold 

was 260 mm long, 5 mm wide and 120 mm deep. The mixture in the mold was heated 

to cure it in an oven. The curing procedure was done in two steps of pre-curing, where 

the mixture was kept at 373 K for 2 h to gel the matrix resin, and post-curing, which 

greatly affected the crosslinking reaction of the resin, and this was performed at 403 K 

for 15 h.  The heating rate from pre-curing to post-curing was kept constant at 72 K h-1. 

Cured epoxy resins without silica particles, expressed as neat epoxy resins, were also 

prepared in the same process as that for the composites. The composites and the neat 

epoxy resins produced in the study are listed in Table 4.1.  

 The results of the densities of the cured materials according to the American 

Society for Testing and Materials (ASTM) standard 792-08 are listed in Table 4.1. The 

densities of the neat epoxy resins and the composites were constant regardless with 

the EEWRs. 

4.2.2. Characterization 

 The thermo-viscoelastic properties of the neat epoxy resins and composites were 

measured with a dynamic viscoelastometer (Rheogel-E4000, UBM) using a non-

resonance tensile method. The dynamic complex moduli of the specimens for tensile 

oscillation with a frequency of 10 Hz were measured at 1 K intervals ranging from 223 

K to 493 K.  The heating rate was 1 K min-1. The glass transition temperatures of the 

composites and the neat epoxy resins were determined at peaks of the maximum tan δ 

of their loss moduli. The crosslinking density of the composites and the neat epoxy 
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resins were calculated from the dynamic storage moduli in a rubbery state according to 

[4.25, 4.26] 

nRT  E' 3 ,  (4.1) 

where T and R are the absolute temperature and gas constant (= 8.3145 J mol-1 K-1). 

The crosslinking densities in the composites were assumed to be the same as those of 

the neat epoxy resins with the same EEWRs [4.25] because the EEWRs are 

concerned with the chemical reactions of the epoxide resin and the curing agent. The 

results for the glass transition temperatures, Tg, and the crosslinking densities, n, are 

listed in Table 4.1 [4.22, 4.24]. The crosslinking densities of the neat epoxy resins and 

the matrix resins of the composites ranged from 2740 to 490 mol m-3. 
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Table 4.1 Neat epoxy resins and composites 

Materials 

Matrixes (weight ratios) 
Epoxy-

equivalent-
weight 
ratios 

 

Volume 
fractions 
of silica 
particles 

 

Densities 
[kg/m

3
] 

Glass 
transition 

temperatures, 
Tg  [K] 

 

Crosslinking 
densities  
[mol/m

3
 ] 

 
Epoxide 
resins 

Curing 
agents 

Accelerators 

Neat epoxy 
resins 

100 86 0.5 1.0 - 1200 437 2740 

 

160 86 0.5 1.6 - 1200 417 2490 

 

200 86 0.5 2.0 - 1200 401 2030 

 

240 86 0.5 2.4 - 1200 384 1550 

 

280 86 0.5 2.8 - 1200 362 910 

  320 86 0.5 3.2 - 1200 347 490 

Composites 100 86 0.5 1.0 0.2 1400 423 2740 

 

160 86 0.5 1.6 0.2 1400 402 2490 

 

200 86 0.5 2.0 0.2 1400 375 2030 

 

240 86 0.5 2.4 0.2 1400 359 1550 

 

280 86 0.5 2.8 0.2 1400 347 910 

  320 86 0.5 3.2 0.2 1410 342 490 
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4.3. Experimental Procedure 

Single edge notched bending test were performed at RT to measure the mode I 

fracture toughness of the neat epoxy resins and the composites in terms of the critical 

stress intensity factor, KIC, according to ASTM standard D5045-99. Figure 4.1 outlines 

the geometrical conditions for the fracture test. The specimens had a length of 100 

mm, a height of 20 mm, and a width of 5 mm. The lengths of pre-cracks at the middle 

point of the specimen and span length between the supports corresponded to 10 mm 

and 60 mm. The constant deflection rate of 50 μm s-1 was applied at the loading point 

and the load was recorded by using a universal materials testing machine (Shimadzu, 

AGS-J). The fracture toughness was calculated as 

    
  















3/2

2

3/2
121

2.73.932.1511.99

2

3

αα

αααα

WB

αLP
K max

IC , (4.2) 

where α = a / W. Pmax, B, L, W, and a correspond to the maximum load, width, span 

length, height, and pre-crack length of the specimens.  

The fracture surface of the neat epoxy resins and the composites were observed 2 

mm from the pre-crack tip after the fracture test with a scanning electron microscope 

(SEM) (Keyence, VE-8800) as shown in Fig. 4.2.  
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Fig. 4.1 Single edge notched bending tests. Units are in millimeters. 
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Fig. 4.2 Scanning electron microscope (SEM) (Keyence, VE-8800). 
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4.4. Experimental Results 

4.4.1. Load-deflection curves 

 Figure 4.3 plots typical load-deflection curves for the neat epoxy resins and the 

composites measured with the single edge notched bending tests. Every specimen had 

a linear load-deflection relation until brittle fractures occurred regardless of the EEWRs. 

We therefore applied Eq. (4.1) on the basis of linear elastic fracture mechanics to 

determine the fracture toughness of the neat epoxy resins and composites. The 

average values for the fracture toughness were evaluated with their standard 

deviations from more than five experimental results. The results for both properties are 

listed in Table 4.2 
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 (a) Neat epoxy resins 

 

 

 

 

 

 

 

 

 (b) Composites 

Fig. 4.3 Typical load-deflection curves measured with single edge notched test. 
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Table 4.2 Fracture toughness and bending strength. 

Materials 

Crosslinking 
densities 
[mol/m

3 
] 

 

Fracture toughness [MPa m
1/2

]   Bending strengths [MPa] 

Averages 
Standard 
deviations 

Normalized 
with Eq. (4.3)   

Averages 
Standard 
deviations 

Normalized 
with Eq. (4.4) 

Neat epoxy 
resins 

2740 0.99 0.51 - 
 

147 3.76 - 

 

2490 1.34 0.40 - 
 

149 1.18 - 

 

2030 1.72 0.09 - 
 

154 2.60 - 

 

1550 1.71 0.08 - 
 

137 19.30 - 

 

910 1.36 0.16 - 
 

135 8.60 - 

  490 1.44 0.30  -   96 6.20 -  

Composites 2740 1.73 0.17 0.75 
 

161 2.99 0.10 

 

2490 2.27 0.06 0.69 
 

160 2.82 0.07 

 

2030 1.88 0.06 0.09 
 

154 0.62 0.00 

 

1550 1.19 0.11 -0.30 
 

122 11.61 -0.11 

 

910 0.65 0.09 -0.52 
 

65 5.02 -0.52 

  490 0.75 0.16 -0.48   65 6.53 -0.32 
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4.4.2. Fracture surface 

 The fracture surfaces of specimens observed by SEM after the single edge 

notched bending tests are shown in Fig. 4.4. Because the particles on the fracture 

surfaces were found to be surrounded by the matrix resins, namely interphase regions 

[4.16, 4.18], it could be concluded that cracks propagated in the matrix resins 

regardless of crosslinking densities. The state was the same as the fracture surfaces in 

Adachi et al. [4.16, 4.18] and those after bending tests in Chapter 2 [4.24]. Therefore, 

the properties of the matrixes near particles, which would be dependent on the 

interaction between the particles and matrixes, were important to take into 

consideration fractures in the specimens. 
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(a) Crosslinking density: 2740 mol/m
3

 
 

 

 

 

 

 

 

 

 

 

(b) Crosslinking density: 2490 mol/m
3

 

Fig. 4.4 Fracture surfaces observed with SEM. 
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(c) Crosslinking density: 2030 mol/m
3

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(d) Crosslinking density: 1550 mol/m
3

 

 

Fig. 4.4 Fracture surfaces observed with SEM. (Continued) 
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(e) Crosslinking density: 910 mol/m
3

 

 

 

 

 

 

 

 

 

 
 
 

(f) Crosslinking density: 490 mol/m
3

 

 

Fig. 4.4 Fracture surfaces observed with SEM. (Continued) 
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4.4.3. Fracture toughness and bending strength 

 Figure 4.5 plots the fracture toughness and bending strength for neat epoxy resins 

and composites. The open circles and triangles are averages of the bending strength 

and fracture toughness calculated from more than five experimental results. The error 

bars indicate the standard deviations for the experiment data and the solid lines are the 

fitting curves.  

 Within the crosslinking density decreasing from stoichiometric condition (2740 

mol/m3) to 1500 mol/m3 in Fig. 4.5(a), the fracture toughness of the neat epoxy resins 

suddenly increased and reached 1.7 MPa m1/2, whereas the bending strength was 

constant at 150 MPa, which was approximately the same as that for the 

stoichiometrically cured epoxy resin. Below the crosslinking density of 1500 mol/m3, the 

fracture toughness moderately decreased although the bending strengths suddenly 

decreased from 150 to 100 MPa. 

 In Fig. 4.5(b), the fracture toughness of the composites drastically increased and 

reached 2.3 MPa m1/2, which was 30 % more than that for the stoichiometrically cured 

composites. After that, the fracture toughness reduced below that for the 

stoichiometrically cured neat epoxy resins. The bending strength was constant from the 

stoichiometric condition and decreased similarly to the tendency in Fig. 4.4(b). The rate 

of decrease for the bending strength was larger than that for the neat epoxy resin. 

 The results in Fig. 4.5 can be summarized as follows. The non-stoichiometric 

curing of the neat epoxy resins, i.e., the rough network structure of the resins increased 

fracture toughness, especially for resins with low crosslinking density. The composites 

with slightly smaller crosslinking density than that of the stoichiometric condition were 

clarified to greatly improve the fracture toughness due to the large interactive effect 

between the nano-particles and slightly incomplete network structures in the resins. 

However, the nano-particles in composites having lower crosslinking densities severely 

reduced below the fracture toughness of the neat epoxy resins. Therefore, the nano-

particles were found to reinforce the fracture toughness for stoichiomerically cured or 

slightly non-stoichiometrically cured composites, and the particles seriously reduced 

the fracture toughness as defects. The interactive effects of nano-silica particles and 

non-stiochiometrically cured epoxy resins on mechanical properties are examined in 

the next section. 
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 (a) Neat epoxy resins 

 

 

 

 

 

 

 

 

 (b) Composites 

Fig. 4.5 Fracture toughness and bending strength.  
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4.5. Discussion 

 Figure 4.6 plots the ratios between bending strength and the fracture toughness for 

the neat epoxy resins and composites. The fracture toughness of the neat epoxy resins 

is not clearly correlated with the bending strength in Fig. 4.6(a). However, the fracture 

toughness of the composites is correlated with the bending strength in Fig. 4.6(b). It 

was difficult to consider the interaction between the nano-silica particles and the 

network structures in the epoxy resins on the basis of Fig. 4.6 because the relations 

between composites had different correlations from those of neat epoxy resins.  

 The fracture toughness and the bending strength of all composites were 

normalized to clearly express reinforced of the nano-silica particles by using two 

definitions: 

Normalized fracture toughness: 
K

 KK
  K

EPOXY

EPOXYCOMP
N


  and (4.3) 

Normalized bending strength: 
σ

 σσ
  σ

EPOXY

EPOXYCOMP
N


 , (4.4) 

where KCOMP and σCOMP are the fracture toughness and the bending strength of the 

composite. KEPOXY and σEPOXY are the fracture toughness and the bending strength of 

neat epoxy resins with the same crosslinking density as that in the matrix resins of the 

composites. The normalized properties mean improvements to neat epoxy resins due 

to the addition of the nano-silica particles. If the normalized values were positive, the 

epoxy resin matrixes were considered to be reinforced with filling particles.   

 Figure 4.7 plots variations in the normalized fracture toughness and bending 

strength of composites with the crosslinking density of the matrix resins. In No Fig. 

4.7(a) given, the normalized fracture toughness is positive within the crosslinking 

densities that range from stoichiometric conditions of 2740 mol/m3 to approximately 

2000 mol/m3, and negative below the crosslinking density of 2000 mol/m3. Especially, 

the composite with crosslinking density of 2490 mol/m3, which was slighly lower than 

that with stoichiometric curing, had maximum fracture toughness. In No Fig. 4.7(b) 

given, the normalized bending strength was slightly positive in the same region of 

crosslinking density, from 2740 to 2000 mol/m3, and negative below the other region. 

Therefore, the epoxy resin was reinforced by adding nano-silica particles to the fine 

network structures of matrix resins having high crosslinking densities near the 

stoichiometric conditions of 2740 to 2000 mol/m3, and the particles reduced the fracture 

toughness and strength of matrix resins having rough networks below 2000 mol/m3.  
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 (a) Neat epoxy resins 

 

 

 

 

 

 

 

 

 (b) Composites 

Fig. 4.6 Relations between fracture toughness and bending strength.  
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 (a) Normalized fracture toughness 

 

 

 

 

 

 

 

 

 (b) Normalized bending strength. 

Fig. 4.7 Normalized fracture toughness and bending strength of composites with 

crosslinking density of the matrix resins. 
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 Figure 4.8 plots the relation between normalized fracture toughness and bending 

strength of composites to clarify the sensitivity of properties to the crosslinking 

densities. In the region of high crosslinking densities, the normalized fracture 

toughness was extremely sensitive to the crosslinking density although the bending 

strength was approximately constant. In the region of low crosslinking densities, the 

normalized fracture toughness was constant and the normalized bending strength was 

drastically varied, however, adding nano-silica particles had negative effects on both 

properties.  

 The results can be summarized as follows. The improved effects of fracture 

toughness and bending strength could not be explained on the basis of reduced stress 

concentration near the particles or simple mixing of particles and matrix resin because 

the normalized fracture toughness and bending strength of composites with different 

crosslinking densities were not constant under fixed volume fractions of particles in Fig. 

4.7.  The crosslinking densities in the matrix resins greatly contributed to fracture 

toughness due to stronger interaction between the matrix resins and nano-silica 

particles due to slightly incomplete network structures in the matrix resins. This is 

because cracks in the fracture tests propagated in the matrix resins, as observed in Fig. 

4.4. In contrast, the interactive effect between the particles and network structures in 

the matrix resins on bending strength of composites was relative small and the strength 

of the matrix resins mainly affected the strength of the composites because fractures in 

bending tests propagated in the matrix resins [4.17]. Therefore, the interaction between 

the particles and matrix resins played an important role in the fracture toughness of the 

composites. The fracture toughness of the composite was predicted to be controlled by 

the particles size because the interactive effect changed.  
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Fig. 4.8 Relation between normalized fracture toughness and bending strength. 
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4.6. Conclusion 

The fracture toughness of nano-silica particulate-reinforced epoxy composites with 

different crosslinking densities was experimentally investigated to take into 

consideration the interactive effects between nano-particles and the network structures 

in matrix resins. The composite materials were prepared by adding silica particles that 

were 240 nm in median diameter to bisphenol A type epoxy resins with the particles 

volume fraction of 0.2. The neat epoxy resins and the composites were cured non-

stoichiometrically to change the crosslinking densities of the neat epoxy resins and the 

matrix resins of the composites within 2740 to 490 mol/m3.  

 The fracture toughnesses and the bending strengths of nano-silica particulate-

reinforced epoxy composites and the neat epoxy resin strongly depended on the 

crosslinking densities in the resins. Although the fracture toughness decreased 

monotonously from that of the stoichiometically cured resins as the crosslinking density 

decreased, the fracture toughness of the composites was maximum at a sligthly lower 

crosslinking density of approximately 2490 mol/m3 from the stoichiometric condition, i.e., 

2740 mol/m3. The dependence of fracture toughness on the crosslinking density of 

composites differed greatly from that for neat epoxy resins. 

 Fracture toughness and bending strength were improved from these of neat epoxy 

resins by adding particles to achieve crosslinking densities higher than 2000 mol/m3. At 

crosslinking densities lower than 2000 mol/m3, the particles worked against mechanical 

properties as defects in matrix resins. The improvements to toughness were more 

sensitive to crosslinking density than those of bending strength.  
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5.1. Summary  

 This study proposed the different network structure by non-stoichiometric curing 

effects in matrix resin to explain the interaction effects between the particles and 

matrixes because the properties of micro- or nano-particles-reinforced epoxy 

composites are considerably dependent not only on the particle size effect but also on 

the interaction of particles and matrix resins. The main objectives of this study are to 

clarify experimentally the interaction effects between nano-particles and different 

network structure in matrix resins on the mechanical properties of nano-silica 

particulate reinforced epoxy composites. The mechanical properties: thermo-

viscoelastic, elasticity, bending strength, compressive yield stress and fracture 

toughness are clarified by using different crosslinking density in matrix resin in order to 

elucidate the influences of the interactions between nano-silica particles and the matrix 

resins. 

 The matrixes were prepared by curing with an excessive mixture of diglycidyl ether 

of bisphenol A type epoxy resin to the curing agent (methyl-tetrahydro-phthalic 

anhydride) for the stoichiometric condition. The matrix resin was a blend of the 

diglycidyl ether of bisphenol A type epoxy resin, with methyl-tetrahydro-phthalic 

anhydride as the curing agent and 2,4,6-tris (dimethyl aminomethyl) phenol as the 

accelerator. The mixture ratio of the epoxide resin and the curing agent was changed 

to consider the interaction between the silica particles and the network structures in the 

matrix resin. The changed mixture ratio is hereafter expressed as the epoxy-

equivalent-weight ratio (EEWR) defined by the epoxide resin weight over the 

stoichiometric epoxide resin weight in the mixture. In the research, the EEWR ranged 

from 1.0 to 3.2. Silica particles with a median diameter of 240 nm were used as the 

filler of the composite. The volume fraction of the silica particles was 0.2 for every 

composite. The surfaces of the particles were not chemically coated. The conclusion 

obtained in each chapter is summarized in Fig. 5.1. 

 In chapter 2, “Thermo-viscoelastic and bending behaviors”, the interaction effects 

between nano-silica particles and epoxy network structures on thermo-viscoelastic and 

bending properties of epoxy composites were investigated by non-stoichiometric curing 

effects in matrix resin. The network structures of each neat epoxy resin and composite 

were appreciated by crosslinking densities of matrix resins and were characterized from 

the dynamic storage moduli of neat epoxy resins in a rubbery state. The glass 

transition temperatures of the neat epoxy resins and the composites were determined 



Conclusions  Chapter 5 
 

 
 

 

127 
 

from the temperature dependence of the loss tangents. It was found that the 

crosslinking densities of the matrix resins was from 2740 (stoichiometric condition) to 

490 mol/m3  and the glass transition temperatures of the neat epoxy resins decreased 

linearly as the crosslinking densities decreased from the stoichiometric condition. The 

interaction effects between nano-particles and network structures in matrix resin 

reduced the glass transition temperatures of the composite lower than those of the neat 

epoxy resins because the chain entanglement of the molecules in the matrix resin was 

considered to be encumbered by the particles. Both the bending moduli and the 

dynamic storage moduli in the glassy state of the composites were larger than those of 

the neat epoxy resins and decreased slightly as the crosslinking densities decreased 

from the stoichiometric condition. The interaction effects between the silica particles 

and the polymer network structure in the matrix resins did not affect either the bending 

moduli or the dynamic storage moduli in the glassy state of the composite because an 

elastic modulus is typically insensitive to microstructures in a material. The mobility of 

the molecules in the matrix resins became active above the glass transition 

temperature, and the interaction increased, so the dynamic storage moduli could not be 

predicted by the mixture law. The bending strengths were very sensitive to the 

microstructures, and the strengths for the composites were more sensitive than those 

of the neat epoxy resins because the existence of the nano-silica particles encumbered 

the entanglements of the molecular chains in the matrix resins having rough network 

structures with low crosslinking densities. 

 In chapter 3, “Compression behavior”, the interaction effects between nano-silica 

particles and epoxy network structures on static and dynamic compression behaviors 

were discussed by non-stoichiometric curing effects in matrix resin using a material 

testing machine and a split Hopkinson pressure bar (SHPB) machine. The network 

structures of each neat epoxy resin and composite were appreciated by crosslinking 

densities of matrix resins where were obtained in Chapter 2. The static and dynamic 

compression tests were performed by using a universal material testing machine and a 

split Hopkinson pressure bar testing machine, where the strain rates were 3.3  10-3 to 

1500 1/s. The compressive yield stresses of the composites and the neat epoxy resins 

having high crosslinking densities were larger than those having low crosslinking 

densities, although the strain rate effect on the compressive yield stresses of the neat 

epoxy resins were not affected by the crosslinking densities. The existence of nano-

silica particles in the matrix resins prevented the yielding due to the interaction of the 
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particles and the network structures of the matrix resin. Although the strain softening of 

the neat epoxy resins after the yielding was larger for high strain rates, the strain 

softening of the composites after the yielding was not much larger even for higher 

strain rates because the existence of the nano-silica particles disturbed the release of 

the entanglements. 

 In chapter 4, “Fracture toughness behavior”, the interaction effects between nano-

silica particles and epoxy network structures on Mode I fracture toughness was 

investigated and discussed by non-stoichiometric curing effects in matrix resin. The 

non-stoichiometric curing produced the different crosslinking densities in matrix resins 

where was obtained in Chapter 2. The fracture toughness of the composites and the 

neat epoxy resins were performed at room temperature to measure mode I fracture 

and were compared with the bending strength result in Chapter 2. Although the fracture 

toughness decreased monotonously from that of the stoichiometically cured resins as 

the crosslinking density decreased, the fracture toughness of the composites was 

maximum at a sligthly lower crosslinking density of approximately 2490 mol/m3 from the 

stoichiometric condition, i.e., 2740 mol/m3. The dependence of fracture toughness on 

the crosslinking density of composites differed greatly from that for neat epoxy resins. 

Fracture toughness and bending strength were improved from these of neat epoxy 

resins by adding particles to achieve crosslinking densities higher than 2000 mol/m3. At 

crosslinking densities lower than 2000 mol/m3, the particles worked against mechanical 

properties as defects in matrix resins. The improvements to toughness were more 

sensitive to crosslinking density than those of bending strength.  

 As summarizing the results in the dissertation, the interaction effects between 

nano-silica particles and network structures using non-stoichiometric curing process to 

produce different crosslinking density in matrix resin was effective to change the 

mechanical properties of nano-silica particulate-reinforced epoxy composites. The 

results show that the thermo-viscoelastic properties, bending properties, compression 

properties, and fracture properties were strongly dependent on interactions between 

nano-silica particles and network structures in matrix resins. The measured bending 

elastic moduli and dynamic storage moduli at glassy state of the composites agreed 

well with the results calculated from the experimental results of the neat epoxy resins 

with mixture law. This corresponds to the fact that an elastic modulus is generally 

insensitive to micro-structure in a material and tends to have average properties. The 

observed denoted improvements in bending strength, fracture toughness, and 
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compressive yield stress of composites compared with neat epoxy resins at high 

crosslinking densities in matrix resins where the improvements to toughness were 

more sensitive to crosslinking density than those of bending strength. The fracture 

toughness and the bending strength were improved for crosslinking densities higher 

than 2000 mol/m3 by adding particles. At crosslinking density lower than 2000 mol/m3, 

the particles worked against the mechanical properties as defects in matrix resins. 

Otherwise, in consideration to practically produce the epoxy composites with high 

strength and fracture toughness through non-stoichiometic curing process, the 

maximum fracture toughness of the composites can be resulted with crosslinking 

density approximately 2490 mol/m3 from the stoichiometric condition, i.e., 2740 mol/m3. 

Moreover, the interaction between the particles and matrix resins played an important 

role in mechanical properties of the composites 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Conclusions  Chapter 5 
 

 
 

 

130 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

  

  

Fig. 5.1 Summary of conclusion 

 
 

 Spherical silica particle (240 nm) + epoxide resin (188 grams/equivalent), curing agent 
(162 grams/equivalent) and accelerator. 

 Epoxy-equivalent-weight ratio or EEWR (epoxide resin weight over the stoichiometric 
epoxide resin weight in the mixture) = 1.0 (stoichiometric ratio), 1.6, 2.0, 2.4, 2.8, and 3.2. 

 Constant volume fraction of silica particles (Vp = 0.2) 

 

MATERIALS 

 

 

 
 

 Thermo-viscoelastic properties: 
 Crosslinking densities, n, decreased from 2740 mol/m

3
 (stoichiometric 

ratio) until 490 mol/m
3
. 

The interaction effects between nano-silica particles and epoxy network 
structures: 

 reduced the Tg lower than those of the neat epoxy resins. 

 did not affect the dynamic storage modulus, E’, in the glassy state. 

 Bending strength: 
The interaction effects between nano-silica particles and epoxy network 
structures: 
 incresed the bending strength, σB, at n ≥ 2000 mol/m

3
. 

 did not affect the elastic modulus, EB. 

CHAPTER 2 

 
 

 Compressive yield stress 

The interaction effects between nano-
silica particles and epoxy network 
structures: 
• increased the compressive yield 

stresses as the strain rate increased 
at high n. 

• disturbed the strain softening after 
the yielding even for higher strain 
rates. 

 
 

 Fracture toughness corresponding with 
bending strength 

The interaction effects between nano-silica 
particles and epoxy network structures: 
• improved fracture toughness, KIC, at n ≥ 

2000 mol/m
3
 . The improvements of KIC 

were more sensitive to n than those of 

σB. The maximum KIC was approximately 
at n = 2490 mol/m

3
 from the 

stoichiometric condition, i.e., 2740 
mol/m

3
 

 

 
 

 The non-stoichiometric curing results the decreasing of crosslinking densities in matrix 
resins from stoichiometric condition.  

 The interaction between nano-silica particles and epoxy network structures play an 
important role in mechanical properties where it is strongly dependent of crosslinking 
densities in matrix resins. 

 The result of this dissertation provided a valuable guideline to crosslinking densities 
design in matrix resin by non-stoichiometric curing process for controlling the 
mechanical properties of nano-silica particles reinforced epoxy composites. 
• changing crosslinking density in matrix resins (n = 2490 mol/m

3
 from the 

stoichiometric condition, i.e., 2740 mol/m
3
)  ↔ higher fracture toughness 

CONCLUSIONS 

CHAPTER 4 CHAPTER 3 
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As the extended summary, the interactions between nano-silica particle and epoxy 

network structures on mechanical properties can be clarified by the relation between 

the normalized properties and the crosslinking density as shown in Fig. 5.2. This result 

shows that the bending elastic moduli did not have correlation with the interaction 

effects because the normalized properties of them were approximately constant to 

crosslinking densities. Moreover, the interaction effects on fracture toughness were 

more sensitive than those of bending strength in high crosslinking densities. The 

interaction effects of fracture toughness and bending strength could not be explained 

on the basis of reduced stress concentration near the particles or simple mixing of 

particles and matrix resin because the interaction effect on fracture toughness and 

bending strength with different crosslinking densities were not constant under fixed 

volume fractions of particles. To comprehend the interaction effects in nanocomposites, 

the illustration of the relation between nano-silica particles with different network 

structures of epoxy resin using non-stoichiometric curing process to produce 

incomplete network structures in matrix resins are shown in Fig. 5.3. There are four 

categories of the network structures: very fine, fine, rough and very rough network 

structures. This illustration can be used to understand the improvement on fracture 

toughness or bending strength of the composites to correlate with the interaction 

effects between nano-silica particle and different network structures in matrix resins as 

shown in in Fig. 5.4. This result shows that the composites with slightly smaller 

crosslinking density than that of the stoichiometric condition were clarified to greatly 

improve the fracture toughness due to the large interactive effect between the nano-

particles and slightly incomplete network structures in the resins. The crosslinking 

densities in the matrix resins greatly contributed to fracture toughness due to stronger 

interaction between the matrix resins and nano-silica particles due to slightly 

incomplete network structures in the matrix resins. In contrast, the interactive effect 

between the particles and network structures in the matrix resins on bending strength 

of composites was relative small and the strength of the matrix resins mainly affected 

the strength of the composites. These results provided a valuable guideline to 

crosslinking densities design in matrix resin by non-stoichiometric curing process for 

controlling the mechanical properties of nano-silica particles reinforced epoxy 

composites due to interaction effect of particles and matrixes. 
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Fig. 5.2  Relation between normalized properties and crosslinking densities. 
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Fig. 5.3 Illustrations of the relation between nano-silica particles with different network 

structures of epoxy resin. 

 

 

 

 

 

 

 

 

 

 

Fig. 5.4 Bending strength and fracture toughness of composites to correlate with the 

interaction effects between nano-silica particle and different network structures 

in matrix resins. 
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network structure  

(b) Fine network structure  
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5.2. Future Works 

The application and compatibility of silica particles reinforced epoxy composites, in 

terms of practicality and multi-functionality can be substantially improved by interaction 

between silica particles and epoxy network structures using non-stoichiometric curing 

process. For instances, this composite can be used in the structural materials for 

mobile phone, portable computer and batteries, also in high performance materials for 

nanoelectronic-devices and micro-sized sensor, etc.  

Based on this research, the interactions between the particles and matrix resins 

played an important role to characterize the mechanical properties of nano-silica 

particles reinforced epoxy composites with various crosslinking densities in matrix 

resins. The non-stoichiometric curing process was designed to get the easy 

modification of network structures in the matrix resins without modification of the 

chemical nature of epoxy chains. Therefore, based on the discussions in this study, it 

could be interesting to study the mechanical behavior of the epoxy composites at 

various crosslinking densities with various particle sizes or various particle volume 

fractions to complete the clarification of interaction effects between nano-silica particles 

and epoxy network structures.  

 This research could be used as basis for developing multi-functional composites 

by controlling the crosslinking densities in matrix resins to clarify the interaction effects 

between the particles and matrix resins using non-stoichiometric curing process. 

Furthermore, in view of the fact that the most important industry sectors are 

conspicuously changed by the development and the application of new feature-rich 

nanocomposites, hence, the experimental results in this study can be used to improve 

the properties of nano-silica particles reinforced epoxy composite. 
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A. Properties of silica particles 

The one of the most abundant materials in the earth crust is silicon, which 

especially in the crystalline form of quartzite, tridymite and cristobalite, and in an 

amorphous form of silica (or silicon dioxide) being synthesized industrially. Table A.1 

summarized the physical, mechanical, thermal and electrical properties of the common 

silica. 

Synthetic fused silica (amorphous silicon dioxide) is formed by chemical 

combination of silicon and oxygen, SiO2 which is around 99.4 – 99.9 % purity of grade. 

Mostly fused silica is produced by reacting powdered crude metal with a gaseous flame 

mixture of hydrogen and hydrogen chloride in a fluidized bed. The initial product SiHCl3 

is fractionally distilled then reduced by hydrogen. Finally, it is deposited on a presilicon 

filament, which is heated to approximately between 1200 and 1500 °C then further 

purification is done by refining process [A.1].  

Fused silica particle is primarily used to the electronic industry (around 70 % of the 

total market) as filler in electronic encapsulation materials, because a number of 

advantages [A.2–A.4]: 

1. Excellent electrical insulation up to approximately 1000 °C 

2. Low dielectric constant and loss 

3. Extremely low coefficient of thermal expansion, which provides stability and 

resistance to thermal shock over large temperature 

4. Wider thermal operating range 

5. Increasing hardness and resistance to scratching 

6. Extremely higher resistance to radiation darkening from ultraviolet, X-rays, 

gamma rays, and neutrons  
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Table A.1 Physical, mechanical, thermal and electrical properties of common silicon 

[A.4] 

 

Crystal structure Amorphous structure 

Quartzite Tridymite Cristobalite Fused silica 

Density [kg/m
3
] 2650 2300 2200 2200 

Thermal conductivity 

[Wm
-1

K] 
1.3 1.4 

Thermal expansion 
coeff. 

[10
-6 

K
-1

]  

12.3 21 10.3 0.4 

Tensile strength [MPa] 55 110 

Compressive strength 

[MPa] 
2070 690 ~ 1380 

Poisson’s ratio 0.17 0.165 

Fracture toughness  

[MPa] 
- 0.79 

Melting point [°C] 1830 1830 

Modulus of elasticity  

[GPa] 
70 73 

Thermal shock  

resistance 
High High 

Permittivity [ε']
A
 3.8 ~ 5.4 3.8 

Loss factor [ε'']
A
 0.0015 - 

Tan δ [×10
4
]
 A

 3 - 

Dielectric field strength 

[kV/mm]
 A

 
15 ~ 25 15 ~ 40 

Resistivity [Ωm]  10
12

 ~ 10
16

 > 10
18

 

A Dielectric properties at 1 MHz, 25°C 
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B. Non-stoichiometric calculation 

The stoichiometric proportions of the curing agent (anhydride) and epoxide resin 

(DGEBA) are for ensuring maximum stability of the product but in many cases, the non-

stoichiometric mixture ratio of epoxide resin to curing agent with or without fillers can 

result better mechanical properties as compared to stoichiometric mixture ratio of 

epoxide resin to curing agent. According to stoichiometric mixture ratio, the amount of 

anhydride used per hundred grams of DGEBA (phr) is calculated as follows [A.5]: 

.100
γ

αβ
phr)Anhydride(   (A.1) 

 is the constant for epoxy/anhydride system with value of 0.915 – 1.0 [A.6],  is the 

acid anhydride equivalent weight, and  is the epoxy equivalent weight. The 

stoichiometric calculation in this research is shown below. The material specifications 

of epoxy resin and curing agent used in the calculations are listed in Table A.2. 

Regarding the accelerator, it is usually added at relatively low levels (0 to 5 parts per 

hundred of resin, phr). 

 

Table A.2 Material specifications. 

 
Epoxy equivalent weight 

(grams/equivalent) 

Epoxide Monomers 188 

Curing Agent 162 

 

Stoichiometric calculation (Epoxy-equivalent-weight ratio (EEWR) = 1.0):  

 = 1.0 

 = 162 grams/equivalent 

 = 188 grams/equivalent 

Amount of anhydride used per one hundred grams of epoxide monomers is 86 grams. 

The percentage connection of epoxide monomers with curing agent in the epoxy 

system is (86/86)*100% = 100% 
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Non-stoichiometric calculation for EEWR = 1.6:  

 = 1.0 

 = 162 grams/equivalent 

  = 188 grams/equivalent 

Amount of anhydride used per one hundred sixty grams of the blend is 138 grams. 

The amount of anhydride reserved of the blend is only 86 grams so the percentage 

connection of epoxide monomers with curing agent in the epoxy system is 

(86/138)*100% ≈ 60% 

The percentage connections of epoxide monomers with curing agent for neat 

epoxy resins and composites at EEWR ranged from 1.0 to 3.2 are listed in Table A.3. 

 

 

Table A.3 Percentage connection of stoichiometric and non-stoichiometric curing 

epoxide monomers with curing agent. 

Materials 

 

 

Matrix (weight ratio) 

Epoxy-

equivalent-

weight ratio 

Volume 

fraction 

of silica 

particles
 

Connection 

epoxide 

monomers with 

curing agent 

(%) 

Epoxide 

resin 

Curing 

agent Accelerator 

Neat epoxy resin 100 86 0.5 1.0 - 100 

 

160 86 0.5 1.6 - 60 

 

200 86 0.5 2.0 - 50 

 

240 86 0.5 2.4 - 40 

 

280 86 0.5 2.8 - 35 

 

320 86 0.5 3.2 - 30 

Composite 100 86 0.5 1.0 0.2 100 

 

160 86 0.5 1.6 0.2 60 

 

200 86 0.5 2.0 0.2 50 

 

240 86 0.5 2.4 0.2 40 

 

280 86 0.5 2.8 0.2 35 

 

320 86 0.5 3.2 0.2 30 
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C. Dynamic mechanical analysis principle 

 Dynamic mechanical testers apply a periodic stress or strain to a sample and 

measure the resulting strain or stress response. Due to the time-dependent properties 

of polymers the resultant response is out-of-phase with the applied stimulus. As shown 

in Fig. A.1, when a sinusoidal stress, (t) with amplitude o is applied at some 

frequency, f, polymers will behave neither as a perfectly elastic nor as a perfectly 

viscous, and the strain, (t), will lag behind excitation, namely phase lag  will occur. 

Therefore, by using strain amplitude, o, a complex dynamic modulus, E* is defined as 

[A.5, A.7], 

)exp(
)(

)(* 







i

t

t
E

o

o  (A.2) 

where t is the time, and i = 1 . 

The E* is the instantaneous ratio of the stress amplitude to the strain amplitude. It 

can be resolved into a real component denoted as storage modulus, E’, and an 

imaginary component denoted as loss modulus, E’’; 

''E'EE *
  (A.3) 

where 

,cos




o

o'E    .sin




o

o''E   

The E’ is the in-phase or elastic response (this being the recoverable or stored 

energy), but the E’’ is the imaginary or viscous response (this being proportional to the 

irrecoverable or dissipated energy). The tan  is proportional to the ratio of energy 

dissipated to energy stored. This is called the loss tangent or damping factor. 

.tan
'E

''E
  (A.4) 
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Fig. A.1 Sinusoidal oscillation and response of viscoelastic material. 
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