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      Chapter 1 

Introduction 

 

1.1 Nanocomposites 

1.1.1 Definition of nanocomposites 

According to the American Heritage Dictionary [1], a composite material is “a complex 

material in which two or more distinct, structurally complementary substances, 

especially metals, ceramics, glasses, and polymers, are combined to produce structural 

or functional properties not present in any individual component”. A nanocomposite 

[2] is a multiphase solid material where one of the phases has one, two or three 

dimensions of less than 100 nanometers (nm), or structures having nano-scale repeat 

distances between the different phases that make up the material.
  

 

1.1.2 Nature of nanocomposites 

Over the last decade, the area of nanocomposite materials has gained much attention, 

both in the academic fields as well as industry and government. The overall properties 

of nanocomposites are not only determined by their parent components, but also by the 

composites phase morphology and interfacial properties. Nanocomposites are 

commonly base on polymer matrices reinforced by nanofillers such as precipitated silica 

and layered silicate (clays) synthesized by several methods i.e. in-situ polymerization, 

solvent method, polymer melt intercalation and shear mixing method. 

 

Layered materials are potentially well suited for the design of nanocomposites because 

their lamellar elements have high strength, stiffness and aspect ratios [3]. In layered 
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solids, smectic clays (e.g montmorillonite) are more popularly used because they exhibit 

a very rich intercalation chemistry which allows them to be chemically modified and 

made compatible with organic polymers for dispersion. Montmorillonite is a 

nanoparticle, which has a plate-like shape with high aspect ratio. The typical structure 

of smectic clays is showed in Fig. 1.1. 

 

 

 

 

 

 

 

 

Fig.1.1 Structuture of montmorrillonite clay [4] 

 

With the same loading, nanoparticle can lead to a better performance than other large 

size particles at low cost. In the early 1990s, Toyota researchers [5-6] discovered that 

treatment of montmorillonite clay (MMT) with amino acids in-situ polymerization 

allowed dispersion of the individual 1 nm thick silicate layers of the clay in the polymer. 

Their hybrid material showed major improvements in heat resistance and mechanical 

properties even at very low clay content (1.6 vol.%). Since this opportunity, many 

researchers have performed investigations in the new field of polymer nanocomposites. 
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1.2 Types of polymer-clay nanocomposites  

From a structural point of view, polymer – clay composites can be generally classified 

into “conventional composites” and “nanocomposites”. In a conventional composite, the 

clay nanolayers are retained when mixed with the polymer without intercalation of the 

polymer into the clay structure (see Fig. 1.2a). Consequently, the clay fraction in 

conventional clay composites play little or no functional role and acts mainly as filling 

agent for economic considerations. An improvement in dimensional stability is 

normally achieved by reduction of thermal expansion in conventional clay composite, 

but this reinforcement benefit is usually accompanied with a sacrifice in other properties, 

such as strength and ductility [7]. 

 

Two types of polymer-clay nanocomposite are possible [8]. Intercalated 

nanocomposites (Fig. 1.2b) are formed when a few molecular of polymers are inserted 

into the clay galleries with keeping layered structure. Exfoliated nanocomposites (Fig. 

1.2c) are formed when the silicate nanolayers are individually dispersed in the polymer 

matrix, and the average distance between the segregated layers being dependent on the 

clay loading. The separation between the exfoliated nanolayers may be uniform 

(regular) or variable (disordered). Exfoliated nanocomposites show greater phase 

homogeneity than intercalated nanocomposites. More importantly, each nanolayer in an 

exfoliated nanocomposite contributes fully to interfacial interactions with the matrix. 

This structural distinction is the primary reason why the exfoliated clay state is 

especially effective in improving the reinforcement and other performance properties of 

clay composite materials. 
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Fig. 1.2 Schematic illustrations of the structures of (a) conventional composite, (b) 

intercalated and (c) exfoliated polymer clay nanocomposites [8] 

 

R. A. Vaia [9] classified structural characterization of polymer-layered silicate 

nanocomposites (PLSNs) in more details. The previous discussion indicates that a 

simple description of PLSN morphology as intercalated or exfoliated is far from 

adequate. Additional descriptors, such as ordered, disordered or partial, are helpful for 

accurate description of nanoscale morphologies. An expanded classification scheme is 

summarized in Figure 1.5. Disordered intercalated structures are characterized by 

weaker interlayer correlations sufficient to disrupt strong basal reflections observed in 

conventional wide-angle X-ray diffraction (discussed below).  

 

Furthermore, a minor fraction of smaller layers near the surface of the crystallites may 

be dispersed (e.g. Figure 1.3). On the other hand, PLSNs containing highly swollen 

interlayers still exhibiting registry associated with the original crystallitie (e.g. Figure 

1.4) or small stacks of 2-4 layers are partially exfoliated. Here, the layer correlation is  



5 
 

 

Fig. 1.3 Bright-field TEM of poly(3-bromostyrene)-F12 (dodecylammonium-exchanged 

fluorohectorite) [10] 

 

 

 

 

 

 

 

 

 

 

Fig. 1.4 Bright-field TEM images of 10 mass% Closite 30A (Southern clay Products, 

Inc.) in a diamine-cured (Jeffamine D-2000, Huntsman) epoxy (EPON 828, Shell) [11]: 

a) submicron variation in silicate content as well as packets of parallel layers with 

various degree of swelling; b) regions with stacks of 25 layers with spacing about 5 nm 

to regions with 3-5 layers separated by 10-20 nm 
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not detectable by WAXD, and correct characterization requires microscopy. Finally, for 

true exfoliated layers, processing history and intermolecular interactions will make 

ultralong-range (>10 nm) ordering of the layers. Maximum layer separation will depend 

on the volume friction of silicate. Thus, depending on the degree of orientation (and 

translational) order and volume fraction, exfoliated PLSNs can further be described as 

ordered or disordered. 

 

 

 

 

 

 

 

 

 

Fig. 1.5 Nanoscale arrangements of layered silicate in PLSN that can be differentiated 

on the basis of: (1) the relative change in layer spacing and correlation (d and d); (2) 

the relative volume fraction of single layers and layer stacks; (3) the dependence of 

single-layer separation on silicate volume fraction, , above a critical volume fraction 

for ordering, *. Differentiation of morphologies based on d/d0 >3 is qualitatively 

associatied with common lower-angle resolution in powder diffraction [9] 

 

Overall, the morphologies indicate that the formation of intercalation and exfoliated 

PLSNs occurs by a more complex process than simple sequential swelling and 
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separation of individual layers starting from the surface of the primary particle and 

crystallite [12-14]. Defect structures, local chemical inhomogeneities, electrostatic 

forces, viscoelastic properties of the polymer and stress fields arising from interlayer 

swelling will all contribute to mediate polymer transport and layer mobility and thus 

final morphology. These effects coupled with processing factors such as shear flows 

lead to more complex morphologies than those theoretically discussed to date. It is 

important to note that descriptors in Figure 1.5 only account for nanoscopic morphology, 

whereas the microscale arrangement of the crystallites or individual layers must also be 

determined and considered when establishing structure-property relationships.  

 

 

1.3 Layered Silicate: Schematic Structure & Chemical Compound 

Among the large number of inorganic layered materials which exhibit intercalation 

capabilities, layered silicates are one of the most typical because of the versatility of the 

reaction. In particular, the smectite group minerals such as montmorillonite, saponite 

and hectorite have mainly been used because they have excellent intercalation 

capabilities. Several reviews have recently discussed polymer nanocomposites based on 

smectites [15-16]. Studies on other types of layered silicate-polymer intercalation 

compounds have been conducted to a much lesser degree because of the relative 

difficulties in the preparation of polymer-intercalated compounds.  Y. Komori, et al. 

[17] believe, however, that extension of the kind of host materials leads to various 

layered silicate-based nanocomposites with compositional and structural variations that 

can be directed towards new applications. 
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In that review, they presented intercalation compounds composed of layered 

polysilicates, kaolinite and layered double hydroxide as the hosts. Although layered 

double hydroxides are not silicates, they are often regarded as “anionic clay” and can be 

treated in a manner similar to layered silicates. The structures of these layered materials 

are illustrated in Fig. 1.6. 

 

The framework of layered polysilicates consists of SiO4 tetrahedra with some silanol 

groups in the interlayer region, and exchangeable cations are present in the interlayer 

region. Kaolinite consists of SiO4 tetrahedral sheets and AlO2(OH)4 octahedral sheet. 

Neither cation nor anions are present between the layers, and the layers are linked to 

each other by hydrogen bonding between hydroxyl groups on the octahedral sheets and 

the oxide arrangement of the tetrahedral sheet. The structure of layered double 

hydroxide (LDH) consists of mainly brucite-like sheet. Anions are present between the 

layers of LDH. All these materials can be synthesized artificially, meaning that the 

composites are free from impurities. Their intercalation properties and the formation of 

intercalation compounds with polymers are quite different from those of smectites.     
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Fig. 1.6 Schematic structures of layered materials - some ions, water molecules or 

hydrogen atoms are omitted for clarity [17] 

 

1.4 Polymer-layered silicate nanocomposties 

1.4.1 Synthesis 

1.4.1.1 In situ polymerization 

Toyota Motor Company (Japan) filed the first US patent (#4739007) [18] for the 

development of nylon-clay nanocomposites by in situ polymerization route [19-20]. 

This route starts intercalation of monomers between the clay galleries and then 

polymerizing it in situ. To facilitate the intercalation and polymerization reaction 

catalysts are supported on the clay surfaces. By replacing the hydrophilic Na
+
 and Ca

+
 

exchange cations of the native clay with a more hydrophobic organic onium ion, they 
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were able to intercalate and polymerize ε-caprolactam in the interlayer (gallery) space 

of the clay to form a nylon-exfoliated clay hybrid composite (Fig. 1.7).  

 

Fig. 1.7 Model of the n-montmorillonite swollen by -caprolactam [20] 

The solution containing catalyst supported on the clay is then introduced into a 

high-pressure polymerization reactor along with the monomer. Reaction is carried out 

at high temperature and pressure to obtain a polymer nanocomposite. The key to this 

extraordinary performance of nylon 6-clay hybrids is the complete dispersal 

(exfoliation) of the clay nanolayers in the polymer matrix (Fig. 1.8). 

 

 

 

 

 

http://www.scialert.net/asci/result.php?searchin=Keywords&cat=&ascicat=ALL&Submit=Search&keyword=high+temperature
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Fig. 1.8 A conceptual of figure of nylon 6-clay hybrid (NCH) [20] 

Various polymer-clay nanocomposites, using polymers like polystyrene [21], epoxy 

[22], poly (ethylene terepthalate) [23], polyethylene [24-25], poly (methyl methacrylate) 

(PMMA) [26] etc., have been synthesized by this route. 

Although nanocomposites prepared by this route have promisingly showed improved 

properties, the batch size achieved by this route in a laboratory is limited as small 

reactors due to followed reason. From an industrial point of view, presence of additives 

in the system lead to reaction conditions making the production of these materials very 

complicated in the large reactors used in an industry [27]. These are some of the reasons 

that have made the bulk production of the nanocomposites by this route very unlikely in 

the industry. 

 

1.4.2 Melt blending 

 Polymer-clay nanocomposites could be developed by melt blending, the polymer and 
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an organophilic clay are mixed in a twin-screw extruder. In this route both polymer and 

clay are either simultaneously fed, or separately premixed and then fed, to the 

twin-screw extruder [28]. The heat and shear generated by the screw in the barrel of the 

extruder facilitates the intercalation/exfoliation of clay in the polymer matrix. Various 

polymer-clay nanocomposites, using thermoplastic polymers like nylons [29] , PET [30], 

PP [31] etc., have been synthesized by this route. Being comparatively easier than the in 

situ route, the development of the melt blending route brought polymer-clay 

nanocomposites closer to commercialization. 

 

1.4.3 Solution synthesis 

Aranda and Ruiz (1992) [32] reported poly (ethylene oxide) /montmorillonite 

nanocomposites can be prepared by dissolving, PEO in a suitable solvent which also 

swells the montmorillonite. In this method for synthesizing polymer-clay 

nanocomposites, the polymer is first dissolved in a solvent and then modified clay is 

added to it. The solvent used in this technique should dissolve the polymer and also 

swell the clay layers. The mechanism for the formation of nanocomposites by this 

technique involves two steps. 1) Swelling of the clay layers by the solvent and then 2) 

intercalation of the polymer chains into the expanded clay galleries by displacing the 

solvent molecules out of the gallery. 

After the solvent is penetrated into the clay galleries, the system is heated till all the 

solvent evaporates. On removal of all the solvent it has been observed that the 

intercalated clay remains, resulting in polymer-clay nanocomposite. Various 
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polymer-clay nanocomposites, using polymers like poly-vinyl acetate [33], PE [34] and 

PEO [35], have been synthesized using this route. 

Although few studies involving measurements of this route of nanocomposite properties 

after a certain period of time (in order to study the proterties of the nanocomposite) has 

been reported, it was believed that once the clay is dispersed by a certain distance from 

the neighboring platelet since no Van Der Waals interactions are present, the clay layers 

would not swing back and increase the properties. 

Although this route can be used to synthesize nanocomposites from polymers with little 

or no polarity, from a commercial point of view, this route involves use of organic 

solvents in a large amount, which is environmentally unfriendly and economically 

prohibitive. Also it is believed that a small amount of solvent remains in the final 

product at the polymer-clay interface thus weaker interfacial interaction between the 

polymer and the clay surfaces is formed [36]. 

 

1.4.4 Shear mixing 

Vaia, et al. [37] implied that the degree of exfoliation would be improved through the 

aid of conventional shear devices. T. D. Ngo, et al. [38] studied the effects of 

temperature, speed, and time at the pre-mixing step on the dispersion and 

intercalation/exfoliation of clay in epoxy resin. Pre-mixing temperature, speed and time 

do not significantly affect the intercalation of organoclay at the pre-mixing step. 

However they have a positive effect on the dispersion of nanoclay into smaller 

aggregates. In addition, speed shows more powerful than temperature in terms of clay 
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dispersion. Fine dispersion and distribution was achieved with pre-mixing at 120 °C and 

24,000 rpm. 

 

Fig. 1.9 TEM photos of nanocomposites: Pre-mixed at 120 °C for: (a) 0 min with 0 rpm 

and (b) 60 min with 24,000 rpm. [38] 

 

1.4.2 Properties and applications 

Toyota researchers [20] reported that, as mentioned before, by replacing the hydrophilic 

Na
+
 and Ca

+
 exchange cations, they were able to obtain the intercalated clay composite. 

At a loading of only 4.7 mass% of clay, the modulus is raised by 40%, the strength is 

increased by 50% and the heat distortion temperature is increased by 80 °C compared 

with the pristine polymer as shown in Table 1.1. 

 

Unitika Ltd. of Japan [39] developed polyamine 6 nanocomposite (Nylon M2350) using 

synthetic clay as reinforcement during polymerization. Nylon M2350 has been used by 

Mitsubishi Motors for an engine cover on its GDI models, where the nanocomposite is 

said to offer a 20% weight reduction and excellent surface finish. Kojima, et al. [40] 

studied the mechanical properties of polyamine 6-clay nanocomposites prepared using 

organically modified montmorillonite and synthetic clays. TEM showed that both  
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Table 1.1 Mechanical and thermal properties of nylon 6-clay composites [20] 

Material Clay  

(mass %) 

Tensile 

Strength 

(MPa) 

Tensile 

Modulus  

(GPa) 

HDT 

 at 1.82 MPa  

(°C) 

Nylon 6-clay 

Nanocomposite 

(exfoliated) 

4.7 97.2 1.87 152 

Nylon 6 (pristine 

polymer) 

0 68.6 1.11 65 

 

nanocomposites were exfoliated. The polyamine 6-clay composite (PACC) was superior 

in strength and modulus to nylon 6. The flexural strength of PACH at 120 °C was 

double than that of polyamine 6. The flexural and tensile modulus was 4 times and 3 

times that of polyamine 6 respectively.  

 

The enhancement of barrier properties is believed to depend on the degree of exfoliation 

of the clay platelets. In the fully exfoliated state, individual clay platelets have the 

highest aspect ratio possible and thus the highest barrier improvement is expected. 

Kojima, et al. [41] studied the barrier of polyamine-montmorillonite and 

polyamine-saponite (syntheticclay) nanocomposites to water. Both 

polyamine-montmorillonite and polyamine-saponite nanocomposites had better barrier 

to water than nylon homopolymer. The higher aspect ratio of montmorillonite compared 

to saponite, it clearly that polyamine-montmorillonite nanocomposites were better 

barrier property to water than polyamine-saponite nanocomposites.  
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1.5 Epoxy/clay nanocomposties 

1.5.1 Synthesis 

Epoxy resins are characterized by the presence of epoxide rings which can be reacted 

with curing agents or catalytically to form a crosslinked polymeric structure. 

Crosslinked epoxies exhibit outstanding properties such as good adhesion to a variety of 

surfaces, low shrinkage during curing, no emission of volatile products, resistant to 

thermal and chemical attack, high glass temperature, electrical proterty and high 

mechanical modulus. Montmorillonite is one of the most common inorganic filler. 

MMT, which has an alumino-silicate structure, consists of two tetrahedral layers 

sandwiching an octahedral layer with Na
+
 or Ca

+
 ions residing in the layer resistant to 

thermal and chemical attack, high glass temperature, and high mechanical modulus. 

 

In the past decades, mechanism of clay dispersion into the epoxy matrix has been one of 

the most interesting issues of polymer research. Sancaktar, et al. [42] proposed stages of 

dispersing nanoparticles in polymeric matrices: (1) intercalation into particles by 

polymer chains; (2) shear force-induced exfoliation of individual particles, and (3) 

homogeneous dispersion of exfoliated particles into the matrix. The first stage is 

governed by clay pre-treatment. The last two stages are controlled by mixing. Wang, et 

al. [43] studied organo-intercalates, interlayered by various onium ions, to form 

epoxy-layered silicate nanocomposites. After treatment, the nanolayers were spaced 

over long distances at 80 Å Bragg spacing. According to the ref. [44], polymerization of 

monomers in the galleries of protonated onium ion exchanged form of smectic clays 

during intercalation stage is necessary for synthesis of amine-cured epoxy 

nanocomposites.  
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Fig. 1.10 TEM microgaphs of the epoxy/clay Nanocomposite containing 2.5 mass% of 

clay [44] 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.11 Schematic representation of clay modification [44] 
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Ke, et al. [44] reported that clay modification using chemical treatment – 

“slurry-compounding process” had significantly enlarged the d-spacing and assisted the 

pristine clay to exfoliated structure in epoxy matrix. The dispersion state of clay in 

water has been transferred into the epoxy matrix by a solvent exchange step and a 

modification step. The critical step is the replacement of water with organic solvent, 

which facilitates the surface modification and dispersion of modified clay in the epoxy 

matrix (Fig. 1.11). Fig 1.10 presented TEM micrographs shows clay was exfoliated. 

Clay dispersion is uniform and random in the matrix.  

 

Messersmith and Giannelis [45] prepared organoclay/epoxy composites using 

diglycidyl ether of bisphenol-A (DGEBA), and a layered silicate treated with 

alkylammonium ions containing primarily octadecylamine and hydroxyethyl group, 

obtain commercially from Southern Clay Products. The hydroxyethyl group appears to 

participate in curing of the epoxy resin, directly attaching the polymer network to the 

nearly exfoliated clay layers.  

 

Another study by Jiankun, et al. [46] showed that organoclays were easily intercalated 

by epoxy oligomer to form stable composites. They treated sodium montimorillionite 

with CH3(CH2)17N(CH3)3. Their work shows that prior intercalation of clay galleries 

before the polymerization reaction takes place promotes clay exfoliation. While 

exfoliation is difficult to achieve in the thermoset system, well-intercalated clay 

structure are produced with d-spacing of clays from 2-4 nm, as measured by XRD. They 

showed that it is necessary for the clay to undergo exfoliation due to high 
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polymerization rate of intra-gallery crosslinking before the surrounding resin reaches it 

gel point.  

 

Pinnavaia, et al. [47] found that the extent of exfoliation depends on the accessibility of 

the epoxy to the clay galleries as well as the relative rates of intra-and extragallery 

network formation as shown in Fig 1.12. Their work also showed that 

intercalated/exfoliated epoxy/clay nanocomposites have higher moduli than intercalated 

clay composites as shown in Fig 1.13. Thus exfoliation before curing is a desired state.  

 

In order to achieve this, a driving force for exfoliation must overcome the attractive 

forces between the silicate layers and interlayer cations holding the clays together. This 

can be achieved by engineering the polymerization rate inside the galleries to be higher 

than that outside of the clay tactoid. A minimum difference in these polymerization 

rates is required to achieve clay exfoliation. However, if the difference in the intra- vs. 

extra-gallery materials is large, they may make phase separation, which would negative 

modified composite properties. Therefore, this difference in polymerization rate is 

difficult to balance at the proper level to attain both clay intercalation/exfoliation and 

good properties. 
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Fig. 1.12 TEM images of amine-cured epoxy-clay nanocomposite with a clay content of 

5 mass %. Epoxy exfoliated clay nanocomposite architecture obtained with (A) 

CH3(CH2)15NH
3+

.  Intercalated epoxy-clay nanmmposite structures obtained with (B) 

CH(CH2)15NH
+
 and (C) CH3(CH2)15NH

3+ 
[47] 

 

Fig. 1.13 Dependence of tensile strength and modulus of amine-cured epoxy-clay 

nanocomposites on onium ion carbon number at clay loadings of 2 mass % [47] 
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This challenge was addressed in epoxy/clay research by Park and Jana [48-50].  These 

authors studied the role of speed of epoxy curing, intra- vs. extra-gallery polymerization 

rates, and the use of polar solvents. In their work, they started with clay tactoids 

intercalated with epoxy molecules. As the epoxy cross-linked, the outwardly exerted 

elastic forces that resulted inside the clay galleries was found to be responsible for 

exfoliation.  

 

These experiments used clays containing hydroxylated quaternary ammonium ions and 

organic ammonium ions with no polar functional groups. It was found that both types of 

clay produced exfoliated structures equally easily. It was also noted that higher curing 

temperature and the use of organically modified clay accelerated gel formation. The gel 

time was found to be the upper bound of time available for exfoliation. Intercalation and 

exfoliation appear to be influenced by the catalytic activity of the organic modifier, 

speed of diffusion of curing agents, and curing temperatures. Intra- vs. extra-gallery 

polymerization rates can be changed by altering the ratio of amine to epoxy. 

 

 

1.5.1 Mechanical properties 

Erol Sancaktan and Jason Kuznicki [51] reported that intercalated organoclay/epoxy 

nanocomposites show improved properties including enhanced mechanical properties at 

low nanofillers loading. The optimal level of nanoclay loading seems to be around 

0.5-2% mass for mechanical properties i.e. maximum stress, elastic modulus, and yield 

stress.  
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Messersmith and Giannelis [45] prepared organoclay/epoxy composites using DGEBA 

and the treated layered silicate. Those composites showed an increase in dynamic 

storage modulus with only 4% addition of organoclay by volume. 

 

Pinnavaia, et al. [47] presented TEM micrographs that clay was exfoliated. Clay 

dispersion is uniform and random in the matrix. Storage modulus at 240 °C of 5 mass% 

of clay in the epoxy matrixis increased by about 150% compared to the neat epoxy  

 

Park and Jana [48-50] reported that the combination of a slow increase of complex 

viscosity (|η*|) outside the clay tactoids and fast increase of storage modulus (G′) inside 

the clay galleries during the crosslinking reaction, resulted in complete exfoliation of 

the clay layers. It was also observed that faster intragallery polymerization expedited the 

exfoliation process, but was not necessary for complete exfoliation.  

 

 

1.5.2 Corrosion behavior 

Focusing on corrosion studies, Rana et al. [51] studied moisture diffusion through neat 

vinyl ester resin containing nanoclay and illustrated that “montmorillonite clay was 

effective in reducing the diffusion coefficient of water through the vinyl ester resin”. 

Their diffusion experiments revealed that advantage in incorporating the clay was 

dramatic for diffusion at elevated temperatures as for the diffusion of distilled water at 

42.5 °C, with D going down from 16.43×10
−13

 to 0.93×10
−13

 m
2
/s.  

 

Abacha, et al. [52] studied diffusion behavior of water and sulfuric acid in 
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epoxy/organoclay nanocomposites. They reported that under their processing conditions, 

the penetration depth and diffusivity of the nanocomposites were reduced and additions 

of nanoclay would be improved barrier properties against corrosive acid. 

 

Chenggang, et al. [53] reposted that the improvement in the corrosion-resistance 

behavior of epoxies by the introduction of a small volume fraction (0.5–3.0%) of a 

layered silicate. The panels were immersed in a dilute Harrison’s solution (a mixture of 

0.05% sodium chloride and 0.35% ammonium sulphate). The solvent uptake for the 

nanocomposites is significantly low compared with the pristine polymer and the weight 

saturation was observed to be reduced. 

 

 

1.6 Characterizations 

There are several methods to characterize the structure and properties of polymer/clay 

nanocomposites. To evaluate clay dispersion in the epoxy/clay suspension, viscosity is 

used. The most straightforward to monitor the structure of epoxy/clay nanocomposites 

is X-ray diffraction (XRD) because it is a good way to evaluate the spacing between the 

clay layers. Lack of sensitivity of the analysis and limits of the equipment can lead to 

wrong conclusions about the nanocomposite structure. Therefore, transmission electron 

microscopy (TEM) is a necessary complement to XRD. TEM gives a direct measure of 

the clay distribution but it requires substantial skills in specimen preparation and 

analysis. The mechanical property and corrosion behavior of nanocomposites are 

necessary to evaluate. Flexural property using 3-point bending and immersion test are 

employed to investigate.  



24 
 

1.6.1 Viscosity Analysis 

In order to calculate the viscosity of pristine epoxy prepolymer and clay dispersed 

epoxy prepolymer Anton Paar – Physica MCR 100 viscometer using cone and plate 

geometry was used. Constant temperature water was circulated around the container by 

temperature controlled water bath. The viscosity readings at constant temperature of 

25C were recorded for each set of samples. 

 

 

1.6.2 X-Ray Diffraction (XRD) Analysis 

Interlayer distance (d-spacing) of organoclay (montmorillonite) was measured using a 

Philips MRD X’Pert with a rotation anode and CuKα radiation (λ = 1.5418 Å). The 

scanning range was from 1.05° to 9.95°, 0.02° step size and 3sec step time for the 

measurement of the d-spacing. The d-spacing was investigated at different mixing 

conditions. For the analysis of the clay powder, particles were mounted on a sample 

holder with a large cavity and a smooth surface was obtained by passing the particles 

with a glass plate. Analysis of organoclay swollen in the epoxy resin with the curing 

agent was performed by spreading the sample composites on the sample holder. The 

nanocomposite plates produced during the molding process had a fairly smooth surface 

which had been directly analyzed. 

 

The organophilic nature of the clay allows the dispersion of organic solvent or monomer 

between the clay layers. XRD measurement can be used to characterize the interlayer 

distance. If diffraction peaks are observed in the low-angle region, such peaks indicate 

the d-spacing or the basal spacing of ordered-intercalated and ordered exfoliated 
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(delaminated) nanocomposites. The d-spacing was calculated according to Bragg’s 

equation as following: 

 

 

 

 

 

 

nλ = 2dsinθ                               (1.1) 

where  λ is CuKα radiation (λ = 1.5418 Å) [Å] 

 d is interfacial distance or layer spacing(d-spacing) [Å] 

 θ is intensity [Counts] 

 

 

1.6.3 Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) is a power technique to study structures at the 

nanoscale. The nanoclay composite structure and clay distribution were examined using 

TEM. It can be used to confirm results with XRD about the organization of the clay 

layers in the nanocomposites. It allows a precise observation of nanostructures with 

anxceptional high resolution (about 0.2 nm). Therefore, this technique is widely used to 

characterize polymer-nanocomposites. 

 

Transmission Electron Microscopy (TEM) images in this study were obtained using a 

JEOL 2010F equipped with a field-emission gun operating at 200kV. TEM specimens 
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need to be sufficiently thin to allow the transmission of electrons. TEM samples were 

prepared by ultramicrotoming thin sections of the polymer nanocomposite with a 

diamond knife. These thin sections were then captured on coated Cu grids. The samples 

were tested at different magnifications from 0.2 µm to 50 nm. 

 

 

1.6.4 Flexural Property 

Three-point bending is a convenient way to determine flexural property. Flexural 

strength and modulus were evaluated by three-point bending test using a bending 

machine, Shimazu Autograph AGS-1KNJ. The bending test specimens of 60×25×2 

mm
3 

for flexural property according to ASTM D790 were tested at room temperature as 

shown in Fig. 1.14. Operating condition of the bending test was 40 mm span distance 

and 2 mm/min cross head speed. Flexural modulus is the ratio of stress to strain in 

flexural deformation, or the tendency for a material to bend. It is determined from the 

slope of a stress-strain curve produced by a flexural test and uses units of force per area.
 

The flexural strength and modulus were calculated according to equation as following: 

22
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where    = flexural strength [MPa] 

 E = flexural modulus [GPa] 

 P = load at a given point on the load deflection curve [kg] 
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 l = support span [mm] 

 b = width of specimen [mm]  

 h = thickness of specimen [mm] 

 y = deflection [mm] 

 

 

 

 

Fig.1.14 Size and shape of flexural tested specimen 

 

 

1.6.5 Immersion test 

The classic theory of diffusion has been derived from Fick’s law, which considers that 

the driving force for diffusion through a thin film is a concentration gradient. When 

Fick’s law of diffusion is combined with mass balance, Fick’s second law of diffusion is 

obtained. Two basic assumptions are involved in the subsequent derivation as 

following: 

1. Diffusivity, D, of the diffusing species is independent of the concentration. 

2. Diffusion is unidirectional, normal to the plane of the film. 

Fick’s second law of diffusion is represented mathematically by:  

2

2

x

C
D

t

c









                              (1.4) 

Where  c  = concentration of diffusion species  

 t  = time 

 D  = diffusion coefficient 

25 mm 

60 mm 

2 mm 
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 x  = position 

The solution of Eq. 1.4 gives mass uptake tM  of a thin polymer film in humid 

conditions. This is given by  
















 


 



 0
2

22

22 4

)12(
exp

)12(

8
1

l

tnD

nM

M t 


              (1.5) 

 

where  Mt: mass uptake at time  

 M∞: ultimate mass uptake 

 l : half the thickness of the sample  

Eq 1.5 can be rewritten as, 
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For short time, Eq. 1.6 can be simplified into the form: 
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A plot of 
M

M t VS. 
l

t

2
is linear at the specimen to a penetrant and monitoring the 

change in specimen mass with time. For liquid uptake experiment, a “blot-and-weight” 

technique is often used. Mass uptake is referenced to the original mass of the specimen 

and is calculated by  

%100
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0 x
M

MM
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Where  M = moisture content (%) 

 tM = mass uptake of water at time t 

 0M = dry weight of the initial sample 

 

However for filler filled polymer, a common model [38, 39] describing the diffusion 

coefficient D of a small solute through continues partly filled with a suspension of 

impermeable spheres was established. 

2
1

1

0









D

D
                            (1.9) 

Where 0D = diffusion coefficient in the absence of spheres 

  = volume fraction of spheres 

The above equation is valid only for dilute solutions ( <0.1).  The equation is 

independent of the size of spheres but not valid when containing spheres of different 

sizes. 

 

 

1.7 Objectives 

Epoxy resin is a very attractive of polymer in terms of their high strength and stiffness, 

high temperature resistance, low shrinkage, good electrical property, good adhesion to 

metal and ceramic substrates, as well as their excellent processability. They find use in 

many engineering applications as adhesives, coating and matrices for composites as 

well as construction industries [54]. In corporation of organically modified layered 

silicate to form an epoxy-layered silicate nanocomposite is an attractive way to further 

enhance the performance of the epoxy matrix.  
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The main challenge in synthesis of organoclay nanocomposite is how to achieve fully 

exfoliated organoclay nanocomposite in the epoxy matrix. Viscosity, X-ray diffraction 

(XRD) and transmission electron microscopy (TEM) were employed to discuss on 

degree of clay exfoliation in the samples and nanocomposite morphology. Three-point 

bending tests according to ASTM standards were undertaken to evaluate flexural 

properties.  

 

For these polymeric materials, one of the most common parameters in Chemical 

engineering fields and factories is corrosion performance of materials. However, less 

works have been done on the performance of epoxy/organoclay nanocomposites which 

would be applied on chemical environment i.e. coating and/or lining of storage tank, 

especially on the chemical corrosion behavior. To investigate anti-corrosion 

performance of the nanocomposites, immersion test was employed.  

 

In Chapter 2, three physical nanoclay dispersion methods of epoxy/organoclay 

nanocomposites were select to study. After obtaining the suitable physical dispersion 

method, effect of mixing parameters and ultrasonic application on clay dispersion and 

their properties were investigated. Regarding to the appropriated mixing conditions, 

effect of clay loading on mechanical property was evaluated.  

 

To combine physical and chemical clay dispersion methods, Chapter 3 studies effect of 

chemical nanoclay dispersion method using epoxy reactive dilutes and diamine curing 

agents as clay exfoliators via high speed mixing method for epoxy/organoclay 
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nanocomposites and their properties. The clay exfoliators were varied not only 

functional group, but also sizes of molecular chains of the compounds. 

 

Amine exfoliators have more potential on increasing both clay exfoliation and 

nanocomposite properties. Chapter 4 focused on effect of monoamine, diamine and 

triamine exfoliators on organoclay dispersion for fully epoxy/organoclay 

nanocomposites and their properties. Regarding to the knowledge from Chapter 3, the 

amine clay exfoliators were varied sizes of molecular chains of the compounds. 

  

Mechanisms of organoclay exfoliation as well as relationship between exfoliated clay 

structure and development of properties of nanocomposites are discussed in Chapter 5 

based on the results from Chapter 2 to Chapter 4. 
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Chapter 2 
Physical clay dispersion 

 

2.1 Introduction 

In the past decades, mechanism of clay dispersion into the epoxy matrix has been one of 

the most interesting issues of polymer research. Sancaktar, et al. [42] proposed stages of 

dispersing nanoparticles in polymeric matrices: (1) intercalation of organic compounds 

in layered clay; (2) shear force-induced exfoliation of individual particles, and (3) 

homogeneous dispersion of exfoliated particles into the matrix. The first stage is 

governed by clay pre-treatment. The last two stages are controlled by mechanical 

mixing. Wang, et al. [42] studied organo intercalates, interlayered by various onium ions, 

to form epoxy-layered silicate nanocomposites. After the treatment, the nanolayers were 

spaced over long distances at 80 Å Bragg spacing. According to this paper [42], 

polymerization of monomers in the galleries of protonated onium ion exchanged form 

of smectic clays during intercalation stage is necessary for synthesis of amine-cured 

epoxy nanocomposites. Vaia, et al. [37] implied that the degree of exfoliation would be 

improved through the aid of shear devices in the mixing process. 

 

However, PLSN using MMT with epoxy resin as the matrix have not convincingly 

proved to be a complete exfoliation of the layered structure in the epoxy matrix. These 

intercalated organoclay/epoxy nanocomposites are expected to show improved 

properties including enhanced mechanical properties at low nanofillers loading [51], 

increased thermal property [18] and improved corrosion performance [53]. Ngo, et al. 

[38] reported that epoxy/clay nanocomposite via high speed mixing device showed 
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strain energy release rate was increased 130 times than original epoxy (about 100 J/m
2
).  

 

The main goal of this chapter is to obtain the suitable clay dispersion method into epoxy 

matrix via three different physical mixing methods and to evaluate mechanical property 

and corrosion behavior of epoxy/organoclay nanocomposites under immersion test, 

weight change and penetration behavior. After obtaining the suitable clay dispersion 

method, effect of mixing parameters - mixing speed, mixing duration and mixing 

procedure as well as effect of ultrasonic application were investigate. Finally, regarding 

to the appropriated mixing conditions, effect of clay loading on mechanical property 

was evaluated.  

 

2.2 Experimental Method 

2.2.1 Materials 

Epoxy composite used in this study was synthesized witha bisphenol A type (Epomik 

R140) form Mitsui Chemical Co., Ltd; a diamine curing agent (Jeffamine D230) from 

Huntsman Corporation, and montmorillonite-based organoclay (Nanomer I.30E) from 

Nanocor Inc. Fig. 2.1 and 2.2 show chemical structure of bisphenol A type epoxy 

monomer - Epomik R 140 and diamine curing agent - Jeffamine D230, respectively.  

 

 

 

Fig. 2.1 Chemical structure of epoxy - Epomike R140 (n=0.13) 
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Fig. 2.2 Chemical structure of diamine curing agent - Jeffamine D230 

 

Montmorillonite-based organoclay - Nanomer I.30E from Nanocor Inc. was used as a 

nanofiller. The clay used for synthesis of the nanocomposites was a commercial treated 

organoclay. It is basically n-octadecyl ammonium salt of montmorillonite clay.  

Schematic structure and Product data for I.30E montmorillonite are shown in Fig. 2.3 

and Table 2.1, respectively. 

 

 

 

 

 

 

 

 

 

Fig. 2.3 Schematic structure of montmorillonite-based organoclay - I.30E 
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Table 2.1 Product data of I.30E  

FORMULA :  Montmorillonite Clay 70～75wt% 

   Octadecylamine 25～30wt% 

Montmorillonite     

Sheet thickness          0.96 nm   

Platelet length          100～500nm   

Number of sheets            2～10   

Aspect ratio           100～500   

 

 

2.2.2 Method 

Epoxy/organoclay nanocomposites were prepared at various conditions. Initially, epoxy 

and 1 part per hundred resin (phr) organoclay were mixed via three different mixing 

methods: 1) normal mixing at 1,000 rpm via propeller mixer for three hours as showed 

in Fig. 2.4) shear mixing via three-roll calendar (EXAKT 50, Exakt GmbH) for three 

times as showed in Fig. 2.5) high speed mixing at 20,000 rpm via homogenizer 

(Ultra-TURRAX T18, IKA.) for three hours as showed in Fig. 2.6.  

 

To study effect of two mixing parameters, ultrasonic applications, and five 

concentrations of organoclay (0.5-5 phr), epoxy/organoclay nanocomposites were 

prepared at different conditions as shown in Table 2.2.  

 

After mixing according to the conditions, the mixtures were degassed under vacuum for 

10 minutes. Thereafter, cooling down to room temperature, and then the corresponding 

curing agent was added to the mixtures stirred with degassing again for 10 minutes 
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before casting. The mass ratio of resin to hardener is 100:30. Finally, the resin mixture 

of epoxy with diamine was cured at 80C in oven for six hours and followed by post 

curing at 120C in the oven for 12 hours. 

 

 

 

 

 

 

Fig. 2.4 Illustration of propeller mixer 

 

 

 

 

 

 

 

 

 

 

Fig. 2.5 Illustration of mixing mechanism by three-roll calendar. 
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Fig. 2.6 Cross-section of high speed homogenizer (left) and mechanism of rotor-stator 

(right). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(left) (right) 
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Table 2.2 Parameters examined for the experiments 

 

 

 

 

 

 

 

 

Experiment 

Name Parameter Speed (rpm) 

 Mixing 

Duration 

(min) 

Ultrasonic 

Application 

(min) 

Concentration of 

Organoclay (phr) 

Effect of 

physical 

clay 

dispersion 

method 

Propeller 

mixer 
1000 180 - 1 

Three-roll 

calendar 
(Shear force) 180 - 1 

high speed 

homogenizer 
20,000 180 - 1 

Effect of 

mixing 

parameter 

 

Mixing 

speed 

Hand mixing 

60 rpm, 

24,000 

60 - 1 

Mixing 

duration 
24,000 

30, 60, 120, 

180, 240 
- 1 

Effect of 

Ultrasonic 

Application 

Ultrasonic 

bath 

24,000 60 60,120 1 

Effect of 

Clay 

Loading 

Clay 

Loading 

24,000 60  0.5, 1, 2, 3,5 
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Fig. 2.7 Preparation procedure of epoxy/organoclay  nanocomposites 
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2.2.3 Characterizations 

2.2.3.1 Clay dispersion 

2.2.3.1.1 Viscosity 

To evaluate clay dispersion, viscosities of organoclay/pre-mixing substance suspensions 

after mixing process were measured at 25°C on Anton Paar – Physica MCR 100 

viscometer using cone and plate geometry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.8 Typical rheology machine in this study 

 

2.2.3.1.2 Interlayer Distance (d-spacing)  

Interlayer distance (d-spacing) of organoclay (montmorillonite) was measured using a 

XRD Philips MRD X’Pert with a rotation anode and CuKα radiation ( 5418.1  Å). 
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The scanning range was from 1.05° to 9.95°. The step size was 0.02° and the step time 

was 3 sec for the measurement of the d-spacing. The d-spacing of different mixing 

conditions were investigated. For the analysis of the clay powder, particles were 

mounted on a sample holder with a large cavity and a smooth surface was obtained by 

passing the particles with a glass plate. Analysis of organoclay swollen in the epoxy 

resin with the curing agent was performed by spreading the sample composites on the 

sample holder. The nanocomposite plates produced during the molding process had a 

fairly smooth surface which has been directly analyzed. 

 

The organophilic nature of the clay allows the dispersion of organic solvent or monomer 

between the clay layers. XRD measurement can be used to characterize the interlayer 

distance. If diffraction peaks were observed to shift to in the low-angle region, such 

peaks indicate the d-spacing of ordered-intercalated and to fade away, then suggest 

exfoliated (delaminated) nanocomposites.  

  

 

 

 

 

 

 

 

 

Fig. 2.9 XRD machine 
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2.2.3.2 Corrosion Behavior 

2.2.3.2.1 Immersion test 

The immersion test specimens of 60×25×2 mm
3
 for measurement of initial mass were 

dried at 50°C in oven for more than 75 hours according to the previous study [23]. All 

specimens holding with a Teflon tube, in order to avoid sample overlapping, were tested 

in beaker containing 10% of sulfuric acid solution. The beakers were sealed with plastic 

film to avoid evaporation of the solution. The samples were performed in water bath 

controlled at 60°C as shown in Fig. 2.10. 

 

 

 

 

  

 

 

 

 

 

 

Fig. 2.10 Typical apparatus of immersion test. 

 

2.2.3.2.2 Mass Change Measurement 

Specimens were removed at regular time, washed by water and then carefully wiped to 

remove excess of acid on the specimens. A microbalance was used for measuring the 
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specimen weight. The weight change was determined by obtaining the change in mass 

of specimen in 10 different times from 0 hour up to 625 hours, relative to the initial 

weight and is calculated by, 

%100
0

0 



W

WW
M t

t
 (Eq.2.1) 

 

Where Mt = Mass gain (%), W0 = Initial mass of dry sample (g) and Wt = Mass of wet 

sample (g). 

 

2.2.3.2.3 Penetration Behavior 

To observe and measure penetration depth and penetration profile of sulfur (S) element 

of epoxy/organoclay nanocomposites, Energy Dispersive X-ray Spectroscopy (EDS) is 

used as an analytical technique for the elemental analysis of samples. Energy-dispersive 

X-ray spectroscopy JEOL JEM-5310LV was employed by investigating cross section of 

the immersed specimens as shown in Fig. 2.11 (above). Typical investigation of EDS 

micrograph is illustrated in Fig. 2.11 (below) where the line express the profile of the 

element S along to depth from surface. The penetration depth which is the distance from 

surface to level off the profile, is calculated by, 

2

0 hh
Pd


  (Eq. 2.2) 

Where Pd = Penetration Depth (meter), h0 = unpenetrated layer at initial time (meter) 

and h = penetrated layer at sampling time (meter) 
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Fig. 2.11 Schematic diagrams of sample (above) and typical micrograph (below) of 

EDS analysis. 

 

 

Sample for EDS Analysis 
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2.2.3.3 Flexural Property 

Flexural strength and modulus were evaluated by three-point bending test using a 

bending machine, Shimazu Autograph AGS-1KNJ. The bending test specimens of 

60×25×2 mm
3 

for flexural property according to ASTM D790 were tested at room 

temperature.  

 

 

 

 

 

 

 

 

Fig. 2.12 Three-point bending machine 

2.2.3.4 Morphology 

The nanoclay composite structure and clay distribution were examined using 

Transmission Electron Microscopy (TEM). TEM images were obtained by a JEOL 

2010F equipped with a field-emission gun operating at 200kV. TEM samples were 

prepared by ultramicrotome to be thin sections of the polymer nanocomposite with a 
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diamond knife. These thin sections were then captured on coated Cu grids. The samples 

were tested at different magnifications from 0.5 µm to 20 nm scale bar. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.13 TEM machine 
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2.3 Effect of physical clay dispersion method 

2.3.1 Interlayer Distance (d-spacing) 

X-ray diffraction curves of organoclay and 1 phr epoxy/organoclay nanocomposite are 

illustrated in Fig. 2.14 and 2.15. The interlayer distance (d-spacing) corresponding to 

the gap between clay layers is calculated according to Bragg’s law:  sin2dn  .
 
The 

supplied organoclay has a single sharp peak at 2θ = 3.9° as shown in Fig. 2.8, which 

corresponds to d-spacing of 22.6 Å. In the case of all nanocomposites, clear peaks were 

not detected except the nanocomposite under high speed mixing method (Fig. 2.9). 

Figure 2.15 shows the nanocomposite via high speed mixing was found to intercalate 

and increase the d-spacing to 33.9 Å. These results show two considering information: 

firstly, organoclay is significantly intercalated by epoxy resin and secondly, due to the 

high degree of shear involve the dispersion of large clay galleries into smaller ones took 

place and therefor increase clay interlayer distance. 

 

Fig. 2.14 X-ray diffraction curve of original organoclay (Nanomer I.30 E). 
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Fig. 2.15 X-ray diffraction curve of 1 phr epoxy/organoclay nanocomposite under high 

speed mixing method. 

 

2.3.2 Corrosion Behavior 

All specimens: neat resin (EP), normal mixing (NMA), shear mixing (RHA), and high 

speed mixing (DME) nanocomposite, were immersed in 10 % of sulfuric acid solution 

at fixed temperature, 60°C. The aim of this analysis is to determine whether diffusion of 

sulfuric acid through epoxy/organoclay nanocomposites following Fick’s Law, and to 

investigate weight change of samples which immersed in 10 mass% sulfuric acid 

solution at 60°C as a function of square root of immersion time in Fig. 2.16. 

 

In this report, corrosion in the composite is described by its weight change behavior and 

penetration depth in immersed corrosive environment. The diffusion behavior of 

sulfuric acid in both neat resin and nanocomposites follows Fick’s Law in weight 
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change. As Figure 2.16 shows all the samples initially were linearly increased and after 

all the specimens fulfill with sulfuric acid solution, leading to equilibrium. The 

difference of weight saturation of high speed mixing method comparing to normal 

mixing and three-roll mill mixing is considerably large, more than 5%. It is considering 

that the enhancement of corrosion property has related to the degree of dispersion of the 

clay platelets. 

 

In order to discuss the behavior in details, all samples have almost similar penetration 

rate, however, high speed mixing sample and neat epoxy resin reached equilibrium at 

similar time and earlier compared to normal mixing and shear mixing samples. It would 

be for the reason that layered clays themselves do not assist to improve anti-corrosion 

performance as labyrinth effect [55] in term of penetration rate, moreover, the 

conventional and intercalated clays act as a moisture scavenger by absorbing solution 

into themselves. As a result, both conventional and intercalated clay structures, which 

still remain layer-layer structure, in the epoxy matrix via normal and shear mixing. 

 

Therefore, high degree of intercalation/exfoliation of high speed mixing specimen has 

the lowest weight saturation than low degree of intercalation/exfoliation of the other 

two methods. This suggests that mixing method of clay, especially via high speed 

mixing method, significantly affects to corrosion behavior in term of solution 

equilibrium. The behavior can be explained that the random orientation of clay plates in 

the bulk material, which is reasonably effective in improving property, especially 

corrosion resistance. As a result, it could be effectively against penetration and weight 

uptake. 
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Fig. 2.16 Weight change of neat epoxy (EP), normal mixing (NMA), shear mixing 

(RHA) and high speed mixing (DME) nanocomposite in term of square root of time in 

10 % sulfuric acid solution at 60°C. 

 

 

Penetration profiles of sulfur in neat epoxy and one of three mixing methods: high 

speed mixing (DME) nanocomposite at different immersion time under 10 % of sulfuric 

acid solution using EDS analysis are shown in Fig.2.17. There are two areas from EDS 

micrograph: 1) unpenetrated layer and 2) penetrated layer. The lines in the Figure 2.17 

expresses the penetration profile of element S along to depth from surface. For deeply 

analysis the penetration profiles of sulfur element, penetrated area in nanocomposite 

showed slightly less than neat epoxy resin for all immersion time, except after reaching 

saturation. The result implies that nanoclay particles improve barrier property by 

physically impeding the movement of penetrant molecules through the matrix. 
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Fig.2.17 Penetration profiles of sulfur of neat epoxy and high speed mixing (DME) 

nanocomposite at different immersion time under 10 % of sulfuric acid solution. 
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Sulfur penetration depth of neat resin and epoxy/organoclay nanocomposite versus 

square root of time is shown in Fig. 2.18. The penetration depth which obtains from 

EDS analysis is calculated according to Eq. 2. It notices that nanocomposites have a 

lower penetration depth as compared to the neat resin. As we expected, the nanoclay 

would act as a barrier for the diffusion of acid solution in nanocomposite. Comparing 

three various mixing method, penetration depths of these nanocomposites were not 

expectedly different. It would be discussed that the equal nanofiller content for all 

nanocomposites and mixing method does not play an important role on penetration 

depth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.18 Penetration depth of neat epoxy and epoxy/organoclay nanocomposite under 

different mixing method in term of square root of time. 
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2.3.3 Morphology 

Fig. 2.19 shows TEM micrographs of epoxy/organoclay nanocomposite via normal 

propeller mixing method at different magnifications. As expected, normal mixing 

method has a small shear force for clay exfoliation and distribute uniformly in epoxy 

nanocomposite. The results show that layered clay visually agglomerate (left picture) 

and the gap between clay layers in the epoxy matrix keeps naturally tight (right picture). 

In order to intercalate/exfoliate, it requires energy to disperse large clay galleries into 

smaller ones and peel each platelet one after one. It is possible to notice that shear force 

from normal propeller mixing is not high enough to break up large clay stacks into 

smaller stacks of clay platelets   

 

 

 

 

 

 

 

 

 

Fig. 2.19 TEM images of epoxy/clay nanocomposites via normal mixing method at 

different magnifications. 
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Fig. 2.20 shows TEM images of epoxy/clay nanocomposites via shear mixing method at 

different magnifications. The TEM micrographs show that clay galleries are less tight 

agglomeration comparing to normal mixing (upper left and right pictures). The clay 

interlayer distance is larger than normal mixing especially at the edge area (lower 

picture). It suggests that shear force affects to clay dispersion and further continuing 

apply the shear force to intercalated clay particle could be develop to clay exfoliation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.20 TEM images of epoxy/clay nanocomposites via shear mixing method at 

different magnifications. 
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Fig. 2.21 shows TEM images of epoxy/clay nanocomposites via high speed mixing 

method at different magnifications. All TEM results shows well dispersion of clay 

layers with noticed large interlayer distance. The d-spacing of clay in the epoxy matrix 

via the high speed mixing method is larger and shows excellent exfoliation with the clay 

platelets parallel to each other, comparing to the other methods, because of the high 

speed homogenizer. The results obviously confirm that high speed mixing method leads 

to a clay exfoliation and mixing method has an effect on clay dispersion in epoxy resin.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2.21 TEM images of epoxy/clay nanocomposites via high speed mixing method at 

different magnifications. 
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2.4 Effect of mixing parameters 

From the result of effect of physical clay dispersion methods, high speed mixing 

showed good clay dispersion and obtained intercalated/exfoliated organoclay structure 

in the epoxy matrix. Then, effect of mixing speed and mixing duration were examied. 

 

2.4.1 Mixing speed 

The samples were prepared at 1 phr organoclay filler loading under different mixing 

speeds (hand mixing and 24,000 rpm) for 60 minutes.  

 

X-ray diffraction curves of organoclay and 1 phr organoclay/epoxy nanocomposites at 

different mixing speeds: hand mixing and 24,000 rpm high mixing for 60 minutes are 

showed in Fig. 2.22. The d-spacing or interlayer distance corresponding to the gap   

between clay layers is calculated according to Bragg’s law: nλ = 2dsinθ. The pristine 

organoclay has a single sharp peal at 2θ = 3.9°, which corresponds to d-spacing of 22.6 

Å. Clear peaks are not detected in the case of the nanocomposites.  

 

Comparison of viscosity of neat resin and 1 phr organoclay/epoxy suspensions at 

different mixing speeds for 60 minutes is shown in Fig. 2.23. With the presence of the 

clay, the viscosities of the organoclay/epoxy suspensions are higher than that of neat 

epoxy. Increasing mixing speed obviously affect the viscosity. The observed increase in 

the viscosities of suspensions after mixing at high shear rate may imply to improve clay 

dispersion compared to hand mixing.  

 

Figs. 2.24 and 2.25 show flexural strength and modulus of neat resin and 1 phr 
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organoclay/epoxy mixtures at different mixing speeds for 60 minutes. Both flexural 

strength and modulus of nanocomposites are higher than those of the neat resin.  Also, 

flexural strength and modulus of the nanocomposites are improved with increased 

mixing speed. As discussed above, more homogenous clay dispersion in 

nanocomposites results to the improvement of mechanical properties due to dispersion 

of fixing point of organoclay with the matrix. 

 

Figs. 2.26 and 2.27 show TEM micrographs of 1 phr organoclay/epoxy nanocomposite 

under 60 minute hand mixing and 24,000rpm high speed mixing preparation for 60 

minutes at different magnifications. The results show that the d-spacing of clay in the 

epoxy matrix via the high speed mixing is larger than that of hand mixing. It obviously 

confirms that mixing speed has an effect on the clay interlayer distance.  

 

 

 

 

 

 

 

 

 

Fig. 2.22 X-ray diffraction curves of organoclay - I.30E (–) and 1 phr organoclay/epoxy 

nanocomposites at different mixing speeds for 60 minutes: hand mixing (–) and 24,000 

rpm high mixing speed (–) 
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Fig. 2.23 Comparison of viscosity of neat resin and 1 phr organoclay/epoxy suspensions 

at different mixing speeds for 60 minutes   

 

 

 

 

 

 

 

 

 

 

Fig. 2.24 Flexural strength of neat resin and 1 phr organoclay/epoxy mixtures at 

different mixing speeds for 60 minutes   
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Fig. 2.25 Flexural modulus of neat resin and 1 phr organoclay/epoxy mixtures at 

different mixing speeds for 60 minutes    

 

 

 

 

 

 

 

 

 

 

 

 

2

2.2

2.4

2.6

2.8

3

3.2

F
le

x
u
ra

l 
M

o
d
u
lu

s 
(G

P
a)

  v
v
v

Neat Resin Hand Mixing High Speed Mixng



60 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.26 TEM micrographs of 1 phr organoclay/epoxy nanocomposite under 60 minute 

hand mixing preparation at different magnifications 
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Fig. 2.27 TEM micrographs of 1 phr organoclay/epoxy nanocomposite under 24,000rpm 

high speed mixing preparation for 60 minutes at different magnifications 
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2.4.2 Mixing Duration 

From 2.4.1, there is an effect of mixing speed, but the organoclay is still not fully 

exfoliated dispersion in the epoxy matrix. Then, mixing duration was examined. The 

samples were prepared at 1 phr organoclay filler loading under only 24,000 rpm for 

different mixing durations. 

 

X-ray diffraction curves of organoclay and 1 phr organoclay/epoxy nanocomposites at 

24,000 rpm mixing speeds for different mixing durations are shown in Fig. 2.28. The 

results show no peak of the nanocomposites under the 24,000 rpm high speed mixing at 

any mixing duration. It could be implied the structure of clay intercalation/exfoliation is 

able to achieve even at the short mixing duration – 30 minutes. 

 

The viscosities of the 1phr organoclay/epoxy suspensions after being mixed at 24,000 

rpm for different durations are shown in Fig. 2.29. The results indicate that the viscosity 

of the suspension increases with increasing mixing duration. The increase in viscosity of 

the suspension may be related to two possible reasons: first, the microscopic 

transformation of clay structure from the clay galleries to intercalated/exfoliated 

structure, and second, the finer macroscopic dispersion of the clay galleries in epoxy 

matrix. 

 

Fig. 2.30 shows the effect of mixing duration on flexural strength of 1 phr 

organoclay/epoxy nanocomposites under 24,000 rpm mixing speeds. Flexural strength 

is recommeded at 60 minutes due to the expansion of clay interlayer distance with the 

appropriate mixing duration. 
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Effect of mixing duration on flexural modulus of 1 phr organoclay/epoxy 

nanocomposites at 24,000 rpm mixing speeds is shown in Fig. 2.31. Flexural modulus is 

unexpectedly decreased with increasing mixing duration. It implies that long-term 

mixing duration is not good in the enhancement of stiffness due to a lower aspect ratio 

of organoclay which will be discussed below with the TEM micrographs in details in 

Chapter 5. 

 

 

Fig. 2.32 and 2.33 show TEM micrographs of 1 phr organoclay/epoxy nanocomposite 

under 24,000 rpm high speed mixing for 60 and 240 minutes mixing duration. The 

results obviously show that the organoclay length of the 60 minutes mixing duration is 

much longer than the 240 minute mixing duration or on the other words, the aspect ratio 

(plate width/plate thickness) of organoclay under mixing for 60 minutes is greater than 

240 minutes for the reason that the aspect ratio of clay is decreased due to long 

application of shear force which results to accidental plate breakage. As the results, the 

high aspect ratio is achieved the increase of the properties i.e. strength and stiffness.  
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Fig. 2.28 X-ray diffraction curves of organoclay - I.30E (–) and 1 phr organoclay/epoxy 

nanocomposites under 24,000 rpm mixing speeds at different mixing durations: 30 min  

(–), 60 min (–), 120 min (–), 180 min (–), and 240 min (–) 

 

 

 

 

 

 

 

 

 

 

Fig. 2.29 Effect of mixing duration on viscosity of 1 phr organoclay/epoxy suspensions 

under 24,000 rpm mixing speeds    
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Fig. 2.30 Effect of mixing duration on flexural strength of 1 phr organoclay/epoxy 

nanocomposites under 24,000 rpm mixing speeds    

 

 

 

 

 

 

 

 

 

Fig. 2.31 Effect of mixing duration on flexural strength of 1 phr organoclay/epoxy 

nanocomposites under 24,000 rpm mixing speeds    
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Fig. 2.32 TEM micrographs of 1 phr organoclay/epoxy nanocomposite under 24,000rpm 

high speed mixing preparation for 60 minutes mixing duration 

 

 

 

 

 

 

 

 

 

 

Fig. 2.33 TEM micrographs of 1 phr organoclay/epoxy nanocomposite under 24,000rpm 

high speed mixing preparation for 240 minutes mixing duration 
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2.5 Effect of Ultrasonic Application  

From to previous results, the organoclay dispersion showed intercalated/exfoliated 

structure, but not fully exfoliation. Ultrasonic appication is commonly used to disperse 

particles into liquid substances. In this study, ultrasonic application was selected to 

apply during mixing process to enhance the clay dispersion.  The samples were 

prepared at 1 phr organoclay/epoxy nanocomposites under 24,000 rpm mixing speeds 

for 60 minute mixing durations at different conditions: with and without ultrasonic 

application 

 

X-ray diffraction curves of organoclay and 1 phr organoclay/epoxy nanocomposites 

under 24,000 rpm mixing speeds for 60 minute mixing duration at different conditions: 

without ultrasonic application and with ultrasonic application are shown in Fig. 2.34 

Again, the results show no peak of the nanocomposites under 24,000 rpm mixing speeds 

for 60 minute mixing durations either with or without ultrasonic application. 

   

Effect of ultrasonic application on viscosity of 1 phr organoclay/epoxy suspensions 

under 24,000 rpm mixing speeds for 60 minute mixing duration at different mixing 

conditions - with and without ultrasonic application are shown in Fig. 2.35. The results 

show the effect of ultrasonic application is slightly increased the viscosity. It implies 

that ultrasonic application is assisted the finer dispersion of the clay and enhanced to 

obtain the intercalated/exfoliated clay structure in the epoxy matrix.    

 

Figs 2.36 and 2.37 show the effect of ultrasonic application on flexural strength, flexural 

modulus of 1 phr organoclay/epoxy nanocomposites under 24,000 rpm mixing speeds 
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for 60 minute mixing duration. There results show that the flexural strength  of the 

nanocomposits with ultrasonic application increase about 3 MPa and the flexural 

modulus increase 80 MPa compared to nanocomposits without ultrasonic application. 

They confirm that enhancement of properties corresponded well with clay dispersion 

and the exfoliated clay structure due to added ultrasonic application. 

 

TEM micrographs of 1 phr organoclay/epoxy nanocomposite under 24,000rpm high 

speed mixing preparation for 60 minute mixing duration without, and with 60 minute 

ultrasonic application at different magnifications are shown in Fig. 2.38 and Fig. 2.39, 

respectively. The results noticeably show that the clay galleries of the nanocomposites 

without the ultrasonic treatment is more tighten compared to with the ultrasonic 

treatment. The clay dispersion and d-spacing after ultrasonic treatment are higher that 

before the treatment.  
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Fig. 2.34 X-ray diffraction curves of organoclay - I.30E (–) and 1 phr organoclay/epoxy 

nanocomposites under 24,000 rpm mixing speeds for 60 minute at different conditions - 

without ultrasonic application (–) and with ultrasonic application (–) for 60 minutes 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.35 Effect of ultrasonic application on viscosity of 1 phr organoclay/epoxy 

suspensions under 24,000 rpm mixing speeds for 60 minute at different conditions- 

without ultrasonic application and with ultrasonic application for 60 minutes 

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

1 2 3 4 5 6 7 8 9

2θ (°)

In
te

n
si

ty
 (

C
o
u
n
ts

) 
 s

10

11

12

13

14

15

16

17

18

V
is

co
si

ty
 (

P
a•

s)
  v

Without Ultrasonic Bath With Ultrasonic Bath



70 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.36 Effect of ultrasonic application on flexural strength of 1 phr organoclay/epoxy 

nanocomposites under 24,000 rpm mixing speeds for 60 minutes (treatment with 

ultrasonic application is 60 minutes) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.37 Effect of ultrasonic application on flexural modulus of 1 phr organoclay/epoxy 

nanocomposites under 24,000 rpm mixing speeds for 60 minutes (treatment with 

ultrasonic application is 60 minutes) 
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Fig. 2.38 TEM micrographs of 1 phr organoclay/epoxy nanocomposite under 24,000rpm 

high speed mixing preparation for 60 minute mixing duration without ultrasonic 

application at different magnifications 
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Fig. 2.39 TEM micrographs of 1 phr organoclay/epoxy nanocomposite under 24,000rpm 

high speed mixing preparation for 60 minute mixing duration with 60 minute ultrasonic 

application at different magnifications 
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2.6 Effect of clay loading in epoxy nanocomposites 

The samples were prepared via 24,000 rpm mixing speeds for 60 minute mixing 

durations at different clay loadings from 0.5 phr to 5 phr. 

 

X-ray diffraction curves of organoclay - I.30E and organoclay/epoxy suspensions under 

24,000 rpm mixing speeds for 60 minute mixing duration at different clay loadings: 

0.5-5 phr are shown in Fig. 2.40. The results show no peak of the nanocomposites under 

24,000 rpm mixing speeds for 60 minute mixing durations at all clay loadings from 0.5 

phr to 3 phr. As mentioned before, it implies that at any clay loadings, liquid epoxy 

resin is able to diffuse into the clay galleries, and supplementary to obtain the high 

degree of clay intercalation/ exfoliation in the epoxy matrix. 

   

Effect of clay loading on viscosity of organoclay/epoxy suspensions under 24,000 rpm 

mixing speeds for 60 minute mixing duration at different clay loadings are shown in Fig. 

2.41. The results show the increasing of clay loading is increased viscosity. The higher 

the clay loading (higher surface area), the higher shear force requires to apply (the 

higher viscosity is obtained). 

 

Fig. 2.42 and Fig. 2.43 show effect of clay loading on flexural strength and flexural 

modulus of organoclay/epoxy nanocomposites under 24,000 rpm mixing speeds for 60 

minute mixing duration at different clay loadings. There results show that flexural 

strength and flexural modulus are increased with increasing clay loading up to 3phr, and 

than, significantly declined after there. The increase in flexural properties follows the 

basic rule of mixing; the higher the concentration of filler in the composites, the higher 
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load the material can support since the applied stress is transferred form the matrix to 

the more rigid particulates. Also, the increased number of organoclay provides 

additional reinforcement and restriction to the mobility of polymer chain. On the other 

hand, the decrease is because of clay agglomeration which is created the initial crack on 

the materials. 

 

TEM micrographs of 3 phr organoclay/epoxy nanocomposite under 24,000 rpm high 

speed mixing preparation for 60 minute mixing duration are shown in Fig. 2.44. The 

results considerably show that there are larger agglomerations on the 3 phr compared to 

the 1 phr organoclay/epoxy nanocomposite as shown before (Fig. 2.38). 

 

Briefly, the appropriate clay loadings for the organoclay/epoxy nanocpmposites are 3 

phr in the case of the flexural property. 
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Fig. 2.40 X-ray diffraction curves of organoclay - I.30E (–) and organoclay/epoxy 

nanocomposites under 24,000 rpm mixing speeds for 60 minutes at different clay 

loadings: 0.5 phr (–), 1 phr (–), 2 phr (–), 3 phr (–), and 5 phr (–) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.41 Effect of clay loading on viscosity of organoclay/epoxy suspensions under 

24,000 rpm mixing speeds for 60 minutes at different clay loadings 
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Fig. 2.42 Effect of clay loading on flexural strength of organoclay/epoxy 

nanocomposites under 24,000 rpm mixing speeds for 60 minutes at different clay 

loadings 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.43 Effect of clay loading on flexural modulus of organoclay/epoxy 

nanocomposites under 24,000 rpm mixing speeds for 60 minutes at different clay 

loadings 
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Fig. 2.44 TEM micrographs of 3 phr organoclay/epoxy nanocomposite under 24,000rpm 

high speed mixing preparation for 60 minutes  

 

2.4 Conclusion 

Mixing method of epoxy nanocomposites plays an important role in clay dispersion in 

epoxy resin and is a main key parameter of epoxy/organoclay nanocomposites on 

improvement of properties. In order to obtain knowledge of anti-corrosion performance 

of epoxy nanocomposites, three sample composites were prepared by different three 

mixing method. Corrosion behavior was investigated under immersion test, and 

evaluated by penetration depth and penetration profile. All samples have almost similar 

penetration rate. On the other hand, high speed mixing sample and neat epoxy resin 

reached equilibrium at similar time and earlier compared to normal mixing and shear 

mixing samples. Epoxy/organoclay nanocomposite preparation under high speed mixing 

method which creates exfoliated clay dispersion in the epoxy matrix performs better 
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corrosion resistant compared to normal and shear mixing methods regarding to weight 

gain and penetration depth. 

 

The effects of mixing parameters, ultrasonic application and clay loading on the 

dispersion, intercalation/exfoliation of clay and mechanical properties of 

nanocomposites have been studied. Mixing speed is one of the key factors in order to 

achieve exfoliated epoxy/organoclay nanoncomposites due to high shear force. The 

optimum mixing duration is about 60 minutes. The increase in properties from mixing 

duration is attributed to good clay dispersion and large clay interlayer distance. 

Ultrasonic treatment is applied to induce well dispersion of clay, slightly large interlayer 

distance. The optimum clay loadings for epoxy/organoclay nanocomposites are at 3 phr 

for flexural strength and stiffness.  
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Chapter 3 
Chemical nanoclay dispersion using chemical exfoliators  

 

 

3.1 Introduction 

The improvement of various properties has been reported about the epoxy/clay 

nanocomposites by ammonium modified clay in many reports [56-59].  Kornmann, et 

al.[60-61] prepared the epoxy resins filled with various amine modifiers and showed the 

morphologies and thermal, mechanical properties influenced with the addition of amine 

modifiers on the organoclays. They reported the enhancements of flexural modulus and 

fracture properties on nanocomposites   

 

In the case of MMT, this is commonly achieved by treating it with large organic 

surfactants, usually ammonium ions. In their natural state, the MMT layers have a net 

negative charge and are held together by electrostatic forces between the sheets and 

interlaying inorganic cations. These ions are effectively exchanged with the ammonium 

ions which penetrate the clay gallery and increase the distance between the sheets. The 

clay gets more or less hydrophobic depending on the exact structure of the ammonium 

ion tails. 

 

To a great extent the outcome relies on the processing technique used. PLSNs can be 

made either by adding the filler in the polymerization step, in a solution or straight into 

a polymer melt. The latter is very attractive due to its simplicity; existing machinery and 

procedures can be used. The result is, however, strongly affected by parameters such as 
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shear forces, processing time, temperature, etc. as shown in several studies [62-63]. The 

impact of these parameters also depends on the polymer matrix used. 

 

Many attempts have been made so far to use epoxy as the matrix, however, only few 

have fully successed. Clay dispersion methods and corrosion behavior of 

epoxy/organoclay nanocomposites in our previous study in Chapter 2 showed that high 

speed mixing plays an important role on clay dispersion. Epoxy/organoclay 

nanocomposite via high speed mixing method performed better corrosion resistant 

compared to propeller and three-roll calendar mixing method,  however, still have a 

challenge on homogeneous clay dispersion in the epoxy matrix.  

 

The pre-mixing substances are designed to various functional groups (epoxy and amine 

functional groups which are compatibility with epoxy resins and ability for the curing 

accelerator) and different size of molecular chain, which could be adaptable to 

interlayer spaces, and to investigate mechanical property and diffusion behavior of 

epoxy/organoclay nanocomposites. The aim of this study is to acquire fully exfoliated 

organoclay into epoxy matrix using pre-mixing substances as well as to investigate 

mechanical property and diffusion behavior of epoxy/organoclay nanocomposites.  
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3.2 Experimental Method 

3.2.1 Materials 

Commercially available diglycidyl ether of bisphenol A type epoxy (DGEBA), Epomik 

R140 was purchased from Mitsui Chemical Co., Ltd. used as matrix, which had an 

epoxide equivalent weight of 188 g/equiv. Diamine curing agent, Jeffamine D230 

produced from Huntsman Corporation was used as curing agent. Figure 3.1 shows the 

structures of the materials used in this study. Montmorillonite-based organoclay 

(Nanomer I.30E) from Nanocor Inc., was used in this study to produce the 

nanocomposites. Nanomer I.30E nanoclays are surface compatabilized 

montmorillonites. In addition to traditional inner gallery cation exchange modification, 

Nanomer I.30E uses n-octadecyl ammonium as treatment agent as shown in Fig. 3.2 and 

surface modifier concentration is 28-32 mass%. 

 

 

 

 

 

Fig. 3.1 Chemical structures of materials used in this study. 

 

 

Fig. 3.2 Chemical structures of n-octadecyl ammonium 

 

DGEBA 

D230 

n = 0.15 
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Pre-mixing substances employed in this study were selected two functional groups with 

two variants. First pre-mixing substance is epoxy reactive diluents (EPICLON 703, 

EPICLON 720 and EPICLON 705 produced from Huntsman Corporation) which are 

different sizes of molecular structures, and the other pre- mixing substance is diamine 

curing agents (D400 and D2000 produced from Huntsman Corporation, short and long 

molecular structure, respectively). The structures and properties of the pre-mixing 

substances used in this study are shown in Table 3.1. 

 

Table 3.1 Structures of pre-mixing substances. 

 

3.2.2 Method 

Pre-mixing 

substance 

Commercial 

name 

Epoxide or Amine 

hydrogen equivalent 

weight (g/eq.) 

Chemical structure 

E1 EPICLON 703  

 

284  

E2 EPICLON 720 

 

154  

E3 EPICLON 705 

 

203  

D1 D400  

 

100  

D2 D2000 

 

520 

 

X≈6.1 

X≈33 
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Initially, to prepare organoclay/pre-mixing substance, pre-mixing substances were 

mixed with 10 mass% organoclay via high speed homogenizer (Ultra-TURRAX T18, 

IKA.) for 15 minutes, following by 15 minutes ultrasonic bath, and repeating both 

processes for 4 times. After that, the 10 mass% mixtures were mixed with epoxy via 

high speed mixing homogenizer at 24,000 rpm for 10 minutes. After mixing according 

to the above conditions, the mixtures were degassed under vacuum for 10minutes. 

Thereafter, cooling down to room temperature, and then, epoxy resin and curing agent 

were added according to stoichiometric ratio to the mixtures stirred with degassing 

again for 10 minutes before casting. Finally, the pre-mixed organoclay and epoxy with 

diamine curing agent was cured at 80C in oven for six hours and followed by post 

curing at 120C in the oven for 12 hours. 

 

3.2.3 Characterization 

3.2.3.1 Clay Dispersion 

3.2.3.1.1 Viscosity 

To evaluate clay dispersion, viscosities of organoclay/pre-mixing substance suspensions 

after mixing process were measured at 25°C on Anton Paar – Physica MCR 100 

viscometer using cone and plate geometry. 

 

3. 2.3.1.2 D – spacing 

D-spacing of organoclay was measured using a Philips MRD X’Pert with a rotation 

anode and CuKα radiation (Å). The scanning range was from 1.05° to 9.95°. The step 

size was 0.02° and the step time was 3 sec for the measurement of the d-spacing. The 

d-spacing of different mixing conditions were investigated. For the analysis of the clay 
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powder, particles were mounted on a sample holder with a large cavity and a smooth 

surface was obtained by passing the particles with a glass plate. Analysis of organoclay 

swollen in the epoxy resin with the curing agent was performed by placing the sample 

composites on the sample holder. The nanocomposite plates produced during the 

molding process had a fairly smooth surface which has been directly analyzed. The 

d-spacing was calculated according to Bragg’s equation regarding to Chapter 2. 

 

3.2.3.2 Mechanical property 

Flexural property was evaluated by three-point bending test using a bending machine 

according to ASTM D790. To study corrosion behavior of the nanocomposites, 

immersion test at 60°C under 10 mass% of sulfuric acid was selected to determine 

diffusivity and equilibrium mass change.     

 

3.2.3.3 Immersion test                                                               

The immersion test specimens of 60×25×2 mm
3
 for measurement of initial mass were 

dried at 50°C in oven for more than 75 hours. All specimens holding with a Teflon tube, 

in order to avoid sample overlapping, were tested in beaker containing 10% of sulfuric 

acid solution separately. The beakers were sealed with plastic film to avoid evaporation 

of the solution. The samples were performed in water bath controlled at 60°C according 

to the previous study [18]. Specimens were removed at regular time, washed by water 

and then carefully wiped to remove excess of acid on the specimens. The mass change 

was determined by obtaining the change in mass of specimen, relative to the initial mass 

and is calculated according to Eq. 2.1. 
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3.2.3.4 Morphology 

The nanoclay composite structure and clay distribution were examined using 

Transmission Electron Microscopy (TEM). TEM images were obtained by a JEOL 

2010F equipped with a field-emission gun operating at 200kV. TEM samples were 

prepared by ultramicrotome to be thin sections of the polymer nanocomposite with a 

diamond knife. These thin sections were then captured on coated Cu grids. The samples 

were tested at different magnifications from 2 µm to 200 nm scale bar. 

 

 

3.3 Clay Dispersion 

To evaluated clay dispersion in the substances, viscosity and XRD were selected to 

exam.  

3.3.1 Viscosity 

Viscosity was selected as one parameter in this study to detect degree of clay exfoliation 

in clay/pre-mixing substance suspension. Table 3.2 and Fig. 3.3 show viscosity and % 

change of neat pre-mixing substance and pre-mixing substance with 10 mass% 

organoclay after mixing with high speed homogenizer base on neat pre-mixing 

substances. As shown in Fig.6, pre-mixing substances significantly affected to increase 

viscosity. For epoxy functional group, small epoxy reactive diluent (E1) remarkably 

increase viscosity more than 7,400% after pre-mixing compared to neat E1 pre-mixing 

substances. For amine functional group, on the other hand, long molecular chain of 

diamine curing agents (D2) markedly increases viscosity after pre-mixing process. The 
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result of viscosity can imply that pre-mixing substance is necessary in mixing process to 

obtain fully exfoliation PLSNs.  
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Table 3.2 Viscosities of samples 

Sample Viscosity [Pa・

s] 

% Change of 

viscosity base 

on neat sample 

% Change of 

viscosity base on 

sample before 

mixing 

Neat resin 12.82   

resin+clay (before 

mixing) 
19.93 55.41  

resin+clay (after mixing) 22.36 74.40 12.22 

E1 0.01   

E1+clay (before mixing) 0.03 222.02  

E1+clay (after mixing) 0.61 7305.32 2199.61 

E2 0.03   

E2+clay (before mixing) 0.07 106.07  

E2+clay (after mixing) 0.24 590.75 235.20 

E3 0.02   

E3+clay (before mixing) 0.05 116.42  

E3+clay (after mixing) 0.20 748.99 292.28 

D1 0.05   

D1+clay (before mixing) 0.11 135.33  

D1+clay (after mixing) 0.07 47.90 -37.16 

D2 0.39   

D2+clay (before mixing) 0.80 103.78  

D2+clay (after mixing) 4.38 1010.69 445.04 
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Fig. 3.3 % of change of viscosity of different pre-mixing substances with 10 mass% 

organoclay after mixing 

3.3.2 D – spacing  

Fig. 3.4 shows XRD patterns of organoclay and epoxy/organoclay nanocomposites with 

various pre-mixing substances. The d-spacing or interlayer distance corresponding to 

the gap between clay layers is calculated according to Bragg’s law. The pristine 

organoclay has a single sharp peak at 2θ = 3.9°, which corresponds to d-spacing of 22.6 

Å. For epoxy/organoclay nanocomposites with pre-mixing substances, clear peaks are 

not detected. It implies that organoclay mixing appropriate pre-mixing substances 

archive fully exfoliated clay structure in epoxy/clay nanocomposites.  
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More details on XRD result of epoxy/organoclay nanocomposites with different 

pre-mixing substances, XRD patterns of E1 and D2 pre-mixing substances observed 

shifts of diffraction peaks to not only smaller angles (It means stretches of distances 

between the silicate layers of the organoclays), but also flatter in comparison with E2 

and D1 pre-mixing substances, respectively. The XRD result was confirmed that firstly 

pre-mixing substances help to obtain high degree of clay exfoliation in epoxy matrix, 

and secondly both XRD and viscosity proved that small molecular structure of epoxy 

reactive diluent and long molecular structure of diamine curing agent would obtain 

higher clay exfoliation on epoxy matrix compared to long molecular structure of epoxy 

reactive diluent and short molecular structure of diamine curing agent, respectively 

(These “long” and “short” are under comparison of compounds selected in this study). 
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Fig. 3.4 XRD patterns of organocaly and epoxy/organoclay nanocomposites with various 

pre-mixing substances 
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3.4 Mechanical property  

Fig. 3.5 shows effect of pre-mixing substances on flexural strength of epoxy/organoclay 

nanocomposites. Flexural strength of epoxy/organoclay nanocomposites with epoxy 

pre-mixing substances was slightly increased. It implies a possibility of which clay 

exfoliated structure in epoxy matrix would enhance to increase flexural strength. 

However, flexural strength of epoxy/ organoclay nanocomposites with diamine 

pre-mixing substances was decreased. 

 

Fig. 3.6 shows effect of pre-mixing substances on flexural modulus of 

epoxy/organoclay nanocomposites. Flexural modulus of epoxy/organoclay 

nanocomposites with diamine pre-mixing substances was obviously increased. Flexural 

modulus of nanocoposites with E1, D1, D2 increases 13%, 88%, 67% compared to neat 

resin, respectively. It would be due to additional pre-mixing process which obtained 

exfoliated clay structure in the epoxy matrix. It implies that clay exfoliated structure 

would increase flexural modulus.  

 

Especially, flexural diamine pre-mixing substance significantly increases in comparison 

with epoxy pre-mixing substance. It would be because of not only improvement in clay 

exfoliation effect, but also long alkyl group exchange effect which stiffs molecular 

chain mobility compared to short alkyl group of modified. As a result, the improvement 

of flexural modulus of epoxy/organoclay nanocomposites is recommended to have 

organoclay pre-mixing process with diamine pre-mixing substance before mixng with 

epoxy resin and curing agent. 
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Fig. 3.5 Effect of pre-mixing substances on flexural strength of epoxy/organoclay 

nanocomposites.

 

Fig. 3.6 Effect of pre-mixing substances on flexural modulus of epoxy/organoclay 

nanocomposites. 
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3.5 Corrosion Behavior 

For the polymeric materials, one of the most common parameters in Chemical 

engineering fields and factories is corrosion performance of materials. Immersion test 

was employed to investigate anti-corrosion performance of the nanocomposites. Fig. 3.7 

shows % weight change of neat epoxy and epoxy/organoclay nanocomposite with 

different pre-mixing substances in term of square root of time. In this study, corrosion 

in the composite is described by its percentage of weight change in immersed corrosive 

environment. Percentage of weight saturation of all nanocomposite with pre-mixing 

substances improvingly decrease compared to neat resin. Typically, percentage of 

weight saturation of nanocomposite with D2 pre-mixing substance significantly 

decreases compared to neat resin and nanocomposite with the other pre-mixing 

substances. It is due to high degree of clay exfoliation in epoxy matrix.  

 

One curious discussion is that epoxy/organoclay nanocomposite with epoxy different 

pre-mixing substance do not show much improvement on decreasing percentage of 

weight change as expected. The reason would be that there are two effects on the 

nanocomposites. Firstly, effect from clay exfoliation which decreases percentage of 

weight saturation. Secondly, effect from free volume which increases percentage of 

weight saturation because epoxy functional group of pre-mixing substance reacts with 

modified surface amine. It will be discuss more in Chapter 5. 

 

However, in case of diamine pre-mixing substance, short alkyl group of modified amine 

of organoclay would exchange with long molecular chain of diamine pre-mixing 
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substance which make longer structure and stronger epoxy matrix. As a result, corrosion 

behavior could be improved by adding appropriated pre-mixing substance which is 

recommended to use long molecular chain of diamine pre-mixing substance. 

 

   

 

 

 

 

 

 

 

 

Fig. 3.7 % weight change of neat epoxy and epoxy/organoclay nanocomposite with 

different pre-mixing substances in term of square root of time. 

 

3.6 Morphology 

The structure and morphology of clay dispersion in nanocomposites were determined by 

TEM as shown in Fig. 3.8. TEM micrographs of epoxy/clay nanocomposites containing 

E1 and D2 pre-mixing substances are shown in Fig. 3.8(a,b) and Fig. 3.8(c,d), 

respectively. The dark lines on the bright-scattered images correspond to organoclay. 
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The exfoliated and homogeneously dispersed silicate layers in both epoxy and diamine 

pre-mixing substances were obviously observed. The clay layers are more uniformly 

and exfoliately dispersed in the epoxy that was prepared with E1 compared to D2 

compounds. 

 

The increase in the exfoliation of the layered clay as shown in Fig. 3.8a and 3.8b has a 

positive effect on the exfoliated dispersion of the clay in the materials, demonstrating 

that the pre-mixing substances of the system plays an important role in the clay 

dispersion.   

 

Again, the TEM micrographs were corresponding to viscosity and XRD results higher 

degree of clay exfoliation in epoxy pre-mixing substances (Fig. 3.8a and 3.8b) was 

observed in compared to diamine pre-mixing substances (Fig. 3.8c and 3.8d).  This 

confirms that pre-mixing substances have an effect on the degree of clay exfoliation and 

the improvement of dispersion of silicate layers in epoxy nanocomposite requires 

pre-mixing substance in the production process. 
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Fig. 3.8 TEM images of epoxy/clay/pre-mixing substance nanocomposites containing: 

epoxy/organoclay/E1 nanocompostie with (a) low and (b) high magnification; 

epoxy/organoclay/D2 nanocompostie with (c) low and (d) high magnification 

 

 

(a) (b) 

(c) (d) 
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3.7 Conclusions 

Fully epoxy/organoclay nanocomposites have been successfully obtained with epoxy 

reactive diluents and diamine curing agents pre-mixing as clay exfoliators. Epoxy 

reactive diluents and diamine curing agents pre-mixing substances play an important 

role on clay exfoliation into epoxy matrix. Pre-mixing process with epoxy and diamine 

exfoliators assists to obtain fully exfoliated epoxy/clay nanocomposites confirming 

from all viscosity, XRD and TEM micrographs.  Epoxy exfoliator has more affected 

on increasing degree of clay exfoliation compared to diamine exfoliator. Flexural 

modulus and diffusivity of epoxy/organoclay nanocomposites with diamine exfoliator 

obtains significantly improving, however, with epoxy exfoliator is not much improving. 

On these results, the developments of properties for the epoxy/organoclay 

nanocomposites are now planning.  
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Chapter 4 
Effect of amine exfoliators on organoclay dispersion 

 

4.1 Introduction 

Due to complex parameters involved the fully exfoliation behaviour of the clay in the 

epoxy thermosetting matrix, work in this area must be deeply studied, especially the 

question of at which stage a complete clay exfoliation will be taken place must be 

clearly understood. Previous study on Chapter 3, pre-mixing process with chemical 

exfoliators plays an important role on the clay dispersion.  

 

Amine exfoliators have more potential on increasing both clay exfoliation and 

nanocomposite properties. Focusing on corrosion property, nanocomposites with amine 

exfoliators showed better anti-corrosion property compared to epoxy exfoliators. 

 

In this chapter, amine exfoliators are paid much attention to study on organoclay 

dispersion for fully epoxy/organoclay nanocomposites and their properties. Amine 

compounds are selected to be various amine functional groups which are compatible 

with epoxy resins and able to act as curing accelerators. Regarding to the knowledge 

from Chapter 3, the amine clay exfoliators were varied sizes of molecular chains of the 

compounds. Viscosity, clay interlayer distance using XRD and morphology of the 

nanocomposites using TEM are investigated. Flexural property and corrosion behaviour 

of nanocomposites with different amine compounds were examined. 
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4.2 Experiments 

4.2.1 Materials 

The epoxy resin used was a liquid diglycidyl ether of bisphenol A (DGEBA) (Epomik 

R140 form Mitsui Chemical Co., Ltd.) used as matrix, which has an epoxide equivalent 

weight of 188 g/equiv. Diamine curing agent (Jeffamine D230 from Huntsman 

Corporation) was used as curing agent which has an amine hydrogen equivalent weight 

of 60 g/equiv. Fig. 4.1 shows chemical structures of the materials used in this study. The 

clay used for synthesis of the nanocomposites was a commercial treated organoclay 

(Nanomer I.30E from Nanocor Inc.). It is basically n-octadecyl ammonium salt of 

montmorillonite clay.  

 

 

 

 

Fig. 4.1 Chemical structures of materials used in this study. 

 

Pre-mixing substances were selected two amine functional groups with two variants of 

molecular chain. Monoamine pre-mixing substances (Jeffamine M600 and M2070) are 

monofunctional primary amine. Diamine pre-mixing substances (Jeffamine D400 and 

D2000) are diffusional primary amine. All pre-mixing substances are supplied by 

Huntsman Corporation. The structures and properties of the pre-mixing substances are 

shown in Table 4.1. 

 

 

DGEBA 

D230 
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Table 4.1 Structures and properties of pre-mixing substances 

Pre-mixing 

substance 

Commercial 

name 

Number 

average 

molecular 

weight 

Amine hydrogen 

equivalent 

weight (g/eq) 

Chemical structure 

M1 M600 600 291 

 

 

M2 M2070 2070 1040 

 

 

D1 D230 230 60 

 

 

D2 D400 400 100 

 

 

D3 D2000 2000 520 

 

 

T1 

T403 440 81  

 

T2 

T3000 3000 530  

 

T3 

T5000 5000 952  

 

X≈33 

X≈6.1 
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4.2.2 Method 

Initially, to prepare suspensions of organoclay/pre-mixing substance, pre-mixing 

substances were mixed with 10 mass% organoclay via high speed homogenizer 

(Ultra-TURRAX T18, IKA.) at 24,000 rpm for 15 minutes, following by 15 minutes 

ultrasonic bath, and repeating both processes for 4 times. After that, the 10 mass% 

suspensions were mixed with epoxy via the homogenizer for 10 minutes. After mixing 

according to the above conditions, the mixtures were degassed under vacuum for 

10minutes. Thereafter, cooling down to room temperature, and then, epoxy resin and 

curing agent were added to the mixtures stirred with degassing again for 10 minutes 

before casting. Finally, the organoclay/pre-mixing substance mixture of epoxy with 

diamine curing agent was cured at 80 C in oven for six hours and followed by post 

curing at 120 C in the oven for 12 hours. 

 

 

4.2.3 Characterization 

4.2.3.1 Viscosity 

Viscosities of suspensions of organoclay/pre-mixing substance after pre-mixing process 

were measured at 25°C on Anton Paar – Physica MCR 100 viscometer using cone and 

plate geometry to evaluate clay dispersion in pre-mixing substance.  

 

4.2.3.2 D-spacing 

The clay dispersion was examined using Transmission Electron Microscopy (TEM). 

D-spacing of the organoclay and the nanocomposites were measured using a Philips 

MRD X’Pert with a rotation anode and CuKα radiation (Å). The scanning range was 
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from 1.05° to 9.95°. The step size was 0.02° and the step time was 3 sec for the 

measurement of the d-spacing. The d-spacing of different mixing conditions were 

investigated. For the analysis of the clay powder, particles were mounted on a sample 

holder with a large cavity and a smooth surface was obtained by passing the particles 

with a glass plate. Analysis of organoclay in the epoxy resin with the curing agent was 

performed by placing the sample composites on the sample holder. The nanocomposite 

plates produced during the molding process had a fairly smooth surface which has been 

directly analyzed. TEM samples were prepared by ultra-microtome to be thin sections 

of the nanocomposite with a diamond knife. These thin sections were then captured on 

coated Cu grids. The interlayer distance was calculated according to Bragg’s equation. 

The samples were tested at different magnifications from 200 to 500 nm scale bar. 

 

4.2.3.3 Flexural Property 

Three-point bending is a convenient way to determine flexural property. Flexural 

strength and modulus were evaluated by three-point bending test using a bending 

machine, Shimazu Autograph AGS-1KNJ. The bending test specimens of 60×25×2 mm
3 

for flexural property according to ASTM D790 were tested at room temperature as 

shown in Chapter 2. Operating condition of the bending test was 40 mm span distance 

and 2 mm/min cross head speed. 

 

4.2.3.4 Immersion test 

The immersion test specimens of 60×25×2 mm
3
 for measurement of initial weight were 

dried at 50°C in oven for more than 75 hours according to Chapter 2. All specimens 

holding with a Teflon tube, in order to avoid sample overlapping, were tested in beaker 
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containing 10% of sulfuric acid solution separately. The beakers were sealed with 

plastic film to avoid evaporation of the solution. The samples were performed in water 

bath controlled at 60°C. 

 

4.2.3.5 Morphology 

Transmission Electron Microscopy (TEM) images in this study were obtained using a 

JEOL 2010F equipped with a field-emission gun operating at 200kV. TEM specimens 

need to be sufficiently thin to allow the transmission of electrons. TEM samples were 

prepared by ultramicrotoming thin sections of the polymer nanocomposite with a 

diamond knife. These thin sections were then captured on coated Cu grids. The samples 

were tested at different magnifications from 0.2 µm to 50 nm. 
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4.3 Clay dispersion 

4.3.1 Viscosity  

One parameter to detect clay dispersion in pre-mixing substance in this study was 

viscosity. Table 4.2 showed viscosity of neat sample and samples with clay 10 mass% 

before and after mixing using high speed homogenizer and % change of viscosity based 

on neat samples and samples before mixing. Pre-mixing substances had an important 

effect on viscosity of samples. Viscosity of almost samples significantly increased when 

adding pre-mixing substance during pre-mixing process, except some of small 

molecular chain of diamine compounds (D1 and D2).   

 

In case of monoamine compounds, both M1 and M2 showed positive values of % 

change of viscosity base on sample before mixing. Longer molecular structure of 

monoamine (M2, 1315%) showed higher percentage change of viscosity compare to 

smaller molecular structure of monoamine compound (M1, 582%). It implied that the 

longer molecular structure of monoamine (M2) would assist to obtain better exfoliation 

of organoclay in the epoxy matrix compared to short molecular chain of monoamine 

compound (M1). These phenomena would be discussed in details next chapter.  

 

In case of diamine compounds, D1 and D2 showed negative values of % change of 

viscosity base on sample before mixing, -10% and -37%, respectively. Only D3 showed 

positive value, 445%, of % change of viscosity base on sample before mixing. Again, 

long molecular structure of dioamine showed higher percentage change of viscosity 

compare to smaller molecular structure of monoamine compound (D1 and D2). It 

confirmed that long molecular structure of monoamine (D3) would assist to achieve 
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better exfoliation of organoclay in the epoxy matrix compared to short molecular chain 

of monoamine compound (D1 and D2).  

 

In order to discuss the reasons for the negative values of % change of viscosity base on 

sample before mixing of diamine compounds, molecular chains of D1 and D2 amine 

compounds are shorter than the clay modifier (n-octadecyl ammonium salt). During 

pre-mixing stage, the amine compounds would be exchanged their short alkyl group 

with alkyl group of the clay modifier. As these phenomena, it would cause organoclay to 

be shrunken as shown negative value of the viscosity. These phenomena will be 

discussed in details next chapter. 

In case of triamine compounds, all T1, T2 and T3 showed positive values of % change 

of viscosity base on sample before mixing, 43%, 471% and 504%, respectively. 

Conformingly, long molecular structure of triamine showed higher percentage change of 

viscosity compared to smaller molecular structure of monoamine compound. As the 

other amine compounds, it confirmed that long molecular structure of triamine 

compound would assist to achieve better exfoliation of organoclay in the epoxy matrix 

compared to short molecular chain of triamine compound.  

 

Appropriate amine compound was necessary in pre-mixing process. Monoamine 

compound shows higher % change of viscosity of viscosity base on sample before 

mixing compared to diamine and triamine compounds. Amine compounds with long 

molecular chain are recommended for synthesis fully exfoliated epoxy/organoclay 

nanocomposites.  
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Table 4.2 Viscosity and % change of viscosity of samples 

Sample Viscosity 

[Pa・s] 

% Change of 

viscosity base on 

neat sample 

% Change of 

viscosity base on 

sample before 

mixing 

M1 0.0248   

M1+organoclay (before mixing) 0.0542 118  

M1+organoclay (after mixing) 0.3700 1389 582 

M2 0.343   

M2+organoclay (before mixing) 0.667 94.  

M2+organoclay (after mixing) 9.440 2652 1315 

D1 0.013   

D1+organoclay (before mixing) 0.023 76  

D1+organoclay (after mixing) 0.021 57 -10 

D2 0.048   

D2+organoclay (before mixing) 0.114 135.33  

D2+organoclay (after mixing) 0.071 47.90 -37 

D3 0.394   

D3+organoclay (before mixing) 0.803 103.78  
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Table 4.2 Viscosity and % change of viscosity of samples (cont.) 

Sample Viscosity 

[Pa・s] 

% Change of 

viscosity base on 

neat sample 

% Change of 

viscosity base on 

sample before 

mixing 

D3+organoclay (after mixing) 4.377 1010 445 

T1 0.087   

T1+organoclay (before mixing) 0.131 50  

T1+organoclay (after mixing) 0.188 115 43 

T2 0.450   

T2+organoclay (before mixing) 0.718 59  

T2+organoclay (after mixing) 4.100 811 471 

T3 0.850   

T3+organoclay (before mixing) 1.420 67  

T3+organoclay (after mixing) 8.580 909 504 
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Fig. 4.2 % change of viscosity of different amine compounds with organoclay after 

pre-mixing base on sample before mixing 

 

4.3.2 D-spacing  

The d-spacings of the organoclay and the nanocomposites were examined by X-ray 

diffraction. Fig. 4.3 shows XRD spectra for organoclay and epoxy/organoclay 

nanocomposites with different pre-mixing substances. The pristine organoclay has one 

single sharp peak at 3.9 and this is related to the d-spacing of 22.6 Å according to 

Bragg’s equation.  

 

In the case of the nanocomposites with amine compounds, the XRD curves of 

nanocomposites with M1, M2, D3, T1 and T3 pre-mixing substances appear similar 

pattern shifting of diffraction peaks to lower angles and flatter compared to organoclay 

and nanocomposite without pre-mixing substance except nanocomposites with D1 
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which shows peak at similar angle to the nanocomposite without pre-mixing substance. 

A shift of the peak to lower angle proves that clay exfoliation in epoxy matrix had taken 

place from amine compounds. The clay layer separation of nanocomposites with amine 

compounds was considerably higher than without amine compounds. 

 

XRD results showed that monoamine compound had lower angle and flatter compared 

diamine and triamine compounds. Moreover, long molecular structure of amine 

compounds would obtain higher clay exfoliation in the epoxy matrix compared to short 

molecular structure. 

 

Again, XRD results were corresponding to the viscosity. They also confirmed that clays 

exfoliation by the amine compounds at the pre-mixing step. Amine compounds as clay 

exfoliators were able to obtain high degree of clay exfoliation in the epoxy matrix.  
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Fig. 4.3 XRD spectra for organoclay and epoxy/organoclay nanocomposites with 

different amine compounds 
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4.4 Flexural property 

Fig. 4.4 shows effect of amine compounds on flexural strength of epoxy/organoclay 

nanocomposites. Flexural strength of epoxy/organoclay nanocomposites with 

monoamine and diamine compounds increase with increasing molecular size of the 

compounds. Flexural strength of epoxy/ organoclay nanocomposites with only 

monoamine compound was higher than nanocomposite without any amine compounds. 

Unexpectedly, flexural strengths of epoxy/ organoclay nanocomposites with diamine 

and triamine compounds were lower than neat resin and nanocomposites without any 

amine compounds. It implies that clay exfoliated structure in epoxy matrix would be 

just a small factor to increase flexural strength. 

 

Fig. 4.5 shows effect of amine compounds on flexural modulus of epoxy/organoclay 

nanocomposites. Flexural modulus of epoxy/organoclay nanocomposites with 

monoamine and diamine compounds increase with increasing molecular size of the 

compounds. Flexural modulus of epoxy/organoclay nanocomposites with both 

monoamine and diamine compounds was obviously increased compared to except D1, 

and all triamine compounds. Flexural modulus of nanocomposites with M1, D1 and D2 

increases 22%, 28%, 33% compared to nanocomposites without any amine compounds, 

respectively. It suggested that flexural modulus would be increased with clay exfoliated 

structure in the epoxy matrix except triamine compounds. Epoxy/organoclay 

nanocomposites with triamine compounds will be separately discussed below from the 

others. In comparison between monoamine and diamine compounds, flexural modulus 

of exfoliated nanocomposite with D3 diamine compound increases more compared to 

monoamine compounds, however, viscosity of monoamine compound was higher than 
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diamine compound. It noticeably implied that not only factor of exfoliated clay structure 

plays an important rule on increasing flexural modulus, but there is something else.  

 

As discussed before, during pre-mixing process, diamine compounds would be 

exchanged with alkyl group of the clay modifier (monoamine functional group). As 

these phenomena, surface of modified organoclay after pre-mixing process would 

change from monoamine functional group to diamine functional group. In the curing 

process, organoclay containing modified diamine functional group on the surface would 

be able to fix better with the main matrix compared to modified monoamine organoclay. 

As these results, flexural modulus of nanocomposite with modified diamine organoclay 

would be better performance than nanocomposite with modified monoamine 

organoclay. 

 

 

 

 

 

 

 

 

 

Fig. 4.4 Effect of amine compounds on flexural strength of epoxy/organoclay 

nanocomposites. 
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Fig. 4.5 Effect of amine compounds on flexural modulus of epoxy/organoclay 

nanocomposites. 

 

In case of triamine compounds, flexural strength and modulus of epoxy/organoclay 

nanocomposites with f triamine compounds decrease with increasing molecular size of 

triamine compounds which was opposite tendency rom monoamine and diamine 
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Checking in details from stress-strain curves of neat resin and epoxy/organoclay 

nanocomposites with different triamine compounds as shown on Fig. 4.6, 

nanocomposites with T1 triamine compound showed brittle behavior nanocomposites. 

However, epoxy/organoclay nanocomposites with T2 and T3 triamine compounds 

showed ductile behavior which is unusual characterization of epoxy nanocomposites. 

Toughness (area below stress-strain curves) of nanocomposites with T2 and T3 triamine 

compounds remarkably increase compared to nanocomposites with T1 triamine 
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process would be mainly affect to change the characterization of the materials. More 

details, it will be discussed with TEM images.  

 

Fig. 4.6 stress-strain curves of epoxy/organoclay nanocomposites with different triamine 

compounds 

 

After checking on stress-strain curve of nanocomposites with different triamine 
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incompletely curing epoxy and/or triamine compounds in the samples. Additional 130 

C for 4 hours curing process for neat resin and nanocomposites with different triamine 
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curing process. It might be from thermal degradation from too high temperature from 

the additional curing process. However, it was confirmed that the materials that 

prepared from the experimental procedure are completely cured. 

 

Fig. 4.7 Flexural strength of neat resin and epoxy/organoclay nanocomposites with 

different triamine compounds additional 130 C for 4 hours on curing process 

 

 

Fig. 4.8 Flexural modulus of neat resin and epoxy/organoclay nanocomposites with 
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different triamine compounds additional 130 C for 4 hours on curing process 

 

 

4.5 Corrosion behaviour 

Percentage of weight change of neat epoxy and epoxy/organoclay nanocomposite with 

different amine compounds in term of square root of time under 10 mass % sulfuric acid 

solution with fix temperature at 60 C was shown on Fig. 4.9. To identify a term of 

“corrosion” in this study, corrosion in the composite is described by its percentage of 

weight change in immersed corrosive environment. Generally, for an amine cured 

epoxy, sulfuric acid permeates into the resin easily. In here, high weight gain is 

recognized. Compared with neat epoxy, only nanocomposite with D3 diamine 

compound shows a slower penetration and lower percentage of weight saturation. This 

difference is quite large, more than 2.5 mass % of initial weight of specimen which 

corresponds to the same value of pure water uptake [64]. It is due to high degree of clay 

exfoliation in epoxy matrix and higher amount of amine functional group on surface of 

orgonoclay after pre-mixing which are able to bond and fix with main epoxy matrix. 

 

More discussion on nanocomposite with diamine compound, during pre-mixing process, 

short monoamine alkyl group of pristine modified amine of organoclay would exchange 

with long molecular chain of diamine compound (D3) which make exfoliated clay 

structure and stronger to fix clay with the epoxy matrix. As a result, corrosion behavior 

could be improved by pre-mixing organoclay with long molecular chain of diamine 

pre-mixing substance. 
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Expectedly, nanocomposites with triamine compound would obtain the best corrosion 

performances because of high amount of amine functional group compared to 

nanocomposites with monoamine and diamine compounds. However, nanocomposites 

with triamine compound showed the worst corrosion performances compared to the 

others. As discussed before, triamine compounds with organoclay after pre-mixing 

process would change behaviors of the materials. In details, it will be discussed with 

TEM images.  

 

  

Fig. 4.9 % weight change of neat epoxy and epoxy/organoclay nanocomposite with 

different amine compounds in term of square root of time under 10 mass % sulfuric acid 

solution at 60 C. 
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4.6 Morphology 

Morphology and dispersion of organoclay in the epoxy matrix was observed in micro- 

and nano-scales by TEM. Figs. 4.10 to 4.13 show TEM images of epoxy/organoclay 

nanocomposites with M2 monoamine, D2 diamine, T1 triamine and T3 triamine   

compounds at different magnifications. The dark lines on bright-scattered images 

correspond to organoclay. Figs. 4.10, 4.11 and 4.12 shows exfoliated and uniform 

dispersion of the organoclays in the epoxy matrix under micro scale bar, and single 

layered clay to prove the fully exfoliated clay structure in the nanocomposites in nano 

scale bar. In comparison of nanocomposites with monoamine, diamine and triamine 

compounds, monoamine compound shows the highest clay exfoliation and the most 

uniform dispersion in the nanocomposites, on the other hands, triamine compound 

shows the lowest clay exfoliation and the worst dispersion in the nanocomposites. 

Conformingly, TEM micrographs were corresponding to viscosity and XRD results.  

 

In order to discuss on matrix of the materials, nanocomposites with monoamine and 

diamine compounds obtained single phase of the matrix, however, nanocomposites with 

triamine compound showed phase separation of the matrix. Generally, triamine 

compound does not easily mix and blend with epoxy and/or the other amine compounds. 

To mix triamine compounf with the others, the ratio of triamine to the others has to be 

quite low. However, in this study, the ratio has to fix as a standard in order to surely 

recognize only effect of amino compound on clay exfoliation. 

 

Considering on nanocomposites with short molecular chain (T1, Fig. 4.12) and long 

molecular chain (T3, Fig. 4.13) of triamine compounds, both nanocomposites with T1 
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and T3 triamine compounds show phase separation of the matrix. Organoclay in 

nanocomposites with T3 long molecular triamine compounds obtains more exfoliated 

and more homogenous compared to T1 short molecular triamine compounds. 

Nanocomposites with T3 triamine compounds obtain bubble in the material which is the 

main reason on decreasing flexural property and corrosion behaviour.  

In order to discuss flexural property and corrosion behaviour with TEM images of 

nanocomposites with triamine compounds, the longer triamine compounds the more 

bubbles contain in the material which is cause on decreasing flexural property and also, 

corrosion behaviour. 
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Fig. 4.10 TEM images of epoxy/organoclay nanocomposites with M2 monoamine 

compound at different magnifications 
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Fig. 4.11 TEM images of epoxy/organoclay nanocomposites with D3 diamine 

compound at different magnifications 
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Fig. 4.12 TEM images of epoxy/organoclay nanocomposites with T1 triamine 

compound at different magnifications 
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Fig. 4.13 TEM images of epoxy/organoclay nanocomposites with T3 triamine 

compound at different magnifications 
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4.7 Conclusions 

Amine compounds play an important role on the clay dispersion and exfoliation in 

epoxy matrix and act as clay exfoliators during pre-mixing process. Epoxy/organoclay 

nanocomposites with monoamine clay exfoliator show the highest clay exfoliation and 

the most uniform dispersion regarding to viscosity, XRD and TEM results. Long 

molecular structure of clay exfoliators are recommend for synthesis fully 

epoxy/organoclay nanocomposites. Flexural property of epoxy/organoclay 

nanocomposites with only monoamine clay exfoliator increase compared to neat resin 

and nanocomposites without clay exfoliators. Corrosion of epoxy/organoclay 

nanocomposites with only long molecular chain diamine clay exfoliator shows better 

performance compared to neat resin. Epoxy/organoclay nanocomposites with triamine 

clay exfoliator were not able to homogeneously mix and shows phase separation which 

is cause to decrease flexural property and corrosion behaviour of the nanocompoistes.   
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Chapter 5 
Mechanisms of clay exfoliation and nanocomposite properties 

development  
 

This chapter is described mechanisms of epoxy/organoclay nanocomposites with 

different methods base on the results from previous chapters.   

 

5.1 Effect of physical dispersion methods 

From the TEM observation in Chapter 2, Figure 5.1 illustrates the assumed distribution 

of clay platelets at different mixing methods. Model of three kinds of nanocomposites 

made by normal mixing, shear mixing and high speed mixing is shown in Fig. 5.1. 

Black dot represents crosslink between epoxy resin and curing agent, and gray dot 

represents onium ion. 

 

Normal mixing includes random dispersed stacked fillers with small gaps as shown in 

Fig. 5.1 (a). Shear mixing dispersed clay stacks into smaller stacks of clay platelets as 

intercalation with larger interlayer distance compared to normal mixing as shown in 

Fig.5.1 (b). High speed mixing results to intercalated/exfoliated layered fillers as shown 

in Fig. 5.1 (c). Due to the low degree of shear via normal and shear mixing involves, the 

energy is not enough to break clay stacks and hence do not enhance degree of 

intercalation/exfoliation. On the other hand, due to the higher degree of shear via high 

speed mixing involves the dispersion of large stacks into smaller ones took place and 

hence increases degree of intercalation/exfoliation.  
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(a) normal mixing                          (b) shear mixing   

 

                

 

 

 

 

 

 

 

(c) high speed mixing 

Fig. 5.1 Model of three kinds of nanocomposites made by normal mixing, shear mixing 

and high speed mixing (black dot represents crosslink between epoxy resin and curing 

agent, and gray dot represents onium ion). 
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5.2 Effect of mixing parameter 

From above model, high speed mixing shows good clay intercalation/exfoliation in the 

matrix. In this sub-chapter, it illustrates the phenomena for clay dispersion in the epoxy 

matrix with different high shear mixing parameters and ultrasonic application base on 

TEM images in Chapter 2. Model of clay dispersion under several mixing parameters is 

shown on Fig. 5.2. 

 

Fig. 5.2A shows a typical clay gallery. There are 2 to 10 sheets in each gallery. The 

d-spacing or interlayer distance is corresponding to the gap between clay layers. Fig. 

5.2B shows the clay gallery is subjected and dispersed by shear force by share force. 

The individual layered- clay is started to peel apart due to high share force. The 

d-spacing of clay is enlarged to future forming up the intercalated/exfoliated clay 

structure as shown on Fig. 5.2C. Regarding to the results from Chapter 2, it obviously 

confirms that mixing speed has an effect on clay interlayer distance.  

 

However, if the clay gallery is operated under overloaded-shear rate, layered-clays are 

damaged as shown in Fig. 5.2D base on TEM image (Fig. 2.33). As the results, 

properties of the nanocomposites would be decreased. Fig. 5.2F shows assisted clay 

dispersion by ultrasonic energy base on TEM image (Fig. 2.39). After the ultrasonic 

application, clay galleries would be less tighten and slightly more open at the end of the 

galleries. 
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Fig. 5.2 Model of clay dispersion under several mixing parameters (black thick line 

represents nanoclay). 

 

 

5.3 Effect of clay exfoliators 

From 5.2, physical method using high speed mixing with suitable mixing parameters 

shows good clay dispersion, but still not fully exfoliated clay structure in the epoxy 

matrix.  Combine physical and chemical clay dispersion method is applied. Chemical 

compounds are designed to various functional groups (epoxy and amine functional 

groups which are compatibility with epoxy resins and ability for the curing 

accelerator).The clay exfoliation mechanisms are proposed base on TEM observation. 

The mechanism for breaking down initial organoclay galleries to become exfoliated 

clay structure in epoxy matrix is discussed. Initially, the penetration of adoptable 
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pre-mixing substances between clay layers has taken place. The adoptable pre-mixing 

substances tend to diffuse into the space between the clay galleries. Adoptable 

pre-mixing substances are called “Exfoliators”, which assist to achieve clay exfoliation 

structure.  

 

5.3.1 Epoxy exfoliator 

Fig. 5.3 shows mechanism of clay exfoliation with epoxy exfoliator in epoxy matrix. In 

case of “epoxy exfoliators”, it requires smaller molecular size than clay interlayer 

spacing which allows penetrating into clay spacing. Epoxy exfoliator/ modified 

interlayer amine modifier reaction starts from clay interlayer and/or the neighborhood. 

After the reaction, clay interfacial energy would be reduced much lower than 

non-exfoliator. As these phenomena, clay layers could be much easier to separate from 

clay gallery to exfoliated layered clay compared to pristine and commercial modified 

clay. As these phenomena, individual silicate nanolayers were homogeneously and 

randomly dispersed throughout epoxy matrix.  Therefore, small molecular structure of 

epoxy exfoliator would be one of the key parameters to achieve clay exfoliation.  

 

Unfortunately, during epoxy curing to form the matrix, the clays after pre-mixing 

process with epoxy exfoliator were not able to bond with main epoxy matrix because 

epoxy functional group of exfoliator reacts with amine functional group of modified 

surface clay which occur free volume surrounding layered clays themselves. There 

phenomena could affect to reduce performance of the nanocomposites.  
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Fig. 5.3 Mechanism of clay exfoliation with epoxy exfoliator in epoxy matrix 

 

5.3.2 Monoamine exfoliator 

Mechanism of clay exfoliation with monoamine exfoliator in epoxy matrix is illustrated 

in Fig. 5.4. In case of “amine exfoliators”, the first step of clay dispersion would be 

required how easy exfoliators penetrate into the clay gallery which required the same 

functional group of ammonium salt of organoclay. The left side of Fig. 5.4 shows a 

typical clay gallery immersing in amine compounds which were required longer 

molecular chain than clay surface modifier, n-octadecyl ammonium in this study. If 

molecular chains of amine compounds were shorter than the clay modifier, organoclay 

was shrunken after pre-mixing process which obtained lower viscosity after pre-mixing 

compared to resin/organoclay suspension without any amine compounds regarding to 

viscosity of D1 and D2 diamine exfoliators as shown in Chapter 4. After that, the 

suspension of organoclay/amine compounds would exchange their long alkyl group 

with the alkyl group of the clay modifier during pre-mixing process. While these 

phenomena occurred, interlayer distance of the clays would be enlarged regarding to the 
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molecular chain of the amine clay exfoliators. Therefore, the exfoliated clay dispersion 

in the epoxy matrix was synthesized during pre-mixing process.  

Monoamine exfoliator obtained high degree of clay distribution. It would be because 

monoamine exfoliator is the same functional group to primary organoclay modifier 

compared to the other exfoliators. In general, if functional group of substances is the 

same, it would be easier to penetrate into each other. In the same reason, monoamine 

exfoliator which is the same functional group as ammonium salt of organoclay would be 

easier to penetrate into the clay. While continues mixing with appropriate condition, 

clay galleries would be separated down to exfoliated clay.  

 

Compared to epoxy exfoliator, properties such as mechanical and barrier properties of 

nanocomposites with monoamine exfoliator would be performed much better. As these 

phenomena, amine exfoliator has a significant positive effect on clay exfoliated 

synthesis in the epoxy matrix and long molecular chain of monamine exfoliator is 

recommended. 

 

 

 

 

 

 

 

 

Fig. 5.4 Mechanism of clay exfoliation with monoamine exfoliator in epoxy matrix 
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5.3.3 Diamine exfoliator 

Mechanism of clay exfoliation with diamine exfoliator in epoxy matrix is illustrated in 

Fig. 5.5. As discuss before, the first step of clay dispersion with “amine exfoliators” 

would be required required the same functional group of ammonium salt of organoclay. 

In case of diamine functional group of exfoliator requires long molecular which would 

exchange its long alkyl group of the exfoliator with short alkyl group of amine 

interlayer modifier during pre-mixing process. These phenomena would enhance to 

enlarge interfacial clay spacing, and hence, exfoliated clay structure in epoxy matrix 

was produced. Moreover, exchanged long amine alkyl group from diamine exfoliator on 

layered clays are able to bond with main epoxy matrix which is one of the key factors to 

improve higher properties of nanocomposites compared to monoamine exfoliator. 

Similar to monoamine exfoliator, long molecular chain of diamine exfoliator is 

recommended. 

 

In comparison between monoamine and diamine exfoliators, mechanical and barrier 

properties of nanocomposites with diamine exfoliator obtains better performances. 

Noticeably, improving effects of the nanocomposites with diamine exfoliator is not only 

exfoliated clay structure, but also stiffer materials because nanoclay after treating with 

diamine exfoliators would has two bonding reaction and fix stronger with the epoxy 

matrix compared to monoamine exfoliator which has only one bonding reaction.  
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Fig. 5.5 Mechanism of clay exfoliation with diamine exfoliator in epoxy matrix 

 

5.3.4 Triamine exfoliator 

From TEM observation, illustration of morphology of epoxy/organoclay 

nanocomposites with triamine is shown in Fig. 5.6. Gray circle represents amine pahse.  

Black line represents organoclay. As discuss before, triamine exfoliator does not easily 

mix with epoxy and/or the other amine compounds. Considering on morphology of 

nanocomposties with triamine exfoliator, they obviously show phase separation. 

Organoclay in nanocomposites with triamine compounds would be able to obtain 

exfoliated structure. However, nanocomposites with long molecular triamine exfoliator 

would obtain with bubbles in the material. The longer triamine compounds the more 

bubbles contain in the material which is cause on decreasing flexural property and also, 

corrosion behaviour. 
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Fig. 5.6 Illustration of morphology of epoxy/organoclay nanocomposites with triamine 

exfoliator (Gray circle represents amine pahse and black line represents organoclay). 

 

5.4 Flexural property 

5.4.1 Effect of types of clay exfoliator 

Figure 5.7 illustrates the assumed unbounded and bonded organoclay in the epoxy 

matrix.  There are two main types of clay exfoliators in this study: first type is epoxy 

exfoliator which obtains unboned organoclay, and second is amine exfoliator which 

obtains boned organoclay in the nanocomposites clay. Black line represents c epoxy 

network, and hexagonal plat represents layered clay. 

 

Fig. 5.7 (above) shows unbonded organoclays which are not fixed with the main matrix. 

Flexural modulus of the nanocomposites with unbonded organoclays would not increase. 
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To increase the stiffness of the materials, it needs to fix the mobility of the molecular 

chains of the polymer. Noticeably, improving stiffness of the nanocomposites with 

unbonded organoclays would be not expected.  

 

Fig. 5.7 (below) shows bonded organoclays which are fixed with the main matrix. 

Flexural modulus of the nanocomposites with bonded organoclays would increase. 

Bonded organoclays are fixed with the matrix and decrese the mobility of the molecular 

chains of the polymer. As these phenomena, stiffness of the nanocomposites with 

bonded organoclays would be increased. 
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Fig. 5.7 Illustration of unbonded (above) and bonded (below) organoclays in epoxy 

matrix (red object represents crosslink between epoxy resin and curing agent, hexagonal 

shape represents clay, and black line represents epoxy matrix)  
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5.4.2 Effect of clay loading  

Figure 5.8 illustrates model of high clay loading of epoxy/organoclay nanocomposites. 

Red object represents crosslink between epoxy resin and curing agent. Hexagonal shape 

represents clay. Black line represents epoxy matrix. 

 

Increasing clay loading increase flexural modulus of the nanocomposites because 

bonded organoclays increase and fixed stronger with the matrix. As there phenomena, it 

would be decrease the mobility of the molecular chains of the polymer. Stiffness of the 

nanocomposites with bonded organoclays would be increased. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.8 Model of high clay loading of epoxy/organoclay nanocomposites (red object 

represents crosslink between epoxy resin and curing agent, hexagonal shape represents 

clay, and black line represents epoxy matrix). 
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5.5 Corrosion behaviour 

Figure 5.9 shows mechanism of sulfuric acid diffusion in organoclay and epoxy network. 

Black dot represents crosslink between epoxy resin and curing agent, and gray dot 

represents onium ion. Solution equilibrium of epoxy/organoclay nanocomposite with 

several exfoliators shows noticeable different tendency. Epoxy/organoclay 

nanocomposite with long molecular diamine exfoliators (D3) has low weight uptake 

than other samples. However, epoxy/organoclay nanocomposite with epoxy and 

triamine exfoliators has high weight uptake than other samples. It would be divided in 

three structures: 1) bonded organoclay/epoxy nanocomposite, 2) unboned 

organoclay/epoxy nanocomposite and 3) nanocomposite with phase separation. They 

may be explained by following mechanism. 

 

Firstly, bonded organoclay/epoxy nanocomposite, epoxy polymerization may occur with 

onium ions on clay layers (at the gray dots in illustration), after that, reacts with initially 

amine organic agent and makes epoxy-network. They would obtain not only exfoliated 

clay structure in epoxy matrix but also, strong bonding between organoclay and epoxy 

network. Especially exfoliated clay structure could be fixed more into polymeric matrix 

and hindrance to the transport of fluid by clay surface area and occupied volume pre 

platelet compared to the other structures. These phenomena could affect to decrease 

polymer mobility and lead to lower weight uptake of sulfuric acid.  

 

Sexcondly, unbonded organoclay/epoxy nanocomposite, epoxy polymerization may 

occur with only amine curing agent without clay layer boding because onium ions on 

clay layers have reacted with epoxy exfoliator during pre-mixing process. Even though 
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the nanocomposites obtain extremely high degree of clay exfoliation, they could not 

achieve high corrosion performance It would not be able to decrease polymer mobility 

and also, occur the free volume.. These phenomena would not be able to obtain lower 

weight uptake of sulfuric acid. Therefore, corrosion performance would be low. 

 

Finally, nanocomposites with phase separation, they would obtain with bubbles in the 

materials. The bubbles are mainly cause on decreasing corrosion behaviour. So, this 

material structure would obtain the worst performance compare to the others 

 

 

 

 

 

 

 

 

Fig. 5.9 Mechanism of sulfuric acid diffusion in organoclay and epoxy network. 
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Chapter 6 

General conclusion 

 

6.1 Physical clay dispersion 

6.1.1 Effect of physical clay dispersion methods 

Mixing method of epoxy nanocomposites plays an important role in clay dispersion in 

epoxy resin and is one of the main key parameters of epoxy/organoclay nanocomposites 

on improvement of properties. In order to obtain knowledge of mechanical clay 

dispersion in the epoxy matrix, epoxy/organoclay nanocomposites were prepared by 

different three mixing method. Viscosity, d-spacing weight gain results and mechanism 

of protection against liquid penetration and nanocomposites morphology were 

discussed. 

 

Corrosion behaviour was investigated under immersion test, and evaluated by 

penetration depth and penetration profile. All samples have almost similar penetration 

rate. On the other hand, high speed mixing sample and neat epoxy resin reached 

equilibrium at similar time and earlier compared to normal mixing and shear mixing 

samples. Epoxy/organoclay nanocomposite preparation under high speed mixing 

method which creates exfoliated clay dispersion in the epoxy matrix performs better 

corrosion resistant compared to normal and shear mixing methods regarding to weight 

gain and penetration depth. 
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6.1.2 Effect of mixing parameters and ultrasonic application 

The effects of mixing parameters and ultrasonic application on clay dispersion in the 

epoxy matrix and their properties have been studied. Mixing speed which is at 24,000 

rpm is one of the factors to achieve fully exfoliated organoclay structure in the epoxy 

nanoncomposites. The recommended mixing duration was about 60 minutes. The 

increase in properties from mixing duration is due to fine clay dispersion and 

enlargement of clay interlayer distance. Ultrasonic application is applied to induce 

better clay dispersion and slightly enlarge interlayer clay distance.  

 

6.1.2 Effect of clay loading 

The appropriate clay loadings for epoxy/organoclay nanocomposites was at 3 phr for 

flexural strength and stiffness. The improvement in properties was due to fixation of 

organoclay in the epoxy matrix. 

 

6.2 Effect of chemical nanoclay dispersion using chemical exfoliators  

Fully epoxy/organoclay nanocomposites have been successfully obtained with epoxy 

reactive diluents and diamine curing agents pre-mixing as clay exfoliators. Epoxy 

reactive diluents and diamine curing agents pre-mixing substances play an important 

role on clay exfoliation into the epoxy matrix. Pre-mixing process with epoxy and 

diamine exfoliators assists to obtain fully exfoliated epoxy/clay nanocomposites 

confirming from all viscosity, XRD and TEM micrographs.  Epoxy exfoliator has 

more effect on increasing degree of clay exfoliation compared to diamine exfoliaotor. 
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Flexural modulus and diffusivity of epoxy/ organoclay nanocomposites with diamine 

exfoliator obtains significantly improving, however, with epoxy exfoliator is not much 

improving due to unboned organoclay with the epoxy matrix. 

 

6.3 Effect of amine exfoliators on organoclay dispersion  

Amine compounds which act as clay exfoliators during pre-mixing process were one of 

the key successes factors to achieve fully exfoliated organoclay dispersion in epoxy 

matrix. Epoxy/organoclay nanocomposites with monoamine clay exfoliator show the 

highest clay exfoliation and the most uniform dispersion regarding to viscosity, XRD 

and TEM results. Long molecular structure of clay exfoliators are recommend for 

synthesis fully epoxy/organoclay nanocomposites. Flexural property of 

epoxy/organoclay nanocomposites with only monoamine clay exfoliator increase 

compared to neat resin and nanocomposites without clay exfoliators. Corrosion of 

epoxy/organoclay nanocomposites with only long molecular chain diamine clay 

exfoliator shows better performance compared to neat resin. Epoxy/organoclay 

nanocomposites with triamine clay exfoliator shows phase separation because it was not 

able to homogeneously mix and cause to decrease flexural property and corrosion 

behaviour of the nanocompoistes.  

 

6.4 Mechanisms of clay exfoliation and nanocomposites properties development 

Regarding experimental results and TEM observation, they were illustrated to describe 

mechanisms of epoxy/organoclay nanocomposites with different methods as well as 
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their flexural property and corrosion behaviour. The higher degree of shear via high 

speed mixing involves the dispersion of large stacks into smaller ones took place and 

hence increases degree of intercalation/exfoliation. As the results, exfoliated clay 

dispersion in the epoxy matrix performs better corrosion resistant compared to normal 

and shear mixing methods. 

 

Mixing speed has an effect on clay interlayer distance because suitable shear force 

would enhance d-spacing of layered clay. Assisting clay dispersion with ultrasonic 

application, clay galleries would be less tighten and slightly more open at the end of the 

galleries. 

 

Epoxy exfoliator would reduce clay interfacial energy which makes fully exfoliated clay 

structure. However, the organoclays after pre-mixing process with epoxy exfoliator 

were not able to bond with main epoxy matrix because epoxy functional group of 

exfoliator reacts with amine functional group of modified surface clay instance. There 

phenomena would affect to reduce performance of the nanocomposites with epoxy 

exfoliator.  

 

In comparison between monoamine and diamine exfoliators, mechanical and barrier 

properties of nanocomposites with diamine exfoliator obtains better performances 

because diamine exfoliators would has two bonding reaction and fix stronger with the 

matrix compared to monoamine exfoliator which has only one bonding reaction. 
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Triamine exfoliator does not easily mix with epoxy and/or the other amine compounds. 

As these phenomena, phase separation and bubbles were obtained in the 

nanocomposites with triamine exfoliator which is cause on decreasing flexural property 

and corrosion behaviour. 
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Questions and answers 

1. Prof. Shioya: effect of viscosity on clay dispersion, weight of clay was constant.  

Regarding to Einstein’s equation, total volume fraction (of clay suspension) should be 

the same before and after exfoliation. Why did the viscosity increase? Please explain. 

Answer: Einstein’s equation for viscosity of a dispersion of solid spheres 

𝜂′ =  𝜂 (1 + 2.5𝜑 +  . . . ) (Eq.1) 

where 𝜑 = Volume fraction of the dispersed phase 

         𝜂′,  𝜂 =   Viscosities of the suspension and the solvent respectively 

 

Ellipsoidal or similar shapes in which one of the axes is longer than the other (e.g. clay 

platelets) proposed by Simha (1940) [1] and Larson (1999) [2].  

 𝜂′ =  𝜂 (1 + 𝑉𝜑) (Eq.2) 

For disc-sharped particles: 𝑉 =
𝐴

𝑡𝑎𝑛−1(𝐴)
  

Where A= Aspect ratio (ratio of diameter (D) to thickness (t)) 

 

If % weight of fillers is constant, total volume fraction should be the same before and 

after mixing in case of fillers themselves are the same shapes and structure before and 

after mixing. However, in case of layered silicate nanofillers which are containing 2-10 

sheets per gallery, the structures of nanofiller are not the same. Before mixing, 

nanofiller pack together as clay galleries. However, after mixing, nanofiller disperse 

randomly in the matrix as exfoliated structure. The effect of volume fraction on the 

viscosity behaves as having occupied the volume equal to that which would have been 

occupied (Fig.1). Therefore, exfoliated clay structure would be occupied volume much 

more than conventional and intercalated clay structure (Fig.2).  
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Fig.1 The morphology of a polymer-clay nanocomposite showing the increase in the 

occupied volume fraction of the filler due to its asymmetric nature 

 

 

 

 

 

 

 

Fig.2 The morphology of polymer-clay nanocomposites in different clay structures. 

 

2. Prof. Wiwat: please explain why organoclay and epoxy matrix could prevent 

diffusion. 

Answer: Firstly, epoxy polymerization may occur with onium ions on clay layers, after 

that, reacts with initially amine organic agent and makes epoxy-network. They would 

obtain not only exfoliated clay structure in epoxy matrix but also, strong bonding 

Conventional Intercalated Exfoliated 

Occupied volume 
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between organoclay and epoxy network. Especially exfoliated clay structure could be 

fixed more into polymeric matrix and occupied volume pre platelet compared to the 

other structures. These phenomena could affect to decrease polymer mobility and lead 

to lower weight uptake of sulfuric acid. Therefore, anti-corrosion performance would be 

better. 

3. Prof. Otaguchi: flexural Strength, recommend at 60 min. Why?  

Answer: The mixing duration that was recommended was considered not only flexural 

strength but also flexural modulus to keep high performance of the nanocomposites.  

In case of flexural strength, it increased and kept stable from 60 to 240 mins mixing 

duration. In case of flexural modulus, it increased from 30 to 60 mins mixing duration, 

and decreased from 60 to 240 mins mixing duration. If considering to keep high both 

flexural strength and modulus, it would be at 60 mins.  

 

4. Prof. Yoshikawa: what parameter is the important parameter in case of industrial 

scale?  

Shear force from high speed mixing method is important. If so, the shear force should 

be considered instead of mixing speed, isn’t it?  

Answer: To scale up to industrial scale, shear force is one of the important mechanical 

parameters to achieve fully exfoliated clay structure of the nanocomposites. 

Nevertheless, chemical reaction from exfoliators is noticeably one of the main keys for 

synthesis fully exfoliated clay structure of the nanocomposites too. As mentioned on 

Chapter 2, if it applied only mechanical, the fully exfoliated clay structure does not 

occur. It has to be applied combined mechanical and chemical methods.  
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Calculating shear force of recommended condition, D3+organoclay (after mixing) 

𝜏𝑦𝑥 = 𝜇
𝑑𝑣𝑥

𝑑𝑦
=

𝐹

𝐴
       

𝜇 = 4.377 𝑃𝑎・𝑠  

𝑑𝑣𝑥 = 24000 𝑟𝑝𝑚 𝑥 2𝜋(0.0075 𝑚) = 18.84 𝑚/𝑠 

𝑑𝑦 = 0.0025 𝑚  

𝐴 = 2𝜋(0.0075𝑚) = 0.0471 𝑚2  

 

So, shear force for recommended condition is about 1554 N 

 

5. Associate Prof. Mori: Alignment of clay is mixed using high speed mixing method.  

Would it affect to XRD results?   

Answer: It would not affect to XRD results because firstly, after mixing with high speed 

mixing homogenizer (step 1), it mixes with the vacuum mixer which mix without any 

direction for 10 minutes (step 2), and secondly, in this study, the clay loading is very 

low, 1 phr. If the clay loading is very high (more than 10 phr), the mixing direction 

could affect to alignment of clay. So there is no direction of clay alignment in the 

nanocomposites for these experimental conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Stoichiometric 

Mixing and degasing 

process 

10 min at room temp 

 

Curing Agent  

 

Casting 

 

Curing 

80°C for 6 hours and 110°C for 12 

hours 

Pre-mixing process 

high speed mixing 15 

min+ultrasonic 

application 15 min x 4 

times 

epoxy reactive dilute  

or amine curing agent 

Organocaly 

Bisphonal type A 

Epoxy (R140) 

 Step 1 
Step 2 
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Fig. 4 Preparation procedure of epoxy/organoclay nanocomposites 

6. Prof. Shioya: weight change is fickian diffusion but phenomena from EDS are  

non-fickian diffusion. Why? 

Answer: If considering the results in details, % mass change penetration profiles obey to 

non-fickian as shown in Fig. 5 [3]. (However, in this study, % weight change data 

roughly plot to consider the tendency only.) Sulfuric ion from the acid solution increases 

the same to specific gravity. However, sulfur penetration depth is proportional to square 

root of time. Non-fickian behavior took place in this study because it occured not only 

diffusion but also chemical reaction between sulfuric ions and polymer chain which 

produced the salt. As these phenomena, the penetration of the solution has to penetrate 

thought the new path of sulfuric salt too.    

 

 

 

   

 

 

 

Fig. 5 Weight change of EP1 (Bisphenol A) 

7. Prof. Yoshikawa: what is the condition of “hand mixing” for this experiment? 

Answer: Hand mixing condition was 60 times per minute. Experimental mixing in 
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details, the clay suspension was mixed 15 minutes continuously, after that put it in the 

ultrasonic bath 15 minutes. And keep doing these mixing conditions for 4 time or equal 

60 minutes.  

 

8. Prof. Mori: Chapter 3 and 4, are experimental conditions the same? Especially, data 

for before mixing condition. 

Answer: It is the same experimental conditions and I have added more data of 

“sample+clay (before mixing)” in Chapter 3 as following: 
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Table 1 Viscosities of samples 

Sample Viscosity [Pa・s] % Change of 

viscosity base 

on neat sample 

% Change of 

viscosity base on 

sample before 

mixing 

Neat resin 12.82   

resin+clay (before 

mixing) 
19.93 55.41  

resin+clay (after mixing) 22.36 74.40 12.22 

E1 0.01   

E1+clay (before mixing) 0.03 222.02  

E1+clay (after mixing) 0.61 7305.32 2199.61 

E2 0.03   

E2+clay (before mixing) 0.07 106.07  

E2+clay (after mixing) 0.24 590.75 235.20 

E3 0.02   

E3+clay (before mixing) 0.05 116.42  

E3+clay (after mixing) 0.20 748.99 292.28 

D1 0.05   

D1+clay (before mixing) 0.11 135.33  

D1+clay (after mixing) 0.07 47.90 -37.16 

D2 0.39   

D2+clay (before mixing) 0.80 103.78  

D2+clay (after mixing) 4.38 1010.69 445.04 
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