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The influence of charge heterogeneity in nanoparticles such as montmorillonite 

layered silicates (MLS) and hybrid systems of MLS + carbon nanotubes was 

investigated in cured and uncured epoxy. Epoxy nanocomposites made with cation-

exchanged montmorillonite clay were found to form agglomerates near a critical 

concentration. Using differential scanning calorimetry it was determined that the mixing 

temperature of the epoxy + MLS mixture prior to the addition of the curing agent 

critically influenced the formation of the agglomerate. Cured epoxy samples showed 

evidence of the agglomerate being residual charge driven by maxima and minima in the 

concentration profiles of thermal conductivity and dielectric permittivity respectively. A 

hybrid nanocomposite of MLS and aniline functionalized multi walled nanotubes 

indicated no agglomerates. The influence of environmentally and process driven 

properties on the nanocomposites was investigated by examination of moisture, 

ultrasound, microwaves and mechanical fatigue on the properties of the hybrid systems. 

The results point to the importance of charge screening by adsorbed or reacted water 

and on nanoparticulates. 
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WISDOM OF SOCRATES  
 

  Based on Plato’s Apology, by Peter Robert Butzloff 
 

I’m better off than he or she 
who self-convinces what they see. 
It’s nothing really they would show 

but they’re the first to know, they know. 
 

I neither know, 
nor think I know, 

yet it seems to this degree 
the slight advantage goes to me. 

 
For most I say, of their intent 

in what they’d rather complement: 
Lesser is their poetry, 

when they themselves are key. 
 

But then I knew 
the poet’s view. 

The sort of genius they inspire 
is in the vision they desire.  

 
The finest things that they recite 

understands of little right. 
Not by wisdom do they write. 

Not in meaning are they bright. 
 

I further saw 
the poet’s flaw: 

Upon the knowledge of the rhyme 
they felt their expertise could climb. 

 
Into things they were not wise 
they advised and vocalized, 

believing on the strength of word 
themselves the wisest they had heard. 
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So then I left 

the rhythmically deft. 
Superior to their decree, 
I thought myself to be.  

 
I went to see the engineers 
to hope my vision clears. 

They’d reason with their intellect 
by knowledge I could reconnect. 

 
To no surprise 

they made me wise 
in many things I did not know,  

yet one conceit they too did show. 
 

Their work was neat 
but their deceit 

was thinking knowledge carried 
to other matters high and varied. 

 
These artisans 

or partisans 
found themselves in error known 
by overshadowed wisdom blown. 

 
So ask of me, 

who should I be? 
Should I stay just as I am, 
without a rhyme or ram? 

 
Or should I hoard 

some forged accord 
of ignorance disguised 

and knowledge but surmised? 
 

The answer lay 
in God and glade: 

The wisest of mankind will find  
their wisdom is the worthless kind.   

 
And so I know 
to let you go: 

If you are wise, then question how. 
If you are not, then find out now. 
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CHAPTER 1  

OVERVIEW 

The nature of clay and origin of charges in clay colloids arises from 

impurities. Those impurities act to balance charge with ions incorporated into its 

structure. Another colloidal particle of similar charge, carbon nanotubes, is 

introduced for the purpose of comparison and contrasting ability to disperse and 

reinforce epoxy. Colloidal particles can form network structures in water that are 

gel-like states. The purpose of adding such structures to polymer is to create 

reinforcing linkages that can be “frozen in” as additional scaffolding during the 

curing reaction to improve mechanical properties with relatively little cost in 

additional materials, or change in processing conditions. 

Epoxy was selected as an inexpensive and important polymeric 

engineering material that may benefit from better structural properties in the form 

of inexpensive or low concentration reinforcement nanocomposites. Epoxy is an 

excellent dielectric polymer that would act to maintain the stability of charges 

required to maintain a stable colloidal suspension. Moreover, epoxy is a non-

crystalline solid. This allows some insight to the nature of improvement to 

molecular scale reinforcement without interference by crystalline polymeric 

reinforcement that could obscure effects due to the addition of nanoparticles.  

At the nanometer scale, the octadecylammonium salt of montmorillonite 

layered silicates (MLS) show three different phases or dispersion states when 
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introduced into host polymer matrices: an absence of change in layer separation 

termed an immiscible composite, a separation of layers and the absence of 

through the thickness repeat structures termed an exfoliated structure, and a 

separation of layers with retention of a through thickness state of order termed an 

intercalated structure. 

The existence of a critical concentration of MLS in epoxies was found that 

is similar to the critical micelle concentrations in surfactant systems. The critical 

concentration is the point where a dispersed additive becomes sufficiently close 

to most other dispersed particles that many are touching in a continuous path 

through the base material. The influence of MLS concentration on the reaction of 

epoxy as a function of concentration was worked out by several material property 

measurements. Heat evolution during the chemical reaction, dynamic mechanical 

analysis, thermal conducivity, and dielectric analysis were required to reveal the 

significance of anomalous behavior typical at a critical concentration. X-ray tests 

that explained how the MLS additive swelled prior to being dispersed into the 

polymer.    

Mixed phases can result in inhomogeneous properties that may limit 

molecular scale reinforcement. An understanding of how to prevent partial or 

total aggregation was important to maintain MLS dispersion in epoxy during 

curing.  An understanding of epoxy interactions with the surface of the 

reinforcement shows a general way that polymer nanocomposite performance 

might be improved.  
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CHAPTER 2 

THE NATURE OF MLS AND NANOTUBE COLLOIDS 

2.1  Introduction 

Phyllosilicates are clay minerals that cleave most easilyin planar or basal 

sheets. Each internal sheet or platelet is composed of tetrahedral silicate (SiO4
4-) 

next to either octahedral aluminum (Al+3) or octahedral silicon (Si+4) cations. 

Adjacent oxygen atoms form relatively weak bonds externally to the facing 

layers. Each internal layer is composed of either octahedral or tetrahedral unit 

cells. Equal numbers of tetrahedral and octahedral unit cells of  (SiO4
4-) : ( Al+3) 

are referred to by their ratio as the 1 : 1 layered structure.  The association of 

(SiO4
4-) : (Al+3) : (SiO4

4-) provides the structural  2 : 1 ratio due to twice the 

number of tetrahedral to octahedral unit cells.  

The central cationic atoms in a tetrahedral unit cell are coordinated to 4 

oxygen atoms. Oxygen atoms have a size of 0.135-nm. They form strong ionic 

bonds inside the mineral layer during the growth of the silicate.  Only 3 oxygen 

atoms are chemically shared between atoms outside of the tetrahedron. This 

packing is favored when the ratio of the radius of oxygen to cation ranges 

between 1 : 0.255 and 1 : 0.414.  

The cation inside each oxygen tetrahedron or octahedron is essentially 

immobile at room temperature because it almost exactly fills the available spaces 
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between the hexagonal close-packed oxygen lattices. The most common cations 

are silicon with a radius of 0.040-nm and aluminum with 0.055-nm. Because 

these cations fit tightly into the spaces between the oxygen anions, they are 

protected against migration by packing, size, and the high ionic bond strength 

due to the high number of charges on each atom. Internal cations are therefore 

not replaced by weathering or ion transport. 

The most commonly found element at the center of the tetrahedral 

structure is silicon, which falls near the middle of the oxygen : cation radius ratio 

range at 1 : 0.30. This intermediate value allows tolerance for a few internal 

tetrahedral sites to be substituted by cationic impurities of different radius ratios 

and fewer unit charges during the crystal formation. These substitutions are 

sufficiently infrequent to permit continuity of the overall crystal structure. One 

common impurity in the tetrahedral layer is iron in the form Fe+2. 

The octahedral unit cell maintains 6 nearest neighbor oxygen atoms to the 

central cation. Each octahedral oxygen atom is shared with a neighboring cation 

outside of that cell. The octahedral unit cell has a characteristic radius ratio 

between 1 : 0.414 and 1 : 0.732. Aluminum is the most common impurity element 

in octahedral clay layers. This cation has a radius ratio of 1 : 0.41. Aluminum is 

somewhat larger than silicon, and has one fewer positive charge, yet the overall 

octahedral crystal structure maintains a 6-fold coordinated nearest-neighbor 

environment of oxygen atoms around this impurity cation.  
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If few of the internal cations are substituted with impurity atoms, then the 

overall crystal structure of the mineral is preserved. This type of atomic 

substitution is called isomorphism, for maintenance of crystal form.  

2.2  The Origin of Charges in Clay 
 

The chemical identity and quantity of isomorphic substitution of the 

phyllosilicates categorize them as well as define their differences. The exact 

chemistries of each were tabulated by Volzone [1]. Examples of phyllosilicates 

with 1 : 1 layered structure are clay minerals kaolinite, which has no net charge 

or isomorphic substitution, as well as halloysite, lizardite, and chrysotile. In these 

minerals, the sides of adjacent octahedral and tetrahedral unit cells are bound to 

the next unit cell by a single monolayer of water. This water is so strongly 

hydrogen bonded on all sides that these minerals do not swell with exposure to 

excess water. 

The 2 : 1 phyllosilicates can be grouped into three arbitrary categories that 

relate to the nature of their isomorphic substitutions. In the first group, the 

permanently charged clay minerals pyrophyllite, and talc have no isomorphic 

substitutions and therefore do not wet, swell, or hydrogen bond with water.  

The second 2 : 1 phyllosilicate group consists of the micas.  Microscopic 

charge in mica originates primarily in the external tetrahedral layers where 

approximately one Al+3 is substituted for every fourth Si+4; this net negative 

charge imbalance at the surface is countered by a small diameter cation located 

outside and between the sheets. These clays swell very little due to strong inter-
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layer charge attraction that limits the space available between the layers. These 

minerals are minnesotaite, muscovite, biotite, margarite, clintonite, hectorite, and 

vermiculite.  

The third 2 : 1 phyllosilicate group consists of the smectic clays that are 

easily swelled by water. These minerals are montmorillonite (or bentonite), 

beidellite, and nontronite. Their clay structure has an unbalanced microscopic 

charge due to isomorphic substitution of cations in the internal octahedral layer. 

The internal charge imbalance is separated by a distance to the surface of the 

platelet through an intervening tetrahedral layer on either side of the central 

octahedral layer. In montmorillonite and nontronite clays, some of the internal 

Al+3 in the octahedral layer are substituted by impurity Mg+2 cations with a radius 

of 0.078-nm. This substitution provides an excess of electrons and thus a net 

negative charge under the surface of the platelet near the defect site. Large 

cations external to the platelet locate nearby to counter that net negative charge 

with positive charge. The counterions usually found in this type of natural mineral 

are weakly bonded Na+ or Ca+2. These cations rest between each mineral 

surface layer. The cations experience reduced attractive force toward the 

adjacent platelet due to the increase of distance between unlike charges, which 

now must project their electric field force through the intervening tetrahedral 

layer. The presence of this tetrahedral layer creates weakly bonded layers in 

these minerals. Interlayer attractive forces that are already weakened by distance 

allow further expansion of the spaces, or galleries, between them. Mobile 

counterions of large atomic radii may now enter and pack into those spaces.  
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All the phyllosilicates have a charge discontinuity at the edge of the 

platelet where the octahedral structure is incomplete. This produces an excess of 

anionic oxygen atoms at the edge of the platelet. This imbalance usually attracts 

cationic hydrogen counterions. Charge masking by hydrogen atoms is very 

sensitive to pH and ionic concentrations. The extent of edge layer charge 

exposure affects platelet and particle orientation, and will be discussed later.  

2.3  Smectite Layer Separability 

Local silicate charge imbalances tend to be diminished outside of the 

silicate layer when a negative isomorphic substitution in the central octahedral 

layer is located near a net positive isomorphic substitution in the outer tetrahedral 

layer. These nearby counter-charges are uncommon, leaving a significant 

number of ionic imperfections in the central layer with no locally balanced charge 

inside the layer structure. The cation exchange capacity (CEC) is defined as the 

number of unbalanced internal charges per unit mass which are externally 

accessible to bulk substitution by mobile ions of opposite charge. This 

quantification is used to determine the extent of ion exchange possible with 

alternate gallery cations.  More charge per unit mass means more attractive ionic 

bonds may form between adjacent silicate layers.  The CEC therefore aids in 

understanding the ability of clay minerals to overcome interlayer attractive force 

to produce swelling due to guest atoms or molecules.  

Bulk charge in the octadecylammonium salt of montmorillonite layered 

silicates (MLS) can also be expressed as the number of charges per unit area, 

rather than the unit mass, of the layers. In this expression, the local thickness of 
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a platelet per unit charge is assumed constant due to the uniformity of the three 

layer structure. If the CEC is very high, then the number of interposing counter 

ions holding these platelets together by electrostatic attraction may be too great 

to be overcome by liquid capillary forces. This is one reason some types of clay 

with similar structures but less internal impurity ions swell more easily with water 

than others with the same basic structure. Layers that contain little or no impurity 

cations in the central octahedral layer require fewer or no counter-ions adjacent 

to them to balance their charge. Deminished attraction between layers allows 

easier layer separation by swelling, but some impurities are required to attract 

small molecules or ions into the spaces between layers.  

Natural clay silicate layers may have microscopically different chemistries 

among adjacent layers, or even along the same layer of a large enough crystal. 

The impurity ion distribution will depend on the rate of cooling and the 

concentration of impurities present or depleted during the crystal growth of the 

mineral when it was first formed. The CEC is a bulk measure that does not 

quantify the extent of microscopic variations. Local regions of MLS may obtain 

more cations than nearby purer and more charge-balanced portions of the crystal 

layer with less internal impurities requiring balance. Interestingly, this may be one 

reason that microscopic swelling between layers can be non-uniform. 

In summary, the partly expanded layered structure is called an 

intercalated structure. The mobile ions that are sandwiched between them are 

known as intercalants. The spaces between layers where intercalated ions reside 

are called galleries. Charge density (charge per unit volume) is reduced between 
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silicate layers when attractive forces are minimized with distance. Decreased 

ionic bonding strength between silicate layers of constant structure is therefore 

realized when intercalant ions are exchanged with atoms of larger ionic radius. 

The ability to separate layers is increased when the formal charge on intercalants 

of otherwise similar size is minimized to +1 because this exchange minimizes the 

intercalant charge density. Fewer charge-imbalanced impurities per crystal layer 

results in a reduction in the overall clay charge density. Some charge imbalance 

is required to make the surface wet and attractive to polar molecules that need to 

enter between layers. The best water swelling of clays is met by a 2 : 1 smectite 

clay structure typical of the montmorillonite layered silicates. This clay has an 

intermediate CEC.  

2.4  Sedimentation and Flocculation 

Over time, or at sufficiently elevated temperature, some sufficiently 

energetic random collisions between like-charged particles enter a region of 

short-range attractive forces that begin to dominate over electrostatic repulsive 

forces that normally act at a distance. Under some conditions, close association 

may be preserved under relatively static conditions. Under others, some of the 

particles may be able to separate again, depending very much on the interaction 

between the environment and the charge screening characteristics of the 

continuous phase.  

In those cases where the association of adjacent discrete particles is 

reversible, this carries the name flocculation to distinguish it from attraction and 

growth of the same particle such as in crystal growth. Changes in the 
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environment can cause flocs associated with large groups or clusters of particles 

to remain close at times, yet also favor separation and dispersion. In a limited 

analogy accompanied by a minor change in spelling, local wind or grazing 

conditions may favor the adoption of greater distance between flocks of animals 

when it is desirable to avoid collision with a neighbor, or to ensure a territory 

separate from a neighbor’s food source. Familiar images implied by this kind of 

flock can help to conceive of an inanimate collection of microscopic particles in a 

fluid with a similar spatial association. Flocculation of particles must therefore be 

thought of as a dynamic process where the equilibrium between charge and 

morphology may be altered by changes in the environment.  

Flocs are an incomplete form of sedimentation where local associations of 

particles are preserved in the continuous phase and may retain a good 

distribution without collecting at the bottom of a container. Flocculation is different 

from sedimentation in that the latter is the end result of the process. In sediments 

most particles heavier than the fluid have arrived in heterogeneous form at the 

bottom. The term flocculation should be used where possible to describe the 

special case of reversible aggregation without a change of state. Flocculation is a 

type of aggregation that should not be confused with aggregates of a permanent 

nature, or a change of phase. 

If the CEC on the dispersed particles is low, then the number of charges 

on these particles may be insufficient to keep them in suspension due to mutual 

electrostatic repulsion, and a stable dispersion will not result. Electrostatic charge 
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on the dispersed phase is required to stabilize or delay sedimentation as long as 

possible. Three other methods are also known to help stabilize a suspension [2]:  

• Addition of a thixotrope (such as polymer) to increase viscosity 

• Change in solvent or fluid permittivity (dopants, alternate 

continuous phase) 

• Change in pH to shift the number of like-charged ions 

In the first case, greater viscosity helps slow the particles and delay 

collisions which may result in irreversible attration between them. In the second 

case, a factor related to permittivity that contributes to dispersion stabilization is 

the size of the counter-ion (dopant) per unit charge, as this is one more way to 

help distribute charges over space. In the latter case the mechanism of 

stabilization for montmorillonite clay is to avoid edge-face interaction due to 

opposite charge formation. This happens at the aqueous zero-point or charge 

neutrality for natural montmorillonite clay. It can be found over that range of pH 

where the distribution of charge is the same at the edge of the platelet as at the 

face of a platelet.  

In aqueous ion-exchanged clay systems, the presence of electrolytes 

(salts) at high ionic concentration reduces colloidal particle stability, causing 

aggregation [3]. At low ionic strength particle size becomes the most important 

contribution to stability. Large particles are more stable than smaller ones at 

equivalent concentrations. The reason for this is the reduced collision frequency 

for large particles compared with small ones.  
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The increase of distance (or effective distance due to interposed dielectric 

media) between large charged colloidal particles enhances their coulombic 

stability as an inverse square of that distance. This is the essence of the rationale 

behind the effect of charge on the electrostatic stability of colloids against 

flocculation or sedimentation.  

2.5  Clay Swelling 

Clay swelling by water happens in two stages at room temperature. This 

knowledge is based on mechanical [4] and X-ray [5] studies of concentrated and 

compacted clays, where each stage develops with a different rate dependency. 

This suggests two separate mechanisms for clay swelling: interstitial particle 

filling, which proceeds rapidly, and a slower inter-gallery filling (intercalation) to 

about 4 water molecules in separation between layers as shown by d1 in Figure 

2.1. Exfoliation is a sufficiently large distortion of already intercalated clay so that 

individual platelets repel each other to a greater distance as indicated by d2. 
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FIGURE 2.1  Water intercalation of natural clay. 

The use of MLS in organic polymers requires that the clay be pre-treated 

with an intermediate coating to render it more organophylic. The ion-exchanged 

clay in this study is an alkyl ammonium surfactant with the positively charged 

ionic amine end favorably close to the negative charges in the platelet. The 

organophylic end is a carboxylic acid that tends to be repulsed from the 

negatively charged platelet at low pH when a proton becomes absent from it. The 

ion exchange is often in begun in water at low pH to favor the edge-face 

orientation to improve reagent access to the particle surfaces.  

Traditionally, addition of ionic salts have been used to cause natural clay 

agglomerates to increase in size, or flocculate due to the common ion effect and 

charge screening in polar solvents [6]. Aggregate formation of alklyammonium 

montmorillonites dispersed between polar and non-polar solvents were reported 
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by V. Morauru [7], who also described the effect of aromatic solvents in their role 

to encourage the formation of linked or ‚peptized’ structures that in some cases 

can extend in a network form a gel. The peptization mechanism according to 

Moraru was the result of an induced dipole on the delocalized organic solvents. 

Thus the concept of a short range induced polarization hypothesis is indeed not 

new. The way that gels stabilize clay colloid suspensions are of special interest in 

this regard.  

The general understanding of how agglomerates of nanometer scale 

particles form owes much to the historical analysis of the transition from a non-

ionic to an ionic micelle in surfactant-mediated systems, as was clarified in terms 

of the coulomb potential [8] in work that was extended by Manohar and Kelkar 

[9]. Their understanding of how micelles are destabilized also explains how 

colloidal suspensions may be destabilized. The addition of a conductive salt 

destroys long-range coulomb potentials, resulting in particle flocculation for the 

same reasons that aqueous emulsions are destabilized. Charging behavior is 

thought to be universal among rod-like micelles in the absence of flocculating 

salts [10].  

It is this understanding that gives tantalizing clues as to how the coulomb 

potential might be better localized in space by solid charged particles to 

manipulate the system components and thereby gain better control of their 

interaction. Electrostatic stabilization of colloids with different functionality in the 

presence of an electrolyte have shown that electrostatic and steric repulsion 

energies may in fact depend on each other in unexpected ways [11]. Some of the 
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geometric and structural relations to electronic and optical properties are 

explained the work of Gong and Marr [12]. 

The pH environment shifts the distribution of charges on clay particles for 

naturally occurring alkaline earth intercalated bentonite clays [13,14]. A high pH 

causes them to exhibit time dependent increase in viscosity (thixotropy). This is 

due to a random platelet geometry combined with entrapped water volumes 

when particle interactions are greater than or equal to the critical micelle 

concentration (CMC) [15]. The addition of salt reduces the CMC and allows 

network structures to form. The quantity of salt required for this depends on the 

net negative charge of the native clay [16,17]. 

Liquid surfactants bound to cations in water are typically used to modify 

aqueous bentonite clay media to enhance thixotropism (24) by ionic bridging 

between cations in the water and (+) charged edges of the clay particles; 

alcohols and salts tend to drop the CMC, and surfactants tend to raise the 

concentration of the CMC.  

Clay particles orient due to charge distribution even after the surface is 

ion-exchanged with a surfactant to render it hydrophobic. In this case, small 

molecules interact with terminal surfactant ions at the exterior of the organic 

bilayer (such as a carboxylate) to cause electrostatic changes to the charge 

distribution at the interior without direct ionic transfer of mass [18]. This effect is 

essentially storage of a charge or dielectric capacitance across an organophylic 

coating.  
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Trace amounts of organic pollutants may be removed from water in a 

normal-phase organo-clay separation mechanism [19]. The use of surfactant 

together with clay enhances the removal of polymer from water [20] by facilitating 

coagulation due to hydrophobic interactions. The significance of organic ion 

exchange treatment of montmorillonite clay is to increase their ability to attract 

small amounts of organic compounds dispersed in water without contaminating 

the water with liquid surfactant, since the exchange reaction binds the surfactant 

to the clay surface. 

Organnophillic ion-exchanged MLS can be intercalated by some types of 

polymers but not others with very similar polymer structure or size. This 

continues to defy a complete understanding in spite of extensive reviews on this 

topic [21, 22, 23] because the physical, entropic, and chemical forces of polymer 

molecules interact with clay particle geometry and charge distributions in 

unexpected ways.  

Repulsive charge is the mechanism that stabilizes all colloids independent 

of the continuous, or majority phase. The effect of pH in aqueous systems is to 

cause surface ions already present on the platelet to organize differently. The 

mechanism of stabilization is to alter the accessibility or exposure of edge 

charges between adjacent platelets. The platelet face charge transitions from 

relatively positive to relatively negative compared to the edge charge depending 

on the CEC, and on the availability of charged counter-ions, as illustrated by 

Largely and Zimmer [24] in Figure 1.  
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At a low pH the parallel silicate layers of natural clay (sodium 

montmorillonite) transforms from smectic parallel layers to other orientations that 

are responsible for very different organization of large scale particle associations, 

or structures. The edge-edge platelet association is a favored configuration for 

high electric field strengths found at close particle approach and high clay 

concentrations. This structure minimizes the cross section of like electric fields 

from repulsive charges between each face.   

At low pH and low concentrations of clay, positively charged hydronium 

ions collect at the silicate platelet edges. This causes the edges to attract 

towards negatively charged faces of the clay to form into a non-parallel face-to-

edge orientation so that the clay particles flocculate immediately due to unlike 

charge attraction [25]. The change in electric field orientation is analogous to 

what happens when two like poles of adjacent magnets repel each other to 

reduce the cross section of like magnetic field lines between them, but attract 

when unlike poles locate each other.  

Clay mobility at low pH can be used to separate medium charge clay such 

as montmorillonite from high or low charged clays which do not swell or disperse 

well in water. Edge-face clay structures formed at low pH in aqueous clay 

systems are evaluated in terms of clay ionic strength by measuring the particle 

mobility [26]. 
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FIGURE 2.2        Effect of CEC, pH, salts, and concentration. 

 

Reaction by ion-exchange is able to alter clay surfaces from a chemical 

affinity (or wetting) by polar solvents such as water, to favor wetting with organic 

solvents or polymers such as epoxy. Low pH also provides the mechanism to 

displace alkali-earths in the natural clay mineral so that the exchange with an 

alternative, organophylic cation may proceed at a high pH. Organic affinity also 

acts to slow down the aggregation and subsequent sedimentation of adjacent 

clay particles by keeping a dielectric layer of organic molecules between adjacent 

particles.  The completeness of the pre-treatment exchange with surfactant 
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therefore affects both particle dispersion stability as well as intercalation with 

organic fluids [27].  

Ion exchange by counter-ions in the gallery is stericly limited by the length 

of the exchange cation that can fit into the gallery regions, however the chain 

length must still be long enough to permit later extension between the silicates in 

order to reduce their attractive interaction. In addition, the Van der Waals effects 

between these counter-ions allow for cooperative chain extension. This 

cooperative extension then favors the transition to an increased space between 

the layers. Electrostatic repulsion between MLS platelets at full counter-ion 

extension can provide sufficient a space-charge separation [24, 28] to stabilize 

the expanded regions between layers. 

The distribution of the charges on the particles partly determines the 

amount of surfactant molecules that may be exchanged onto the particle. Just as 

with natural clays, too high a CEC may attract adjacent platelets too strongly to 

permit easy introduction of intercalants. This is because too many exchanged 

ions may not allow room for other molecules to pass alongside them to help 

separate the silicate layers in the presence of organic fluids or polymers [29]. If 

the attraction of the ion-exchanged molecules causes them to lie flat on the MLS 

surface, too much energy may be required for them to reconfigure into a 

columnar or pillar-like orientation. Pillar-like orientations of the exchanged 

molecules increase the distance between adjacent platelets to allow the entry of 

guest molecules.  
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2.6  Interaction Energies 

The total energy of interaction between atoms is a sum of the bonding and 

the non-bonding forces between them. Bonding forces are mostly electron 

sharing in nature, and are composed of tensional, stretching, and angular 

deformations that happen at close range. The closest atomic bonds are therefore 

also the strongest ones, and are especially characteristic of covalent materials. 

Statically induced dipole potentials, known as Van-der-Waals forces, are 

attractive in nature, and tend happen especially among charge-balanced 

covalent materials. Where bonding forces can be mostly neglected as a 

contribution over nanometer scales of separation between clay colloids (6), 

electric (coulombic) charges between them play a more important role:  

Equation 2.1 
 
            VWCoulombicBondingTotal EEEE ++=  

 The electrostatic energy between any two charged particles is attractive or 

negative when either particle has opposite charge, and repulsive when they have 

the same charge, as given by the Coulomb equation:coulombic Eenerg 

Equation 2.2   
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Where 

 ε0  =   permittivity of free space, 8.8542×10-12 F m-1 

 Q  =   unit or formal charges on one particle 

 r  =   distance separating the particles, m-1 

 e =   charge of one electron, 1.60218×10-19 C 
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 i, j =   subscripts denoting the identity of the particles 

 

Although coulombic forces operate over long distances and do not require 

that a chemical bond exist to exert a force field, ionic materials are typically held 

together mostly by coulombic charge. In ionic crystals, a minimum energy is 

achieved by atoms in proximity when unlike charges equilibrate near the depth of 

their “energy well” in an energy versus position diagram. 

The short range, or induced dipole contribution to atomic interaction 

energy is expressed by a dispersion relation, which means those forces that may 

act to disperse or drive apart particles that might otherwise continue to approach 

one another until their unlike charges were annihilated. The following London 

dispersion relation is often used to model non-directional repulsive forces 

between particles: Van-dey 
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Where 

R  =  Ionic radius or half the Van der Waals diameter of a particle. 

rij  =  Radial distance away from an atom or molecule at a                                   

reference lattice site. 

Do   = Empirical parameter for the depth of the potential energy 

well. 

The 12-power term is a molecular shape dependent repulsive force 

related to melting due to lattice packing. It is called the Born repulsion term, and 
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its origin is the repulsion of the electron clouds in two molecules or atoms that do 

not form a covalent bond on close approach.  The 6-power term is a free energy 

attractive force related to boiling. This attractive force increases as molecular or 

atomic separation increases. At infinite separation the sum of both terms is the 

Gibbs free energy of repulsion and the Gibbs free energy of attraction, 

respectively.  This Van der Waals sum is also known as the London Dispersion 

relation, or the Lennard Jones 6-12 potential, where the latter is often 

abbreviated with a subscript of LP.  

The London dispersion relation is the most commonly used description of 

short-range electrostatic forces among atoms or particles, where all electron 

densities can be considered isotropic around a point source. It focuses on 

separations that are on the order of 1 nm, where the ionic radius reflects the size 

of the particle during a collision over distances shorter than the equilibrium 

distance between particles.  

Molecular orientation affects the Van der Waals term. Anything that affects 

the conformation of the polymer, also results in a change in the Van Der Waals 

interaction. This becomes more significant for the case of larger molecules. This 

effect is especially significant for large molecules bonded to solid surfaces, where 

the sum Van Der Waals energies can be quite anisotropic. This is because the 

electron densities may vary significantly for atoms in the molecule according to 

their distance from a bonded substrate.    

A transition from the Van Der Waals expression for point sources to large 

scale surface interactions over large numbers of molecules is required to 
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understand what happens on scales greater than 100 nanometers. Moreover, the 

attraction between groups of charged particles that are not in a vacuum also 

changes the Van der Waals attraction due to the interposition of other types of 

molecules. One way to achieve this transition to large scale contributions from 

the point source equation is to integrate the contribution of many molecules and 

many points over representative volumes of the collective aggregate shape. The 

simplest models perform that integration with respect to spheres, however other 

symmetrical shapes are also modeled. On most scales the attractive term is the 

dominating one.  

The numerator of the free energy attraction is the Hamaker constant. This 

constant is a geometry dependent measure of the energy of interaction between 

two particles or groups of particles, or some combination of particles and 

surfaces.  It has a value of about 2.2 x10-20 Joules for mica [6]. The denominator 

of this term was derived by Hamaker for infinitely separated (but parallel) planar 

charged surfaces in a vacuum to have the value 12пH2, where H is the distance 

of separation. The complete Hamaker expression for the change in Gibbs 

attractive force per unit area of two surfaces was simplified by ignoring the small 

contribution of the higher power terms r-12 in Equation 2.3, and integrating the 

sum of the localized molecular pair interactions given by the r-6 terms, to yield: 

Equation 2.4 2attractive H12
AG
π
−

=∆  

One important assumption made by Hamaker was the complete 

localization of molecular dipoles, as holds for dielectric insulators with high 
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resistance to electronic transport. This is the assumption used for all electrostatic 

theory for 50 years, however there is still very much conjecture regarding this first 

step, so some mention will be discussed later be about an important alternative 

historical viewpoint and why it was not previously considered significant.   

The general expression which describes the critical concentration at or 

above which coagulation starts is when the total change in the Gibbs energy 

reaches zero, and the attractive and repulsive terms balance, as shown by 

Equation 2.5. The repulsive term in the free energy expression is due to the 

approach of like-charged electron clouds. The non-bonding or repulsive forces 

that are not electron sharing in nature happen at long range for electrostatic 

potentials, or at extremely short ranges (less than 0.1-nm) due to the mutual 

repulsion of like-charged electron clouds. The last steric term is the free energy 

change due to the effects of groups of atoms that limit free motion between 

molecules so they do not pack perfectly because they in posses a volume that is 

not zero.  

Equation 2.5                     stericrepulsiveattractiveTotal GGGG ∆+∆+∆−=∆  

 A correction factor is often used that operates on the Hamaker constant 

to account for the dielectric permittivity of intervening atoms or particles that 

partially screen groups of charges in from those charges originating between 

charged particles. This correction provides the effective van der Waals forces 

acting on particle in a medium other than vacuum. It is determined as the sum of 

the difference of the squares of the Hamaker constants for each medium and 

particle [30].  The effective Hamaker constant may be thought of as a permittivity 
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correction factor for the continuous phase, and will change according to the 

nature of the solvent or fluid used as the continuous phase, according to:  

Equation 2.6 2
1

2
2eff )A()A(A −=  

A complicating factor exists for solid particle dispersions, since their 

shapes, surface area, and behavior in an electric field may vary. Interactions 

between different types of particles on a microscopic scale may affect their bulk 

behavior  in a mixed colloid. These differences are addressed below for MLS 

particles, and after this for nanotube particles. 

Natural mineral montmorillonites contain exchangeable ions that are 

adjacent to their planar surfaces. A repulsive term due to the radius and valence 

of the counter-ion between these layers is part of the Gibbs expression for these 

colloids. The coulombic contribution is spatial, or steric in nature, and is similar in 

concept to the charge effects between the plates of a capacitor. Unlike the plates 

of a capacitor, however, the distribution of surface charge normal to the silicate 

surface can be affected by the nature of the solvent and the number of screening 

charges. Solvent may partially screen charge from adjacent plates by masking 

the electric field due to the presence of their own local counter-charges in the 

form of a dipole moment on the molecule.  

Charge distribution in space may also alter the distribution of the 

dispersed phase on a microscopic scale, which may then affect the collective 

behavior of the mixture at the interfaces between phases and particles. The 

combined attractive and repulsive contributions to the stability of suspended 
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particles or colloids involve the double-layer forces. The theory of charged layers 

on dispersed phases was developed by Derajaguin, Landau, Verway, and 

Overbeck. The equation that describes this interaction is known by an 

abbreviation of the author’s names as the DLVO equation. The application of this 

theory is a way to calculate the critical aggregation concentration where a 

sufficient number of particles may touch, or percolate, to form hydrogen bonds 

that result in attraction and condensation or sedimentation of the dispersed 

phase.  

The variable thickness of the double-charged structure around the 

dispersed phase is known as the “electric double-layer”, or EDL. If the dispersed 

phase regions are able to approach each other too closely, this increases the 

likelihood that they will become attracted to each other sufficiently to allow 

sedimentation. This is true for any shape of solid or liquid dispersed phase.  

The effective double-layer repulsion thickness given by κ, the reciprocal of 

the Debye length, in units of 1/meters. This κ originates from the concentration of 

the ions in the symmetrically distributed thickness of the EDL. These ions are 

treated as a sum of concentrated point sources in space:  
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2
1

2
ii

2
i

0

zce
kT1

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Σ

=
εε

κ
 

Where z is the charge on an ion, εo is the vacuum permittivity of free space, ε is 

the permittivity of the medium, e is the charge on an electron, k is the Boltzmann 

constant, and c is the average unit concentration, and T is temperature in 

degrees Kelvin. 
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 The DVLO expression for two dimensional particles is given by: 
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Where c0  is the bulk concentration of the electrolyte, not all of which may be in 

ionic or charged form. Both  

Equation 2.7 and  

Equation 2.8 assume a uniformly symmetrical κ under electrostatic conditions. 

The assumption of a symmetrical distribution of charge density is appropriate for 

liquid-liquid dispersions where the liquid can flow to take the shape of the forces 

that act on it. The relation of the Debye length is briefly considered for non-static 

systems and non-symmetrical conformations by Lyklema et al. [31] in the context 

of permittivity.  It is generally agreed that the DVLO theory is particularly suitable 

for symmetric systems, but very unsuitable to describe the behavior of 

anisotropic ones or even non-static ones. One anisotropic example cited as 

especially unsuitable is the aqueous suspension of untreated clays near acidic 

pH of 6.5 or lower. This was as discussed above as the regime where the edges 

of the platelets are charged differently than the faces away from the edges, 

thereby giving a local polarization to these particles. 

The polarization vector (P) is defined: 

Equation 2.9                   fexNP =  

Where e is the charge on an electron, x is the charge displacement along 

the direction of charge movement, and Nf is the fraction of electrons that are 
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displaced in a unit volume. Therefore P is the directional dipole moment per unit 

volume. 

But  

Equation 2.7 was used to determine the length of a symmetric charge 

distribution, using a dielectric constant of the medium that was assumed to be 

constant on microscopic scales.  This assumption can indeed be improved. To 

some extent, this improvement can even be tested, as will be shown in the 

following chapters.  

First, it will be helpful to recall how the dielectric constant ε for of a bulk 

material was calculated from polarization and electric field strength Ē:    

 

Equation 2.10 

               

             
E
P41 πε +=  

Substituting the expression for electronic charge polarization into this 

expression provides a local determination of the dielectric constant as follows in  

Equation 2.11  The imposed electric field acts on single nanometer scale 

particles, each with its own associated localized electric field.  

 

Equation 2.11 

               

           
E

exN41 fπε +=  

The vector distribution of electric lines of force for a local dielectric 

constant is illustrated in  Figure 2.3, similar to the general case demonstrated by 

Relster et al. [32]: 
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FIGURE 2.3   Microscopic clay electric field. 

The number of charges Nf in  

Equation 2.11 can be determined from the ion exchange capacity of the 

clay, and the displacement of the particle with its pendant charges (x) depends 

on platelet orientation and geometry. The most important contribution of (x) is not 

from the extent of the mobility of the headgroups as expressed for liquid 

surfactants within a purely plastic (deformable) liquid, but is from the movement 

of the substrate platelet on which these charges reside. 

The displacement in (x) follows initial consideration of the displacement for 

a small molecule. Equation 3.2 provided the quantitative maximum extension of 

the alkonium group of 1.672-nm in individual chain extension. The maximum 

immediate movement of the charged surfactant headgroups doubles based on 

interaction with another platelet of near approach. But even 3.4 nanometers is 
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not a great amount of polarization for the number of headgroups involved in a 1-

dimensional edge to face interaction. In MLS, the center of mass is effectively at 

the silicate particle and not in the pendant headgroup. Where the action of one 

headgroup has no significant displacement effect on the platelet displacement, 

this may not be true for the cooperative action of many headgroups in 2-

dimensional (face to face) interaction is summed.  

The bulk measure of the extent of exfoliation in colloidal silicates can be 

defined in terms of the relative permittivity of the mixture of particles dispered 

with the continuous medium, and n, the averaged number of charges per unit 

volume between all the silicate platelets [33], as 

Equation 2.12 
 

Where the term N is the number of charges per unit volume, and Nf is that 

fraction of charge between the silicate platelets. Microscopic particle size, 

orientation, inductive and capacitive coupling govern the behavior between 

particles of like charge.  

2.7  Carbon Nanotube Colliods  

Carbon nanotubes of either single or multiple layered wall structures have 

attracted attention due to their potential ability to transfer load in nanocomposites 

[34]. Each of the two major classes of carbon nanotube were discovered by 

Sumio Iijima [35], beginning with the multi-walled carbon nanotube in 1991. 

Carbon nanotubes are considered to be both a polymer (polymerized carbon) 

and a rod-shaped particle. The addition of carbon nanotubes or carbon black [36] 
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to epoxy without surfactants has revealed unusual concentration dependent 

percolation effects [37, 38] due to the formation of agglomerates. This is primarily 

due to attractive Van der Waals forces that act along parallel lengths of 

nanotubes. As with other nanoparticles, nanotube suspensions have been 

stabilized by the use of surfactant [39]. Suspensions were stabilized slightly 

above the critical micelle concentration (CMC) [40] where surfactant dispersed 

carbon nanotubes have been oriented in shear in a constrained fluid flow without 

agglomeration [41].  

The diameter of multi-walled carbon nanotubes (MWCNT) ranges from 

about 5 to 50-nm.MWCNT are not usually associated with each other along their 

lengths, and can be observed by scanning electron microscopy (SEM). The 

diameter of individual tubes of single-walled carbon nanotubes (SWCNT) ranges 

from about 1.5–nm to about 10-nm. All carbon nanotubes may contain 

imperfections that can make them curved or wavy, change their diameter, degree 

of twist (chirality), or bifurcate into “Y” shapes. 

Individual SWCNT tubes are not seen by SEM, but this type is usually in 

the cabled or roped state of about 5 or 6 and sometimes more parallel tubes. The 

parallel ropes remain aligned due to Van der Waals attraction that bonds these 

structures along their length in one dimension. These ropes are large enough to 

be seen by SEM. Much larger associations are possible for short regions along 

their length. The parallel association for SWCNT is the one-dimensional analog 

to ionic tactoid structure in two dimensions formed by MLS. Both SWCNT rope 
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diameters, as well as individual MWCNT are comparable to the dimension of the 

gallery height in MLS. 

Nanotubes are either semiconducting or conducting along their length 

depending on their chirality, or degree of twist along the cylindrical axis of the 

tube. Half of naturally formed nanotubes are of the conductive variety. The 

practical limit of conductivity in a carbon nanotube is essentially limited by the 

continuity of the nanotube. In all cases, the external layer of the nanotube 

determines the nature of the conductivity of electrons along their length. The 

aspect ratio of as much as 1:1000 for single walled carbon nanotubes make them 

ideal candidates to study space-charge separation effects for one-dimensional 

rods. 

Colloidal rod shaped particles may be stabilized by two means: (1) double 

layers, and (2) by a sufficient number of contacts with rigid fiber extensions. 

These extensions may be other nanotubes, or may be polymer brushes that 

become completely immobilized by surrounding fibers, according to the review of 

theory and experiment by Wierenga and Philipse [42]. This effect is known as 

fiber caging. Fiber caging was described in detail by the statistical treatment of 

Philipse and Verberkmoes [43, 44]. The latter work describes the size of a hard 

sphere (or agglomerate) particle that will be unable to enter a cooperative fiber 

network based on aspect ratios and the volume fractions of each type of particle.  

A special case of particle electrophoresis is when colloidal suspensions of 

rod shaped inductive particles express a movement due to an applied magnetic 

field that acts through a resistant medium. The viscous (time-dependent) 
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response for the effective Debye thickness (1/кeff)  may be numerically 

approximated using a closed form equation that scales directly as a function of 

the radius of the rod, such as the one derived by Oshima [45] for metallic 

cylinders moving in a dielectric medium.  Due to their chiral structure, half of all 

naturally occurring carbon nanotubes are considered metallic in terms of their 

inductive response and subsequent polarization. 

In addition to Van der Waals forces, aggregation of conductive carbon 

nanotubes over very small distances can be described by an attractive 

interaction potential derived by Casimir for uncharged surfaces using a quantum 

mechanical approach: 

 
Equation 2.13 3

2

attractive H720
cG πh

=∆  

Wennerstrom (46) introduced this way to combine the continuum wave 

viewpoint with the classical one for isolated dipoles by use of the Clausius-

Mossotti expression, which relates the local molecular electronic polarizability � 

to the bulk dielectric permittivity by: 
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Where εo is the vacuum permittivity of free space, N is the number of 

molecules per unit volume, ε is the permittivity of the medium, and the sum of 

terms on either side of the equation are smaller than unity so that the equation is 

valid for a medium of negligible permittivity ε.  
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Wennerstrom’s discussion is important to understand the stability of 

agglomerates of nanotubes, and therefore the difficulty of maintaining a 

dispersed state for these nanometer sized colloids at collision distances. The 

quantum mechanical interaction becomes significant at distances within 1 

nanometer for particles with high surface area and highly curved surfaces. 

Wennerstrom’s intent was to reflect the region of overlap between large 

distances with classical attractive contributions, and short distances with 

quantum mechanical attractive contributions to combine classical dielectric 

particle descriptions with continuum wave descriptions. It would be convenient to 

be able to transition continuously between these scales. Wennerstrom’s 

improved, quantitative description for the free energy of attraction extrapolated to 

the limiting case of zero frequency was:  
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Quantum mechanical expression of the electromagnetic fields that arise in 

microscopic fluctuations are examined in the recent publication of Emig and 

Buscher [47] by use of the geometry dependence of the Casimir force on 

charged dielectric surfaces of high curvature. The significance of that work is the 

observation that curved surfaces will greatly magnify the quantum mechanical 

interaction parameters [48] that results in a significant deviation from electrostatic 

regimes [49]. 

Evaluation of the higher order Van der Waals terms in electrostatic 

interactions, where localized charges on the rod affect nanotube aggregation, 
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express an attractive interaction at separations of about 0.15-nm [50]. The 

possibility of oscillatory charge correlations across multiple tubes was recognized 

[51]. Unidirectional motion of ions or other charged species is also possible 

between nanotubes. Electric current can be generated in single and multiwalled 

carbon nanotubes that are immersed in charged liquids flowing along and around 

them [52]. Any particle or dipole may obtain a time variable polarization 

depending on the frequency of the surrounding electric field and the size of the 

wave that interacts with the particle: 

 

Equation 2.16 

 

               )tiexp(PP 0 ω=  

Where  

ω = wavelength 

t = time  

P = polarization         

The dipole expresses an orienting force that maintains a direction parallel 

to their local electric field. The MLS electrons in the dielectric ionic solid of the 

silicate particle are not mobile. The polarization achieved by particle orientation is 

called the paraelectric effect. In a fluid medium, the orientation is slowed by the 

fluid and therefore depends on the fluid temperature. In a vacuum, the orientation 

can be independent of temperature, but may still depend on the proximity of 

adjacent particles.  

The dipole moment is expressed as an induced polarization on conductive 

particles due to electron movement. The induced dipole moment has the 
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direction of the applied electric field. When electron rather than particle 

movement is involved, there is no significant temperature dependence.  

The mechanism of reversible flocculation of ionic clays [53] in the case of 

agitated or moving particles [54] can be thought of in terms of the presence of a 

polarizing electric field that alters the apparent thickness of the electric double 

layer [55] or the microscopic electric field direction and magnitude. The frequency 

of this field change depends on the size of the particles [56].   

Ion or charge carrier transport results from direct current conduction (σDC) 

across a “leaky” dielectric continuous phase. This is called charge hopping. The 

decay of charge generally has the largest valued time constant of all the time 

dependent polar mechanisms. The loss of oriented charge results in a one time 

direct current effect. The relaxation time constant for the conduction of charge in 

the matrix τm is: 

 

Equation 2.17 

 

 

Each constant in  

Equation 2.17 refers to the matrix or continuous phase. For the case of 

sinusoidally oscillating charge at low frequency, the reciprocal of the 

characteristic frequency is the time constant.  According to Shilov et al. [57], the 

Debye screening length for the DVLO Theory defined in  

DC

r0
m σ

εετ =
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Equation 2.7 can be rewritten in terms of the diffusion coefficients of the 

counterions or matrix induced dipoles that collect around the particle dipole in a 

fluid matrix: 

 

Equation 2.18             
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Shilov [57] then more clearly defined the time of diffusion of the 

counterions or matrix induced dipoles through the Debye distance, by assuming 

an average ion diffusion and a symmetric or homogeneous matrix in:   

 
Equation 2.19 

 

 

In addition, Shilov [57] provided an important link between the characteristic time 

for the relaxation of the anisotropic large particle, τp and the matrix, τm for the 

case where the Debye double layer is very thin or anisotropic compared to the 

dimension of the particle in at least one dimension:      

 

Equation 2.20 

        

Here, the quantity ( a ) is the separation between particles in the Shilov 

relation for particle versus matrix relaxation. It can be seen that the particle 

relaxation is much reduced from the matrix relaxation for very thin Debye lengths. 

The reason for this mathematical consideration is that the present assumption in 

the colloid literature is for effectively spherical charge domains even for 

anisotropic particles. This assumption is only valid in systems that retain 
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considerable particle mobility so that an effective spherical domain makes the 

simplification mathematically equivalent. The focus of the present model 

selection is to choose that model combination which is most likely able to extend 

the applicable past work in fluids over increasingly viscous media until the 

extreme is reached at the cured nanocomposite polymer matrices with 

considerably hindered particle mobility. 

2.8  Radiation Effects on Charged Particles with Water  

High frequency electromagnetic irradiation of matter by radio waves at 

microwave (MHz) and radar (GHz) frequencies results in a shallow penetration. 

These waves interact very strongly with water and organic materials that absorb 

in the megahertz frequency at a wavelength of about 0.1-mm. This type of 

relaxation has relatively short time scales, and does not represent an 

environment where clay particles would have time to approach each other to 

form aggregates. In fact, solid aggregate networks can be destabilized by 

microwaves due boiling at particle surfaces. 

Low frequency (kHz) electromagnetic irradiation penetrates deeply into 

matter, but does not interact strongly with it. This is because kilohertz 

wavelengths are much greater than the length of most molecular vibration 

frequencies. Kilohertz radio waves and low frequency alternating current 

overlaps with the region of ultrasound vibration in matter. This is also the region 

where polymer backbones significantly relax at about 100 Hertz. 

Maxwell-Wagner theory was developed to explore the step-function 

charge relaxation in matter at relatively long time scales. Its primary significance 
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here is to help understand how particles could approach each other in a dielectric 

matrix in order to form aggregates.  

A very clear derivation of the Maxwell-Wagner theory was performed by T. 

B. Jones [58] in 1979 to explain both the DC conductivity effect for free charge 

mobility in one direction, and the low frequency AC contribution of charged 

particle relaxation at bound charges. The mathematical treatment of the low 

frequency electromagnetic forces acting on particles by Jones clarified the 

approximation made for each known DC or AC relaxation model. The rigorous 

review in that work illustrated how the effective dipole moment is the correct 

quantity to use to calculate force and therefore the movement of particles through 

a fluid matrix in an electric field. The force generated on the particles is called the 

dielectrophoretic force. The important conclusions were: 

1. The force on the particle is non-zero only if the initial electric field is not 

equal across the particle. 

2. A non-equal electric force expressed on a particle is required to change its 

orientation.  

3. The effective dipole polarization goes to zero if the relaxation time 

constant of the medium and the particle are the same. (This is unlikely to 

be the case between liquid and solids). 

4. The electrostatic approximation must be correct. This geometry assumes 

a spherical Debye layer around anisotropic particles. 

2.9  Changing Electric Fields 
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The averaged diffusion constant assumption is exact for the case of 

induced dipoles in the matrix. This time constant represents very low frequencies 

when charge conduction through the matrix is faster than the displacement of the 

particles, and represents high frequencies when the space charge distribution 

may be considered constant around fixed particles where only matrix dipoles 

respond to the externally oscillating electric field. 

The time limit of the polarization vector (P) due to all displacements of the 

dipole from some non-equilibrium state to a state of zero field interaction is the 

permittivity at infinite time, ∞ε .  This permittivity is the limit of the material as 

( )∞→trε .  It is not the same as the equilibration or static permittivity sε , the 

constant permittivity obtained under some electric or magnetic field where the 

external value does not change over the time period examined.  

Equation 2.21  

The difference between the static permittivity, and the permittivity after an 

infinite time limit after any static fields have been removed, is ε∆ , therefore it is 

useful to define the relative polarization vector as the effective change of the 

dipole in direction and magnitude:  

Equation 2.22  

 
The microscopic interaction potentials due to non-uniform distributions of 

the EDL [25], or non-uniform electric fields can be further developed. Dispersed 

dipoles or charged particles are not fixed in space, but may move at random 

through the continuous phase. Moving charges generate electric fields. It is 

)(EP s0 ∞−= εεε

)(EP 0rel εε ∆=
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convenient to consider the case of a regular, time varying alternating current 

(AC) electric field vector imposed on the system:  

Equation 2.23 )tiexp(EE 0 ω=  

Where E0 is the maximum electric field strength,  ω = 2πυ, the frequency of the 

AC field, t is the instant in time, and (i) is the imaginary component (√-1).   

Imposing the changing electric field then generates a time dependent 

permittivity in terms of the angular frequency (ω): 

Equation 2.24 )("i)(')( ωεωεωε −=  

Where ε’ is the real, or stored component of permittivity due to the applied 

electric field energy, and ε” is its imaginary component, representing that part of 

the permittivity due to the electric field energy lost on passing through the 

medium.  

Lestriez et al. [59] reported that the real part of the permittivity increases 

above the glass transition for epoxy-MLS. They propose interfacial polarization is 

a dominant contribution to increased dielectric loss. It is added to their 

expression for dipolar reorientation and diffusion of charge carriers in terms as a 

permittivity function resulting from the applied angular electric frequency at 

temperature (T, ω): 

Equation 2.25 DCinerfcdipolmeas """" εεεε ++=  

The physical state of each phase combination of dispersed material that 

contributes to ε” has been experimentally determined [60]. If the loss of energy is 

neglected for the sake of argument, then the instant mechanical response of 
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charged particles to this field will be a mechanical displacement in (x) that is in 

phase with and in the same direction as the electric field vector according to:  

Equation 2.26 )tiexp(xx 0 ω=  

The lossless drift of a particle in a frictionless medium can be expressed as a 

vector force (F), the mass of that particle is (m), and the acceleration of the 

particle (a) that follows Newton’s law: 

Equation 2.27 maF =  

This force can be expressed in terms of the effective action on the electrons 

associated with that particle due to the applied electric field vector E, providing:     

Equation 2.28 eEF =  

Since acceleration is change in velocity per unit time, then Equation 2.27 and 

Equation 2.28 are combined to yield: 

Equation 2.29 dt
dvmeE =  

 The position of the nanometer scale particle is of interest, therefore the second 

derivative of the acceleration formula will be able to determine the excursion of 

the particle at any point in the cycle of an oscillating electric field vector: 

Equation 2.30 2

2

dt
vdmeE =  

Substituting from Equation 2.23 yields: 

Equation 2.31 2

2

0 dt
vdm)tiexp(eE =ω  

Taking the derivative with respect to time twice provides 
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Equation 2.32 mxeE
2
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−
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Rearranging and substituting for the frequency of the electric field gives: 

Equation 2.33 
m4

eEx 22
0

νπ
−

=  

What has been traditionally called the dielectric constant for bulk material 

can be interpreted in a way that is no longer constant on a localized scale due to 

positional changes in the reference frame on small scales. The dielectric 

constant of the unconstrained particle is locally either weaker or stronger than the 

static bulk evaluation depending on the direction of the applied electric field and 

the orientation of the particle if it is anisotropic. The effective asymmetric 

dielectric constant can therefore be expressed with the substitution of  

Equation 2.11 into Equation 2.33  to yield: 

Equation 2.34 2
f

2
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The local Debye length for particles in suspension requires an expression for the 

effective electric double layer. A modification of  

Equation 2.7 uses an asymmetric electrostatic permittivity term to describe 

induced static polarization on large particles in combination with the traditional 

molecular dipole and vacuum permittivity effects: 

Equation 2.35 
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In the special case that all particles can be considered isotropic and static, or that 

all electric fields are unchanging, then the asymmetric permittivity becomes unity. 

This case returns the bulk or non-directional Debye length.  
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Both static and dynamic polarization plays a role in the application of  

Equation 2.11. The change in position of the nanoparticle along (x) 

provides a time dependent effective dielectric constant. In other words, there is a 

special case where the anisotropic particles either move back and forth so rapidly 

that their polarizations are unable to relax to a new value within the timeframe of 

the displacement, or an externally applied electric field varies quickly enough to 

provide the equivalent effect on the particles. In this case there shall be loss of 

electric field energy that is vector dependent on the particle orientation. The 

simplification used to obtain Equation 2.26 from Equation 2.24 is no longer valid 

under this condition of electric field energy loss. The local expression for the time 

dependent asymmetric effective Debye length now follows from the substitution 

of the frequency dependent terms in Equation 2.24:   
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It is helpful to imagine the effective asymmetric permittivity in terms of a 

product between the electrostatic Debye length and the time dependent 

electrodynamic influences that operate on it in magnitude and direction, by 

expressing Equation 2.35 as follows: 
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Equation 2.37 reverts back to the non-directional form when the charged 

particles are at rest, and when there is no change in internal or external electric 

fields to affect the microscopic electric field around the particles. 
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CHAPTER 3 

EPOXY + MLS INTERACTIONS 

 

3.1  Introduction 

Physical interactions between epoxy and the octadecylammonium salt of 

montmorillonite layered silicates (MLS) mixtures before and during curing such 

as viscosity, polymer relaxation and confinement effects, packing, and surface 

effects are introduced. Polymer junctions between particles, as well as the effect 

of the extension of the ion exchanged alkyl surfactant bound to the surface of the 

particle will be explained, followed by the effect of dielectric matrix charging due 

to shearing effects with and without MLS particles.   

Solvent miscibility is one way to change the spatial extension of polymer, 

which therefore affects particle interaction. Solvents tend to change the 

conformation of polymer. A good solvent will allow the polymer to extend outward 

into the medium. In particle dispersions, a good solvent will tend to stabilize the 

dispersion by increasing the distance between charged particles. Polymer-

solvent interactions were first quantitatively described by Flory [61] in terms of 

the local difference in the polymer radius of gyration along the carbon chain or 

coil. This conformation is expressed in terms of a vector starting from the center 

of mass of the polymer molecule, as expressed in  
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Equation 3.1 ∑
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Where RV is a vector on one carbon atom at position v, location N, with a 

direction taken with respect to the center of mass of the molecule. For the 12 

carbon chains of the alkyl-amine on cation-exchanged montmorillonite, the 

effective alkane segment becomes reduced by 1.27 angstroms for each cis to 

trans conformation along its length. The center of mass is effectively at the 

anchored end of the chain due to the large platelet mass. The maximum overall 

extension in nanometers for any alkyl molecule is given by the general 

expression:  

Equation 3.2  n126.015.0lmax +=  

Where n is the number of alkane carbon atoms, the first term is the Van 

Der Waals radius of the terminal group, usually methyl or –CH3, and the second 

term is half the carbon-carbon bond length along the hydrocarbon polymer 

backbone. The ion-exchanged alkonium ion has n =12, yielding 1.672 nm, or 

16.72 Angstroms maximum chain extension. Polymer conformations at surfaces 

are reviewed by Israelachvichi in Chapter 14 of his text [6], but the entire concept 

is probably better explained by Drew Myers in Chapter 15 of his more recent 

review [30]. 

The relationship between non-solvated polymer radius of gyration and 

nanoparticle fillers been clarified by Sarvestani and Picu in terms of a transient 

network theory of polydisperse polymer-particle bridges linking the molecular-
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scale fillers [62]. These bridges only begin to form at two times the value of the 

radius of gyration (2Rg).  The radius of gyration Rg is defined as:  

Equation 3.3 
6

)M/M(l
R 0max

g =  

Where the value )M/M( 0 is the quantitative measure of polydispersity. 

Polydispersity is defined as the molecular weight of the polymer M divided by the 

molecular weight of the monomer subunit M0 that form the bonded segments or 

links of the polymer. The meaning of this relation to nanometer scale particle 

interaction is that a single molecule of polymer is able to stick to two particles at 

either side of its length, where the flexibility of the polymer bridge and its 

conformation is determined by the polydispersity.  

The effect of the environment may also act on the network of polymer 

bridges if for example solvent is introduced at this point to allow the free volume 

inside the polymer to expand or contract. This “Flory effect” lengthens the radius 

of gyration uniformly in all directions, which in turn allows the networked particles 

to extend. A quantitative treatment for dispersions requires information about the 

solvent and the volume due to molecular conformation of the dispersed phase. 

This can effect nanoparticle dispersions in polymer. Poor solvents, for example, 

can reduce the radius of gyration, and thereby bring adjacent particles closer 

together. This may increase the likelihood of flocculation when charges are 

present as charge density increases.  

The concept of polydispersity between MLS particles is somewhat more 

complicated than for polymer. An ion exchanged surface polymer can make a 
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hydrogen bond to a guest polymer. This would act to extend the junction between 

particles by polymer-polymer interactions at the surfactant headgroup. Here, the 

effective radius of gyration would be determined by the separate but additive 

contributions of each polymer type in the linkage. Poor solvents favor closer 

polymer associations and unstable particle dispersions due to greater 

interparticle collisions.    

Other variables can also change the extension of the molecular 

headgroup into the surrounding continuous phase. The effect of shear on 

junctions between polymer and particles is to create dangling polymer ends 

which contribute to viscous drag at low shear rates. This contribution may make 

an unequal or anisotropic impact on the radius of gyration, creating an elipse 

rather than a sphere of probable conformations. On larger scales, fluid flow is 

already well known to alter the shape of a liquid dispersed phase interface from a 

sphere into an ellipse under shearing conditions.   

3.2  Aggregate Structural Reorganization 

The following factors lead to increased MLS exfoliation in epoxy monomer: 

1. Acid catalyzed homopolymerization of bis-phenol A diglycidyl ether 

(DGEBA) 

2. Low viscosity of the polymer used to penetrate the MLS gallery. 

3. Optimized length of the organic cation  

(a) Provide a pillar tall enough for significant molecular penetration. 

(b) Be narrow enough (no bulky side chains) to avoid spatial 

hindrance. 
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(c) Avoid excessive attraction to the silicate platelet along its length. 

4. Optimized cation exchange capacity (CEC)   

(a) Reduced net charge impurities in the silicate structure 

decreases net charge attraction between basal planes to allow 

easier dispersion. 

(b) Sufficient net charge impurities to insure organic cation 

exchange coverage reduces hydrophilic clay surface to enable 

significant interaction with polymers or organic solvents. 

Jiankkun et al. (29) have reviewed the above, and confirm (63) that MLS 

dispersion for amine-catalyzed epoxy reaction into the exfoliated form takes 

place after the initial intercalation of the epoxy monomer DGEBA, but before the 

gellation point of the polymer. In both works, the authors speculate that heat 

generated in the gallery region might assist exfoliation of the MLS in reactive 

epoxy systems. 

Triantafillidis et al. [64] found that creation of epoxy organophylic 

montmorillonite nanocomposites reduced the importance of process or 

temperature dependence when primary diamines, rather than octadecyl 

carboxylic acid amines are used to ion-exchange the natural clay in HCL. The 

epoxide ring opening is then accomplished with direct reaction at the free amine 

end at the surface of the MLS. This direct surface bond, in contrast to the acid 

catalyzed homopolymerization, results in a molecular nanocomposite with better 

thermal and mechanical properties. 
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Chin et al. [65] used x-ray diffraction to confirm that DGEBA epoxide 

exfoliates MLS up to 200 Angstroms separation without any amine present at 

80ºC, with no change after 2 hours independent of MLS concentration. Only at a 

higher temperature of 135ºC was the rate of exfoliation dependent on MLS 

concentration. In all cases exfoliation appeared to take place by serial removal of 

exposed surface platelets. Moreover, the use of one aromatic amine, MPDA 

(meta-phenylene diamine) resulted in intercalated but no exfoliated 

nanocomposite structures formed on curing both at 80ºC and at 135ºC. This was 

attributed to a favored polymerization reaction outside the gallery that acted to 

draw polymer outside of the gallery regions. 

 The appearance of a doublet in the thermal analysis of MLS with DGEBA 

and primary amine by differential scanning calorimetry (DSC) was first observed 

and explained by Lan et al. [68] in terms of a different reaction rate inside the 

MLS gallery as compared with outside the gallery. This result is in contrast with 

the observation that a single first order reaction appears to be taking place both 

inside and outside the MLS gallery according to the kinetic determinations made 

by Butzloff at al. [74] for the same epoxy system. Kornmann et al. [66] further 

investigated Lan’s proposal that the onium-ion might be driving this difference by 

a careful examination of the effect of alteration of the amine hardener. They 

reasoned, as did Lan et al., that some competition between intragallery 

polymerization and extragallery polymerization might be taking place at two 

different chemical reaction rates to explain the observation of a peak doublet. In 

this case, the reaction rate found by initial exothermic peak slope in the DSC 
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results was correlated with the degree of exfoliation for three different amines 

selected for their ability to alter the rate of the polymerization reaction with epoxy. 

Kornmann et al. found no correlation between the rates of the epoxy reaction 

controlled by the curing agent with any ability to exfoliate MLS. 

The work of Kornmann et al. presents a critical set of observations based 

on wide-angle x-ray diffraction data.  After 24 hours of mechanical stirring of MLS 

with DGEBA at 75ºC, a first analysis appears to support an exfoliation scenario 

defined by a MLS basal spacing greater than the 88A detectable by this method. 

They support this by positive detection of the (110) and (020) 2-theta peaks 

found at 20 degrees at 10% or greater MLS concentrations. This sensitivity check 

differentiates the disappearance of the (001) diffraction peak from that case of no 

detection of MLS at all. Detection of the in-plane MLS structure confirmed a 

signal from the silicates in the MLS.  

Most importantly, however, Kornmann’s TEM observations contrasted the 

loss of (001) reflections with the evidence that many MLS layers still appeared 

not to be exfoliated. The x-ray results were justified, however, by the observation 

of a large distribution of basal spacing in the MLS by TEM. The wide distribution 

of basal spacing appeared to explain the attenuation of (001) response beyond 

detection limits than from exfoliation. An x-ray result without a (001) reflection 

may therefore not provide indisputable proof of physical exfoliation. Intercalated 

MLS morphologies can be masked by their non-registry with each other as well 

as their co-existence with exfoliated structures. Non-registry implies that local 

molecular confinement could happen by squeezing epoxy reactant molecules 
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between some parts of the nearby silicate basal planes or by collapse of alkyl 

ammonium ion pillars to remove free volume and restrict molecular movement of 

epoxy monomer. 

Contact angle measurements between MLS and three different solvents of 

differing polar character were performed by Park et al. [67] in the context of 

surface free energy considerations.  More importantly, however, the well resolved 

double peak reported in the early DSC work of Lan et al. [68] for DGEBA in MLS 

was interpreted by Park et al. to indicate both hydrophilic and hydrophobic 

qualities affect the homopolymerization reaction with epoxy.  

Park et al. [67] do not make a connection between reactivity change and 

possible changes in MLS morphology beyond explicitly stating that some 

surfaces between the alkonium substituted MLS act as if they are more 

hydrophobic than others. Yet they do imply that somehow a portion of all MLS 

surfaces available to react with epoxy can be partly masked. This is a very 

interesting result, and not just for the logical argument they present to justify the 

choice of an alternate functional group on the MLS. The greatest significance of 

this work may be an indication that surfactant treated clay can naturally exhibit 

differing degrees of hydrophobic verses hydrophilic surfaces.  These differences 

are in addition to those that depend on solution conditions such as pH or 

temperature.  

Park et al. did not make an extended morphological conclusion, but their 

observations appear to be necessary to guide further interpretation of the 

historical background on epoxy MLS nanocomposite in the context of the particle 
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morphology. Surface ion conformations on the flat surface of the platelets may be 

important if these arrange differently according to the proximity of adjacent 

platelets.  

Kanapitsas et al. [69] used thermally activated dielectric analysis as an 

indirect probe of MLS platelet morphology. In this work, it was thought that 

alteration in DGEBA charge carrier migration could be related to the distance 

these molecules were able to travel along confined regions between platelets, 

and thus explain the increased thermal stability for these epoxy MLS systems. 

MLS concentration was held constant at 5% and three different types of 

quaternary amines were ion-exchanged with the same MLS base of 2:1 smectite 

prior to swelling with DGEBA to create epoxy nanocomposites. The amines were 

selected for exchange according to the bulkiness of their substituents. In order of 

increased steric hindrance, an 8-carbon quaternary alkyl amine, a 16 and 17 

carbon length quaternary alkyl amine, and an extremely hindered quaternary 

amine with two pendant phenyl groups were prepared. The MLS substrate can 

not account for more than 5% of the total dielectric loss, leaving the balance of 

the observed mobility reduction due to the effects of the surface bound surfactant 

on the MLS platelet. In each test case, the result indicated charge mobility was in 

fact reduced as expected, relative to epoxy resin controls.  

The primary significance of the work of Kanapitsas et al., however, was 

that the first two amines with limited mobility showed a doublet in dielectric loss 

that was reproducible at higher frequencies and increasing temperature, whereas 

the highly hindered phenolic exchanged quaternary amine cation always 



 55

remained as singlet peak. This impressive result was attributed to a qualitative 

difference in dielectric response to two different environments of interfacial 

polarization.  The two more labile cationic forms allowed sufficient segmental 

mobility to cause intercalated DGEBA to accept two ranges of mobility at the 

MLS surface. Presumably this was due to the exchanged amine cation, since it 

was the only variable. Both conformations for each mobile amine appeared to 

afford a different amount of free volume. The DGEBA was able to move in two 

distinct environments in response to dielectric polarization, causing the doublet in 

the AC loss signal. Complementary results were provided by DC mobility results 

for each quaternary amine system that supported this scenario. The authors 

indicate this was intriguing and imply that the origin of the doublets could be due 

to the existence of small-scale heterogeneity between platelets. No specific 

microstructural hypothesis for MLS platelet association was offered on the basis 

of this evidence, however the results of Kanapitsas et al. rank among the most 

significant recent observations regarding mesoscopic changes when it 

considered in the context of Park et al. 

Cooperative configurations may signal changes in surface hydrophobicity 

in the ‘pinched’ spaces compared with expanded spaces of dispersed MLS 

tactoids. An emulsion was demonstrated by Lee et al. [70] to take advantage of 

both hydrophilic and hydrophobic properties of natural clay by forming micelles in 

epoxy and water. The main point of this emulsion work was to demonstrate that 

alkonium ion substitution was not required to alter general clay morphology. 

Polar parts of the epoxy molecule can initiate cooperative change between 
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natural clay platelets. The x-ray results confirmed increase in basal spacing. 

Moreover, no new bands were created in the infrared that would explain these 

results in terms of an ion-exchange reaction.  

The two most basic possible morphologies for MLS dispersions are as 

bilayers or as micelles. Conformations with both organophylic and hydrophilic 

ends may directly affect the rates of reacting components dispersed among them 

due molecular geometry constrained by the environment. This can be 

demonstrated by the effect on reaction rate due to a dispersed phase transition. 

It is useful to examine a simple alkyl surfactant system with a large flat ionic head 

group of large mass. The large mass serves as a molecular analog to the 

organophylic MLS of much larger mass and size. These analogues have the 

same 18-carbon length chain as the exchange cation, but the 24-carbon length 

ganglioside surfactant studied by Brocca et al. [71] has a flat-branched tail in the 

head group that is two-dimensional in shape. This is somewhat similar to the 

platelet shape in organophylic MLS. The important difference between these two 

systems is that the ganglioside surfactants maintain independent ionic head 

groups, whereas the surfactants on organophylic MLS must share their large 

hydrophilic head group and therefore exhibit more cooperative behavior. 

Brocca and coworkers found that both temperature and time affect the 

critical micelle concentration of dispersed ganglioside surfactant. The hindrance 

of the large hydrophobic end was responsible for unusually long equilibrium 

times. Mass transport limited the morphology achieved at elevated temperatures. 

Conformations could be “frozen in” at thermodynamically unstable shape even 
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after long times spent at lower temperatures. Because the rate at which 

equilibrium was achieved was very slow, the most stable form could not be 

established over reasonable times spent at lower temperatures. The head group 

conformation in their study appeared to control the repulsion and thus aggregate 

morphology based on the temperature of the process, especially at 

concentrations below the CMC.  

As the hydrophilic head groups of surfactants increase in size, bilayer 

structures convert to that of micellar aggregates at concentrations less than the 

CMC.  According to Israelachvili [6], and clarified by Myers [30]: 

 
Equation 3.4 

  

 

Where: 

 V  =  Molecular volume of the ionic component of the surfactant molecule 

 Lc =  Length of that part of the surfactant molecule which is hydrophobic 

 A =  Interfacial surface area of the surfactant at the interface. 

 P =  Surfactant Packing fraction 

An increase of the parameter (Lc) resulted in a packing fraction reduction 

to 1/3 where no micelles were formed, thereby showing the transition from bilayer 

to micelle in that system was associated with cooperative molecular behavior in 

the ganglioside aggregate.  It is of interest that Brocca et al. [71] showed 

aggregates of two different sizes were found below the CMC, but only one size 

predominated at concentrations above the CMC. This was attributed to the 

“frozen-in” state of two stable molecular conformations below a critical 
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temperature (Tc). Such changes to structure due to molecular conformations or 

charge reorientations may be observed as a general phenomenon in many types 

of aggregates. 

3.3  Confinement Effects 

Epoxy monomer intercalation into MLS is examined as a first step on the 

way to create the polymer nanocomposite. X-ray test results are used to 

determine increased short-range order in the ion-exchanged MLS and epoxy 

mixtures. Differential Scanning Calorimetry test results help examine how 

thermal effects interact with concentration dependence. Insufficient spaces 

between ion-exchanged surfactant, or too many pillars due to high MLS acidity 

may restrict entry of guest molecules seeking a position between particles. 

Inclined orientations of the exchanged ions are also possible, and this too may 

restrict guest molecule entry. 

The literature on measurement of chemical reactions might be arbitrarily 

classified according to the type of spatial restriction of a reaction:  

• Interatomic reactions (short range confinement) 

• Cooperative molecular or polymeric reactions (medium range 

confinement) 

• Interfacial or phase-mediated reactions (long range confinement) 

Molecular confinement effects, also known as steric hindrance, may 

determine how quickly reactants are able to change into products by slowing the 

rate-determining step independently of the reaction mechanism. The hierarchical 
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classification considers chemical interactions in the framework of long, medium, 

and short-range confinements. 

In the first classification, the cationic sites are affected by short-range 

atomic-scale environmental effects. In one broad application with 50 years of 

history, low molecular weight hydrocarbons were modified in petroleum catalysis 

by use of natural montmorillonite clay, and later metal-pillared montmorillonites 

[72]. Typically the first order reaction rate is determined by the acidity or CEC of 

inorganic clay. This acidity is affected by the available clay surface area.  

Where polymerized products are formed at the MLS surface, this may limit 

further reaction, or act as a barrier.  If a short range masking effect is found, then 

this steric effect impacts the kinetic description. 

In the second class of medium range steric effects, the entire system is 

dominated by a cooperative conformation with small alterations in structure. For 

example in organophylic MLS, the cooperative effect is the initial movement of 

parallel or tilted exchange cations to the perpendicular orientation around the 

edges of the platelets. This step is required before any change in the spacing of 

the basal planes as a function of intercalation. The work of Kong and Park for 

DGEBA mediated exfoliation and the work of Chin et al. [65] for the removal of 

DGEBA from intercalated MLS represent two possible outcomes as a result of 

these medium range forces. The activity of the MLS surface is directly affected 

by the presence or absence of the DGEBA in the gallery, as well as the type of 

amine reactant. A high reaction order may be required to describe non-symmetric 

reaction peaks from this perspective. Kinetics where the reaction order changes 
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as a function of reaction completion may be required to produce non-intuitive 

distributions of reaction rates about the maximum rate.  

A phase-mediated change classifies the third, largest scale, and longest 

range morphological response to the environment. Example forms are lipids, 

bilayers, trilayers, and nanodispersions made between biological, organic 

chemical and solid mineral particles in the presence of surfactants. Surfactant 

ligand reorganization due to molecular folding in different environments is 

sensitive to enthalpy measurement even without a chemical reaction. 

Aggregated regions of liquids in a liquid dispersed phase, called micelles, 

begin to appear in great numbers above a CMC. The analogous agglomeration, 

or coagulating effect for dispersed clay particle aggregation is called flocculation. 

It happens when a sufficient number of dispersed particles are able to stay in 

contact with each other and separate away from the suspension in the majority 

phase. Dispersion of liquids in other liquids tends to form local concentrations of 

round structures known as micelles. The spherical shape is due to a reduced 

surface energy for this geometry in a system that is not disturbed by flow or is not 

in a field of shear or other directed forces. 

3.4  Temperature and Viscosity Effects 

Kong and Park [73] have suggested viscosity (especially temperature 

dependent viscosity) of polymeric guest molecules may be a primary factor in 

their ability to intercalate and then exfoliate organophylic MLS. Their scheme 

follows according to Figure 3.1, where the initial condition prior to intercalation is 

expressed by the accumulation of guest molecules near the edges of the silicate 
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layers. This epoxy monomer intercalation scenario was derived by monitoring X-

ray diffraction at elevated temperatures where the change in spacing between 

silicate layers was determined as a function of time. These observations were 

explained by relating a rate change in the homopolymerization reaction to the 

development of basal spacing from the x-ray results.  

FIGURE 3.1    Intercalation mechanism.  

 

Competing molecular species such as amine hardener make it difficult to 

isolate reaction changes that are only due to changes in the height of the MLS 

gallery. This leads to the significance of the Kong and Park work, which is 

focused on increased understanding of chemical and configurational 

characteristics unique to a single type of guest molecule or monomer that can 

affect the intercalation rate. Combinations were isolated where the interlaminar 

attractive forces were best overcome.  



 62

Work by Butzloff et al. [74] indicated that a primary diamine reaction with 

DGEBA did not change from ordinary first order when it took place with up to 

15% by weight of MLS. There was, however, a rate reduction observed for 2.5% 

MLS, indicating the steric environment but not the mechanism may have 

changed. Closer inspection of the reaction without the hardener revealed that the 

homopolymerization reaction peak shape appeared to change with MLS 

concentration as previously discussed [68]. Moreover those DSC results 

indicated one unresolved peak rather than two resolved peaks on mixing the 

MLS with DGEBA to achieve intercalation after 1 hour at 80ºC. This added 

another possible dimension to the implication of cooperative segmental motion of 

the MLS surface cations proposed by Kanapitsas et al. [69], since different 

process conditions may affect the mobility of intercalated DGEBA separately 

from the structure or distribution of the pillared cations. 

There has not yet been a successful demonstration of a polymer reactivity 

model that explains all confinement effects in organophylic MLS. Testing different 

initial assumptions may provide significant insight to a kinetic description, 

especially if it provides negative results. An excellent attempt was proposed by 

Tunier et al. [75]. In this work, it was assumed that different reaction rates 

originate from structural change due to altered confinement in MLS galleries. 

Confinement may vary with MLS concentration or process temperature. This 

premise is not much different from the accepted scenario, but their initial 

assumption was special. It was assumed that change in the conformation of 

intercalated polymer molecular should be the cause for driving changes in the 
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MLS structure. This was innovative. It was reasoned in terms of the development 

of a depletion potential between adjacent MLS platelets. Depletion of intercalated 

polymer could depend on the polymer radius of gyration. Yet the experimental 

results of Tunier et al. indicated that at least with DGEBA epoxy and a triamine 

hardener, no significant trends were observed for fixed temperatures and times 

of reaction from 70ºC to100ºC at concentrations of 0%, 5% and 10% MLS.  This 

negative result for the polymer radius of gyration as the rate-determining step in 

exfoliation is a very important part of the historical record. The conformation of 

the intercalated polymer alone can not be responsible for all morphological 

change in MLS dispersions. The authors should be complemented on their report 

of these negative results. The negative results have added to the body of 

important knowledge by ruling out the generality of viscosity effects as to explain 

reaction rates and the extent of dispersion. 

It has been proven that nanometer-scale pores vitrify and order organic 

liquids confined between them [76] so that the epoxy monomer may express 

orientation effects based on the degree of confinement, or approach of adjacent 

confining MLS surfaces. In a related system, it was found that poly ethylene 

oxide (PEO) polymers form the helix structure when intercalated into sodium 

montmorillonite clays [77] with the cis-confirmation typical in the presence of 

sodium ions.  PEO reversibly forms the flattened trans conformation in a double 

layer when the sodium ions are exchanged with ammonium ions [77].  It is 

noteable that the intercalated PEO helix forms regularly stacked slicates with 
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high ionic conductivity, whereas the ammonium bilayer forms irregularly stacked 

silicate layers with significantly reduced ionic conductivity.  

  In thermal analysis, the loss of a crystalline melt signal in a long range 

periodic structure that extends in three dimensions should not be hastily 

interpreted as the general appearance of amorphous character in a two-

dimensionally constrained one.  Molecular structures in confined geometries can 

not be assumed to be either amorphous or crystalline by thermal observations 

alone. In addition, planar order and disorder specific to two dimensions should be 

distinguished from amorphous and crystalline character in three dimensions.  

Changes in MLS conformation due to processing effects are of primary 

importance, because the literature survey indicated these happen first before the 

amine reaction. This study will determine the kinetics of the epoxy 

homopolymerization in MLS before the addition of amine. The kinetic results will 

then be compared with prior results [74] obtained with amine polymerization after 

the addition of the amine hardener to the system.  

Any amine contribution to a change in mechanism or reaction pathway will 

be clarified by the kinetic comparison. A complicating factor for kinetic analysis is 

that the previous evaluation of the literature indicated that the enthalpies 

determined by DSC will be sensitive to the modes of reaction due to the 

presence of different phases. The enthalpy of the epoxy self-polymerization 

reaction in the treated MLS gallery is a function of the basal spacing of the clay, 

which is a function of its phase structure and thus the dispersion state. Epoxy 

homopolymerization on an external free surface of treated MLS is expected to 
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require lower activation energies than the reaction of intercalated epoxy, where 

orientation and steric effects dominate. In addition, concentration or temperature 

of mixing may change the geometry of the interfaces between MLS and epoxy to 

alter the molecular mobility of the reactants.  

Stress applied onto a fluid surface causes it to deform, and the result is 

that a flow will appear.  Flow decreases as distance away from the shearing 

surface due to loss, or dissipation of energy between the particles and molecules 

in the shearing field. Viscosity is stress divided by shear rate; it is the statistical 

averaging of time dependent material deformation:  

 
Equation 3.5 )t/(

)A/F(
ratestrain

stress
γ

η ==  

 

Where:  

η = viscosity 

F = force 

A = surface area being sheared 

γ = strain in shear 

t = time in seconds  

When shear stress per shear rate yields a constant, then the medium is 

considered Newtonian. Non-linear and therefore non-newtonian responses of 

stress to shear rate are also possible. For example some materials thicken as 

deformation rate is increased; these are known as shear thickening. A reduction 

from the proportional response of stress to applied shear is known as shear 
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thinning. Thickening effects might be caused by the formation of temporary 

bonds such as electrostatic charging of a fluid on stirring. Thinning effects might 

be caused by alignment of particles in a shear field to reduce the initial amount of 

resistance to deformation as particle collisions are reduced.  

The goal of viscosity tests in this section of the present work was to 

provide experimental insight for the later interpretation and testing of selected 

relaxation models on small and large scales as they specially apply to the mixed 

system of epoxy molecules and MLS colloids in nanocomposites.  

A dependence of relaxation phenomenon due to polymer may be distinct 

from those that are due to the movement of charged particles. Seperability of 

time dependent responses might be possible in a medium where both 

components are primarily deforming by particle-particle, particle-molecule, and 

molecular-molecular scale orientation. This is because the character of the 

viscous deformation due to flow can be controlled with the same tests after 

sufficient shearing deliberately creates and distributes charges in the medium 

due to friction and flow.  

3.5  Reaction Modes 

When aggregates reorganize, then chemical reactions at their interfaces 

can be xpected to change as well. The spatial contribution of the chemical 

environment on the molecular scale is called the mode of reaction. This steric 

contribution is not the same as chemical pathway, or mechanistic effects.  In 

reaction mode change, the type and order of chemical reaction stays the same 

even as the organization of the reactants is changed in presence of a 
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characteristic phase interface. Two-phase reactions are called bimodal. 

Reactions that take place across three phases are called trimodal.  Reaction 

modes are distinguishable from other contributions because multimodal reactions 

disappear when the number of phases or aggregate structures returns to one. 

Conversely when the same chemical reaction takes place in multiple 

environments, then the appearance of multiple reaction modes can be used to 

identify the number and relative quantity of each aggregate morphological state 

in the dispersion. 

Changes in heat capacity create the appearance of different reaction 

modes without a change in reaction mechanism. This assumption was tested by 

examining the kinetic rates for the reaction trend for a possible deviation from the 

previously established chemical rate law behavior.  One experimental focus is to 

either prove or to disprove that steric hindrance inside MLS galleries dominates 

the surface-mediated reactions. Another is to count the number of different 

phases that may exist in this system. The use of enthalpy to determine 

morphology provides new characteristic information about the MLS-epoxy 

system. 

When a chemical reaction is involved in the presence of more than one 

phase, then the reaction rate depends greatly on the surface area, orientation, or 

folding of structures that dominate the reaction site. Limits to the reaction rate 

can be due to diffusion through the medium, a property than may alter as the 

structure of the medium alters. Rate change can also be due to steric effects as 

conditions change the interface properties between the phase boundaries. 
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Examination of similarities between epoxy-MLS surfactants and aqueous 

fatty-acid in biological systems for effects on guest molecule reactivity follows 

after their significant differences are detailed. In this limited comparison, both 

solid-liquid phase differences as well as reverse-normal phase characterization 

must be explained. Lipids have a fatty (organophillic) end inside the structure of 

cell walls with hydrophilic ends exposed to the inside and outside surfaces in 

water. In this sense lipids that make up cell walls are micelles, where component 

molecules attract to assemble and orient into layers due to charge and chemical 

affinity of like structures. This self-assembly process is general to a class of liquid 

surfactants that transform from unconnected regions of the disperse phase into 

layered structures at sufficiently high concentrations. Surfactants that have 

affinity for a water phase or ionic liquid matrix are known as normal phase 

surfactants. In contrast, the treated MLS are reverse phase, which means their 

surfaces are treated to have external affinity for organic media with internal 

affinity for ionic species. Moreover MLS are solid particles with appended 

surfactants of confined mobility, in contrast to lipids that orient with the free 

mobility of a liquid. Both these systems can be compared in terms of one 

phenomenon they do have in common: each of them exhibit chemical reactions 

localized by guest molecules in two-dimensional geometries. 

Rösgen and Hinz have modeled and experimentally verified the effects of 

a simple bimodal chemical reaction at a phase interface, as illustrated in Figure 

3.2. The area and position of the enthalpy peak is altered due to the presence of 

a critical micelle concentration (CMC) at a micelle to bilayer transition. This is 
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because the heat capacity (Cp) under the peaks shifts differently as function of 

temperature than the reaction enthalpy peak at the phase boundary.  The 

doublets and peak broadening are also accompanied by slope changes. The 

maximum effect is seen at the CMC, where the two trends in displacement of the 

enthalpies have been show their greatest separation as a function of temperature 

and concentration at their intersection. The intersection of the modeled trends 

where two phases are equally present is shown by the red line. 

FIGURE 3.2      Rösgen and Hinz (2001): Thermal model. 

Reproduced with permission from Elsevier [77]. 
 

The similarity of this model for the thermally induced phase transition in 

Figure 3.2 is compared to data reported by Begoña Ruiz-Argüello et al. [78] in 
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Figure 3.3. Begoña Ruiz-Argüello studied change in reactivity of a minority 

biological enzyme that migrated to the interface regions of a second phase. 

There appears to be a regular change in the enthalpy peak position as a function 

of lipid concentration for the biological bilayer to micelle transition. Again, the 

trend is different above the CMC than below the CMC. This bimodal enzyme 

reaction takes place between two different environments that share common 

components. The appearance of two unresolved peaks is enhanced at the CMC 

in two separate systems, one with a CMC at 25% and the other with a CMC at 

12.5%. The point in making the comparisons between these two works in has 

been to call attention to the appearance of the doublet peaks that define the 

CMC where two reaction modes coexist at a simple phase boundary both by 

experimental result and theoretical understanding.  

On change of concentration, the enzyme reactivity in the dispersed lipid 

was only significant when it was in the bilayer, not in the micelle form. Apparently 

the loss of mobility of the enzyme due to confinement effects at the phase 

boundary interface significantly reduced its reaction energy while in the micelle 

dispersion geometry. If these studies have anything of importance to tell us by 

analogy to the MLS-epoxy system, it is that small steric changes to the carrier 

structure at the phase interface where the reaction takes place can be a very 

strong mediator of chemical reactivity that provides a characteristicly clear signal 

at the presence of the critical concentration.  
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FIGURE 3.3      Ruiz-Argüello et al. (2002)  enthalpy doublets. 

Reproduced with permission from Elsevier [78]. 
 

3.6  Electrostatic Charging in Monomer 

Methods are available to treat sufficiently large collections of dispersed 

colloidal particles as a thermodynamic variable, resulting in frequency dependent 

properties such as viscosity that varies as a function of shear rate still being 

considered an intrinsic, or sample size independent measurement (79). The 

expected time dependent properties of MLS dispersions in polymer were 

modeleled in terms of slip-sticking networks of two polymer gyration radii [62] that 

provide the best currently identifiable context in which to understand the viscous 

and viscoelastic behavior of epoxy-MLS premix. One expected deficiency of the 
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model was identified by the model creators, A. Sarvestani and C. Picu, as an 

inability to compensate for the conversion of one type of segmental interaction 

with a particle into different one. The experimental observation of such an effect 

would be an exciting development in this regard.  

Interfacial interactions are expected to be dominated by charging at the 

interface between polymer and MLS due to shearing and electrostatic effects. 

The power law model is frequently used as the simplest model of many that are 

available to express the extent of shear thinning: 

Equation 3.6 )1n()t/(m −= γη  

Where: 

m = consistency (or zero shear rate viscosity) 

n = the exponential power 

The thixotropic loop experiment is uniquely qualified to examine alignment 

and charging effects in a dielectric medium. A controlled change in direction tests 

for directional or alignment effects; a controlled change of shear rate tests for the 

energy of flow in deformation, and therefore the relative change in interaction of 

the medium components. 

3.7  Materials 

The ion exchanged octadecyl ammonium salt of montmorillonite clay 

(MLS) used in this study was commercially obtained from Nanocor, Inc., of 

Arlington Heights, IL., designated Nanoclay TM type I30.E, at www.nanocor.com. 

The general formula is [(R+) • (-)[Mgx Al4-x](Si8) O20 (OH)4], where R is an 

http://www.nanocor.com/
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intercalated cation of valence n that substitutes for Ca or Na in the native clay in 

ratios of (x : n) [68]. Wet chemical analysis of the organic and the silicate 

components were performed. The test results revealed 0.0031% Magnesium and 

0.1787% by weight of Aluminum, yielding a formula of [CH3 (CH2) 17NH3(+)(-)[Mg 

0.54 Al 3.38](Si 7.64 Al 0.36) O20 (OH) 4].  

The epoxy resin used to intercalate the MLS was Bis-phenol A diglycidyl 

ether (DGEBA), obtained commercially as Epon TM 828 from Resolution 

Performance Products, Houston, Texas, at http://www.resins.com. 

The primary diamine hardener used in this work was poly (oxy (methyl-1, 

2-ethanediyl)), alpha- (2-methylethyl) omega- (2-aminomethylethoxy)-amine, with 

CAS number 9046-10-0, commercially obtained as Jeffamine TM D-230, from 

Huntsman Performance Products, Conroe, TX at www.huntsman.com.  

3.8  Preparation of MLS-Epoxy Premix  

Epoxy resin was mixed with MLS to meet weight concentration targets in 

the cured nanocomposite. Separate aliquots were mechanically stirred at 

constant temperatures of 75ºC for 24 hours, 80ºC for 1 hour, and 85ºC for 1 hour 

prior to analysis. For the purpose of comparison, these preparations are referred 

to by their “Premix” designations to maintain continuity with the concentration of 

MLS in cured nanocomposite hardened with diamine used later. The actual 

weight of the MLS in epoxy monomer can be determined by knowing the epoxy 

monomer to diamine ratio is 1 : 0.381, and subtracting the anticipated weight 

fraction of amine from the total target polymer weight. 

http://www.resins.com/
http://www.huntsman.com/
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3.9  Instrumentation 

A Perkin-Elmer Pyris-6 DSC was used to test MLS mixtures weighed into 

tared aluminum pans, sealed, and scanned for thermal behavior at rates of 2, 5, 

10, and 20 ºC per minute in a helium atmosphere purged at 10 ml/minute. The 

recorded weights were used to reduce the heat output over time for analysis 

according to each test sample mass. 

The shear behavior of the matrix monomer and the epoxy MLS premix 

was characterized by performing continuous shear rate viscosity tests in a TA 

Instruments Aries rheometer according to the test conditions listed in Table 3.1: 

TABLE 3.1  Viscosity-shear rate test conditions. 

Thixotropic loop, direction: Shear rate increase: Shear rate decrease: 

First Clockwise 0.1 / sec to 50 / sec 50 / sec to 0.1 / sec 

Second Counter-clockwise 0.1 / sec to 50 / sec 50 / sec to 0.1 / sec 

    

3.10  Results and Discussion 

These viscosity tests were designed to reverse direction, thus removing 

any long term alignment effects, but preserving any charging effects. Of interest 

is the effect of the rate of sharing on the apparent viscosity, as this information 

could tell about the change of structure in the test medium, or if one is there to be 

found. 

The reduction in initial material resistance to deformation in shear for the 

mixture of MLS and exoxy monomer ath the CMC indicates a significant loss of 

structure at the onset of shearing this medium. This effect is shown by the plot in 
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Figure 3.4, where the linear power law viscosity behavior began at a shearing 

rate above 30 / second. The fit of all the shear thinning exponents were 

evaluated from 30 to 50 per second. The thinning behavior is attributed to the 

disruption of a weakly interacting collection of dispersed MLS particles. The 

effect was reproducible both for a new test sample and for a repeat test on the 

same sample that was left to stand for several hours before testing began again. 

The nature of this structure in the fluid is one that will like to re-establish itself. 
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FIGURE 3.4   Thixotropic loop 1, power law shear thinning. 
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Successive loops show changing viscosity trends over time with each 

subsequent cycle, as shown by the upper graph in Figure 3.5. The lower graph 

shows the applied shear rate as a function of time for each of the successive six 

thixotropic loops performed in the experiment.  
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FIGURE 3.5   After 1, 3, and 6 thixotropic loops. 
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It should be noted that the initial shear rate sweep of MLS + epoxy 

showed a substancial viscosity drop that was never recovered for the duration of 

the tests. This indicates the presence of strong interactions in the material on 

standing that were destroyed after the first cycle. Later, viscosity began to 

increase again, and shear thickening behavior was observed. A surface area 

increase of the particles, or charging of components in the matrix are are two 

likely sources of this change in structure.  

To eliminate one of the variables, the series of thixotropic loops was 

performed on pure epoxy monomer. Almost no shear rate dependent behavior 

was observed due to charging effects; an exponential value of 1 keeps the 

effects of shear rate on the viscosity constant. Slightly greater than unity values 

were found for the power law exponent at 1.034 in the first loop test and at 1.069 

in the sixth loop test. The eventual drop in consistency was uniform from 9.6 to 

6.7 pascals / second, and is attributed to monomer alignment as a result of 

shearing; this is not unusual. The epoxy monomer viscosity development over 

time is shown in the first and last loop test results plotted in Figure 3.6.  



 79

0.01

0.1

1

10

100

1000

0 100 200 300 400 500
Time (sec)

Vi
sc

os
ity

 (p
as

ca
l /

 s
ec

)
cycle 1
cycle 6

FIGURE 3.6   Viscosity at thixotropic loop 1 and at loop 6.  

 

Returning now to consider the MLS + epoxy data in more detail as being 

unusual given the ordinary behavior of the epoxy monomer by itself, Figure 3.6. 

shows the viscosity power law exponent values (n) and zero shear rate viscosity 

or consistency (m) for the start of each successive thixotropic loop test: 
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FIGURE 3.7   Breakdown and new structure creation.  

 

Opposite trends can be seen on either side of loop 3. Lost structure 

effects are being replaced by the creation of something after loop 3 that causes 

shear rate dependent thickening, but only up to a point, after which the effect has 

reached a new state of equilibrium. Shear thickening results after loop 3 could be 

due to changes in the number of particles in the medium, if MLS surface areas 

were increasing, or due to charges that were being created as a result of 

shearing effects between the particles and the monomer in the mixture.  

Charges could change the combination of temporarily joined particles, 

molecules, or combination of molecule and particles. For the case of molecules, 
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two of them could act cooperatively in the form of a charge-mediated bond where 

the effect would increase the mass of the linked assembly. Two charge attracted 

molecules would have as much as twice the length of the original molecule, and 

a shift of the centerof mass for each molecule takes place to become the center 

of mass of the charge linked assembly. The pair of temporarily charge linked 

molecular dipoles would express an increased radius of gyration due to a greater 

apparent polydispersity. The associated end to end linkages would make the fluid 

appear as if it were composed of longer chains than the monomer unit due to 

charge-mediated cooperative molecular behavior. Resistance to change in 

orientation due to shear alignment effects might stabilize the attraction and delay 

dissasociation.  

The associations among MLS particles in epoxy monomer can be 

destroyed and then changed to a different association or aggregation by the 

application of small amounts of mechanical shear energy. These effects will be 

tested next by DSC tests and X-ray probes. In particular, the use of heat from a 

chemical reaction to define a phase boundary in MLS-epoxy from known 

preparation temperatures and concentrations was one focus of the DSC test. 

First, the extent of dispersion by X-ray analysis is shown in   

Figure 3.8. 
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FIGURE 3.8   Decreased MLS layer separation at 2.5% MLS. 

           The relative signal was zeroed by the response at 2-theta = 8 degrees, or 

44 angstroms for each sample concentration prepared for MLS-epoxy premix 

processed for 24 hours at 75ºC. The test results show an anomaly at 2.5%. This 

indicates the least dispersed MLS with a d001 signal from agglomerates is at the 

critical agglomeration concentration (CAC), implying a return to significant 

parallel structure. The x-ray test results in Figure 3.8 indicate the best dispersion 

for preparations at 75ºC was obtained with a 2% MLS premix. 

 

 



 83

The intersection of X-ray test results, temperature and concentration 

variables were monitored for changes related to the structure of the test samples. 

Epoxy monomer in the liquid phase underwent catalyzed homopolymerization on 

MLS solid particles. If either the MLS particle orientation in suspension or the 

size of the particle changed, then this resulted in a change to the available 

surface area of the catalyst. The test results for the DSC thermal behavior 

follows.  

The emerging doublets shown in Figure 3.9 (a) for MLS + epoxy over a 

range of concentrations indentifies the critical aggregate concentration (CAC) by 

DSC at 2.25% MLS. In addition, there does not appear to be a large energy 

reduction below that concentration. This means that steric effects do not appear 

to be an effect seen with MLS + epoxy as in the Figure 3.3 example for a 

chemical reaction at a lipid interface layer between two liquids. If allowance is 

made for the direction of the axis, reaction temperature peaks decrease as 

concentration increases for both systems. This concentration effect does not 

seem to be unusual for reactions that proceed in a 2-dimensional phase 

boundary.  

The MLS test data, however, does not exhibit a very uniform bimodal 

thermal doublet at the critical concentration. The significance of this observation 

may be tied to the physical states at the phase boundaries that mediate the 

chemical reactions. The phase boundary signals in the Figure 3.3 example were 

for a conformable liquid physical state and the state of the reaction was defined 

by a known geometry. It had molecular scale geometric influences on reactant 
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mobility that were known and easy to explain. The MLS, by contrast, are a 

layered solid. These particles may have different external structures and internal 

accessibility to reactant, and are not easily conformable. The preliminary DSC 

test results shown in Figure 3.9 indicate that the 2-dimensional reaction interface 

for MLS in epoxy monomer at its critical concentration may not be very simple or 

easy to define.  
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FIGURE 3.9  CAC trends  at 10ºC / min after 75ºC process. 
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In further analysis, both unresolved and partly resolved enthalpic peaks in 

Figure 3.9 were quantitatively deconvoluted, separately analyzed for contribution 

to activity, and their deconvoluted peaks recombined to estimate the overall 

steric effects on the reaction rate. This way, any number of reaction 

environments could be evaluated by area weighted averages representative of 

the sum of assumed symmetric reaction peaks of Gaussian distribution. This 

analysis represents the equilibrium pre-mix, representative of the static mixture. 

The maximum peak resolution under static conditions is observed at the CAC for 

the intersection of enthalpic contributions due to each mode of reaction. This 

heightened resolution provides quantitative ratios of each type of particle 

stacking, as each deconvoluted peak is associated with a unique type of clay 

dispersion or network, which remains stable and most readily separable for 

analysis at the CAC.  

Mayorga et al. [80] have clarified when a DSC signal variation legitimately 

constitutes an unresolved sample peak rather than a thermal artifact; such 

artifacts are typically due to signal fluctuation below 10 seconds in duration for 

most constant heating rate scans. Their discussion on peak asymmetry is also 

useful to understand why it is minimal at low heating rates, very significant at 

high heating rates, and very instrument dependent. 

Ceipidor et al. [81] have described how Gaussian peaks are sufficient to 

obtain correct enthalpy functions for an overlay of first order reactions, where 

either peak area, height, or full width at half-maximum height (FWHM) of each 

component are equally correlated with activation energies E(a) for a controlled 
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set of unique chemical reactions that happen over similar temperature ranges. 

The effects of heating rate and DSC equipment artifacts on changes in peak 

shape that are not due to sample kinetic or thermodynamic parameters was also 

considered. Gaussian deconvoluted peak areas were used to perform analysis 

within the context of the fundamental starting assumption that multiple reaction 

modes due to different phases have the same chemical pathway from reactants 

to products.  

Partial areas were used to assign weighted contributions to the integrated 

thermal response from each peak. This assumption creates the bulk enthalpic 

signal response per unit mass of material even though there is a change in peak 

distribution and position (temperature) due to the local steric environment. It does 

not introduce competing reactions of different chemical identity that may have 

different thermal signatures per unit mass. In other words, the physical 

significance of a split in the thermal energy well is due to the microscopic 

variations of free volume in otherwise identical reactant and product molecules 

undergoing otherwise identical chemical transformations in different phases or at 

differently structured interfaces.   

Deconvolution sums for the reaction of 2.5% premix shown in Figure 

3.10(a) provides a comparison of the requirements to model possible 

conformational environments. A sum of any fewer than three peaks is not able to 

reproduce the shape of the signal from these DSC test results. More peaks seem 

to improve the mathematical fit according to examination of the first derivative 

plot in Figure 3.10 (b) for 2.25% premix processed at 75ºC, however it would be 
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helpful if some physical basis for the selection of some greater number of peaks 

could be established before a detailed kinetic analysis was undertaken.  For this 

reason an initial kinetic analysis was undertaken for MLS concentration where 

multiple peaks could be resolved. The number of deconvoluted peaks was then 

investigated as the analytical variable in terms of the effect on the error in the 

activation energy for the same set of data obtained at constant heating rates. 
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FIGURE 3.10   Sum deconvoluted peaks. 

 

First order kinetic analysis was performed [82] on the two-part premix 

according to the Gaussian center that determined the maximum temperature 

(Tmax) for each deconvoluted peak. The peak maximum from a deconvoluted set 

of six peaks was obtained from each experimental result at four constant heating 

rates. Activation energy was then found from the slope of the plot of ln(heat rate / 

Tmax
2) versus (1 / Tmax) for a deconvoluted peak according to: 
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Equation 3.7 

n

RT
E )(

Zek
a−

=  

Where: 
Z =  pre-exponential factor  

Ea = activation energy in J/mole 

R = 8.3144 ideal gas constant in J/(mole K),   

T = Temperature in degrees Kelvin 

 n = Reaction order 

An example plot for the second highest temperature peak in each of four 

constant heating rate tests is shown in Figure 3.11. 

 

FIGURE 3.11   Example peak position at four heat rates. 
Data analyzed using Peakfit TM software, SPSS Inc. 
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The error in the slopes of the line for this plot, and similar plots for any 

other deconvoluted peaks were then used to determine the error in the activation 

energy. Each activation energy and each error in activation energy for a given 

peak was then adjusted by a factor of 1.052 to correct for non-isothermal 

kinetics, according to the general method for polymeric reactions [83], as applied 

to reactive polymers with organophylic MLS [84].  

Area-weighted average activation energy was then calculated by 

evaluating the fractional area contribution of each deconvoluted peak in relation 

to the summed enthalpy of the entire sample. This was done for different initial 

assumptions in the number of peaks. The results are plotted in Figure 3.12 

according to different starting assumptions for the number of peaks. The 

weighted average error appears to reach a minimum after about five peaks. What 

is more important, however, is that the weighted average activation energy 

appears to reach a constant value that is independent of the number of peaks 

selected for the determination at five peaks or greater. Six peaks were selected 

to perform all subsequent kinetic analysis. This selection ensured that 

subsequent analysis would remain within the linear region of the weighted 

average activation energy response as a function of peak number, especially 

when there was a wide separation of peak maxima with respect to temperature. 
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FIGURE 3.12  Activation energy by area weighted sum. 
 

The chemical assumption of a single first order reaction mechanism is 

maintained as soon as the different activation energies are recombined. This 

model still maintains a quantitative account of each possible chemical 

environment that may cause changes in the distribution of the enthalpy.  The 

weighted estimation is robust because the number of peaks chosen or their exact 

position in the deconvolution reflects the gestalt kinetic behavior of the entire 

sample. Even in those cases where peaks are better resolved and widely 

spaced, no compromise is made to the representative answer by ignoring or 

favoring any one peak, because all parts of the reaction are included to obtain 

the representative result.  
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This need for a model with this level of complexity is illustrated by a 

comparison of the data in Figure 3.13. These experiments reflect the MLS 

premixed into epoxy treated at three different temperatures and tested for the 

homopolymerization reaction by DSC. By separating all component enthalpies for 

their contributions to a separate kinetic analysis, the recombined determination 

establishes a common way to treat the initial shoulder peak. 
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FIGURE 3.13   Process temperature and heating rate effects. 

 

The activation energies (Ea) in KJ / mol, and the Arrhenius pre-exponential 

or frequency factor (A) in seconds-1 were determined for each deconvoluted peak 

according to its activation energy from Equation 3.7 according to: 
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Equation 3.8                         2

)RT/E(
a

RT

eE
dt
dT

A
a

=  

 

Where:  

dT/dt = heat rate, in °K / minute 

The frequency factor was determined for each component peak as a function of 

the deconvoluted peak maximum by the Gaussian center (in Kelvin) and the 

activation energy (Ea in J/mole) for four different heating rates. A test for polymer 

self-diffusion in the epoxy-MLS premixture after each thermal processing step 

was undertaken by examination of the value of the Arrhenius frequency factor 

dependence as a function of heating rate and MLS concentration. 

 Figure 3.14 show the graphic result of this calculation for each of the 

heating rates in tests of the 75ºC Sample mixed for 24 hours. There does not 

seem to be much polymer self diffusion at any concentration, however it is very 

interesting that there should be a such a good overlay of frequency factors near 

the maximum value, 2.25% epoxy-MLS premix. The frequency factors shown in 

Figure 3.15 as well as Figure 3.16 for the 80ºC premix and the 85ºC premix 

studies also show excellent overlay near the same concentrations.  
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FIGURE 3.16     Frequency factor for 85ºC process. 

Self-diffusion limits are normally seen for polymer as a function of heating 

rate, not filler concentration. This is an important distinction, because the 

reduction in self-diffusion shows that the dispersed phase, not the polymeric 

phase, dominates control of molecular mobility in the organophylic MLS + 

polymer premix. At this point it is also clear from each of the graphs of frequency 

factors that a simple average value adequately represents a value that is 

independent of the hear rate of the test as a function of MLS concentration. This 
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observation helps provide justification for the reasonableness of the kinetic 

equivalence for the reaction modes postulated at the start of the kinetic analysis. 

It is now possible to make a useful comparison of the pre-mix frequency 

factor trends in Figure 3.15 with the previously reported test results for the three-

part system [74] shown in Figure 3.17.  In these two figures, the premix was 

treated at the same time and 80ºC temperature prior to reaction. For those 

concentrations tested, however, the frequency factor for the three part mixture of 

MLS, epoxy, and a stoichiometric amount of primary diamine shows much more 

similarity in self-diffusion trends with concentration to the 75ºC treated premix 

found in Figure 3.14, than to the premix processed at the same temperature of 

80ºC shown in Figure 3.15. It therefore appears that the effect of the amine has 

been to create a reaction mode (or phase) more similar to the conditions of 

molecular hindrance for premix at 75ºC.   
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FIGURE 3.17   Arrhenius frequency factors for curing. 

The first order rate produced with amine is consistent with that for 

homopolymerization, and both are independent of reaction mode at each heating 

rate tested. The addition of the diamine amine does not alter the critical 

concentration result for those concentrations tested.   

 The result of the weighted average activation energies is illustrated in 

Figure 3.18. It is instructive to examine the effect of ultrasound for the critical 

concentration where the most variation due to process temperature was 

observed. The energy required for homopolymerization reaction with epoxy is 

greatest at 2.25%, but then at this same concentration for the higher process 
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temperatures that trend is not only reduced, but it is reversed. This means that 

process temperature can both improve reactivity if used in moderation, but 

restrict reactivity again if excessive. Interestingly, all of these trends in activation 

energy due to process temperature may be removed. A split sample of each 

thermally treated 2.25% premix was subjected to ultrasonic irradiation for 1 hour. 

The test results in this group share the symbol type denoted by the thermal 

process in the plot, but may be distinguished by the black solid symbols not 

connected by a line. Examination of these points indicate the thermal history that 

is responsible for reactivity change may be removed and brought to a common 

state by the use of ultrasound for 1 hour at room temperature. 
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It is still important to check the overall reaction of the major peak without 

deconvolution to verify the ease in which the epoxy homopolymerization takes 

place as a result of process temperature. Figure 3.19 shows an apparent linear 

reduction in activation energy at the critical aggregate concentration as the 

process temperature increased. This follows the expected trend from the 

deconvolution results with greater error due to the variable influence of the 

reaction peak position.  
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FIGURE 3.19  Temperature effect on the homopolymerization barrier. 

 

The deviation in the X-ray D-001 basal layer distance shown in Figure 3.8 

corresponds with the concentration anomaly also found at the critical 
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concentration shown by the DSC peaks without deconvolution plotted in Figure 

3.20. The analytical results indicate more energy was required to 

homopolymerize epoxy in the MLS-epoxy premix processed for 24 hours at 75ºC, 

when the MLS basal layers separation was the greatest. Closely spaced layers 

reduced the energy of epoxy homo-polymerization.  
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FIGURE 3.20   DSC peak temperature trend change at the CMC. 

The more constrained reaction apparently encouraged some favorable 

orientation or conformation of the epoxy monomer in the gallery to reduce the 

reaction temperature.  This could happen if the monomer dipoles in narrower 

galleries become polarized due to a close approach of MLS charges. Polarization 
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may induce a change in molecular electron densities. Altered electron densities 

may then explain reduced activation energy for reactive molecular dipoles.  

It is quite peculiar that the reactions were not as catalyzed at 

concentrations of about 2.25% to 2.5% MLS concentration. It was thought that 

this narrow range of concentrations might be the best place to look for a more 

fundamental understanding of epoxy-MLS nanocomposites. Attempts to explain 

what could be happening because the phenomenon was suddenly quite different 

at the critical concentration later proved to be a crucial insight.  

In summary, the influence of concentration on reaction kinetics of the 

epoxy and epoxy + hardener system was demonstrated for epoxy + MLS (two 

part) and epoxy + polyetheramine hardener + MLS (three-part) mixtures as a 

function of concentration. The essential results obtained were: 

1. The two part systems exhibited an exotherm whose magnitude did not 

change for <5% MLS by weight. However, above 5%, a linear decrease in 

the magnitude of the exotherm was indicative of the growing contribution 

of the alkyl ammonium treatment of MLS influencing the cure kinetics.  

2. For the three-part epoxy: hardener 1:1 stoichiometric mixtures, kinetics 

indicated a peak in both the enthalpy of polymerization and the pre-

exponential entropic term at 2.5% MLS by weight.  

3. At all concentrations, x-ray spectra showed no 001 MLS peaks 

indicating an exfoliated state. Peaks corresponding to MLS 020 planes 

confirmed the presence of epoxy and MLS in the sample.     



 102

 

CHAPTER 4 

AMINE CURED EPOXY + MLS 

 
4.1  Introduction  

It is convenient to distinguish between solid particle dispersions in liquids, 

and immiscible liquid phase dispersions in liquids. The critical micelle 

concentration (CMC) in liquids corresponds to the critical flocculation 

concentration (CFC) or critical aggregate concentration (CAC) for solid particles 

dispersed in liquids. The CAC and CMC concepts are similar ways to think of a 

minority phase separating out of a continuous phase. 

These effects could be due to a critical concentration of the 

octadecylammonium salt of montmorillonite layered silicates (MLS) aggregation 

in epoxy similar to ionic surfactants in water based colloidal systems. Charge 

migration and particle aggregation at the CAC may give rise to a more readily 

flocculated state. The following tests were performed to evaluate this hypothesis.  

MLS particle orientation might arise on casting the nanocomposites in the mold 

due to charges, gravity, and concentration. The ratio of expansivities was used to 

look for possible directional effects as a function of MLS concentration. Tests for 

thermal conductivity were measured using a differential scanning calorimeter. 

Dynamic mechanical relaxation was used to look for any polymer free-volume 
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effects.  X-ray and dielectric permittivity measurements were also performed to 

look for concentration effects.  

The confluence of results described below point to the existence of a 

critical aggregate concentration in epoxy-MLS similar to the critical micelle 

concentrations in surfactant systems. 

4.2 Sample Preparation 

MLS was added to create the epoxy resin premix as described in Chapter 

2, with application of ultrasound to assist dissolution of large clumps, and then 

processed at 80°C for 1 hour. The mixture was degassed and allowed to cool to 

room temperature where the hardener was added with stirring in a stoichiometric 

ratio of epoxy to hardener to prepare cured epoxy nanocomposites. 

The three-part mixture was introduced into molds and cured, then cut into 

test specimens using a water-cooled saw. The test specimens were dried at 80ºC 

overnight prior to analysis.  

4.3 Instrumentation and Test Conditions 

Dynamic mechanical analysis (DMA) was conducted using a TA 

Instruments Dynamic Spectrometer model RDS-IIe, with a cryogenic oven. 

Frequency temperature sweeps were performed between 0.1 - 100 radians / 

second from -150 to 130°C in 5°C steps. 5 data points per decade of frequency 

were recorded. A constant sample temperature was assured by maintaining an 

isothermal temperature for 2 minutes prior to prior to sample measurement.  
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Thermal expansivity of the nanocomposites was determined using a 

Perkin-Elmer model TMS-2 quartz type thermal analyzer. The samples were 

tested at 5oC per minute heat rate in a helium atmosphere. Possible thermal and 

mechanical stresses introduced on curing or machining were eliminated prior to 

testing by preconditioning each specimen at 120oC for two minutes. Initial length 

in the direction of the expansivity measurement was measured after allowing the 

sample to return to room temperature prior to testing.  

Linear expansivity below Tg was evaluated over an observed linear range 

from 40ºC or 50ºC to 60ºC. Directional linear expansivity above Tg was evaluated 

over an observed linear range from 90ºC or 100ºC to 119ºC. Experimental 

control was assured by use of the same test sample to make comparisions of 

expansivity measured in alternate orientations. 

Thermal conductivity measurements were performed with a TA 

Instruments Differential Scanning Calorimeter at 10º C per minute under dry 

nitrogen at a purge rate of 10 ml per minute in accordance with the method 

described by Brostow et al. [85]. A sandwiched layer of indium and the test 

specimen was inserted into the sample pan, while a duplicate test specimen of 

identical mass and dimension was placed into the reference pan. The change in 

slope of the indium melt peak as a function of sample thickness was determined, 

and the test results analyzed using Equation 4.1: 

Equation 4.1                        
)cot(cotA

x
oφφ

λ
−

=  
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Where x is the sample thickness, A is the surface area in contact with the indium, 

and cot φ is the thermal resistance, as determined by the inverse of the average 

initial slope of the indium melt endotherm on heating. 

Dielectric spectroscopy was conducted on a Perkin-Elmer Dielectric 

Analyzer (DEA) between 0.1 to 1 MHz at room temperature. 

 
4.4  Results and Discussion 

A face type interaction at high electric field strength due to the nanometer 

scales of separation is combined with the local dielectric change brought about 

by the moving interposition of an intercalating guest molecule. These molecules 

then develop a polarization aligned with their travel along the inside of a gallery. 

Over short ranges, electric charge density gradients are large enough to play the 

significant role in determining the rate or reversibility of organic MLS 

intercalation. Locally charged regions between organophylic MLS platelets 

express enhanced conductive effects (30).  Conductivity enhancement in the 

region of close inter-particle interaction might encourage matrix polarization 

effects. 

Different sized aggregates were observed by D’Souza et al. [129] for 

epoxy nanocomposites with organophylic MLS at concentrations as shown below 

for 2.5% MLS in Figure 4.1 and Figure 4.2.  A continuum of agglomerate sizes for 

solid dispersions with MLS was found in the cured epoxy-MLS nanocomposite. 

This result is different from the Brocca et al. results for a bimodal distribution of 

micelles for liquid lipid dispersions [71]. The state of aggregation is reflected in 
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scanning electron microscopy (SEM) micrographs of tensile cross-sections 

showing MLS aggregates of 8 – 20 microns occurring at the 2.5% concentration 

(Figure 4.1) while x-ray and TEM indicated an exfoliated state [74].  

 

 

FIGURE 4.1     Aggregates by SEM at 2.5% MLS. 
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FIGURE 4.2           SEM fracture surface for 2% MLS at 750-X. 

 

A closer look at the microstructure by transmission electron microscopy 

(TEM) in Figure 4.3 revealed a possible explanation for the wide distribution in 

particle sizes near the CAC. It appeared that opposite ends of an expanded 

tactoid might swell to a continuum of different extents, creating anisotropic fan-

like structures. This provided evidence that MLS charges may be arranged in 

space due to separation over wider volume on one end of the expanded tactoid 

than on the other. It also supported Kornmann’s point regarding the possible 
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disappearance of the (001) basal spacing in x-ray analysis due to a non-parallel 

stacking of the layers. 

FIGURE 4.3      Fan-like structures at 2.5% MLS by TEM. 

Figure 4.3 provides experimental evidence of silicate platelets expressing 

a radius of curvature from about 25-nm to about 50-nm. This amount of 

geometric distortion will give rise to some net static polarization with regard to 

either face of the distorted platelet, because the volume inside the radius is 

enriched in negative charge density, whereas the volume outside the outer radius 

is depleted in negative charge density. A nonuniform variation in charge density 

appears to play a role at concentrations near the CAC where the platelets 



 109

approach each other closely enough to stabilize these conformations into the 

observed herringbone patterns.  

The reason for the anisotropic tactoid result is not directly explained by 

other results in the literature; however there does seem to be similar supporting 

evidence. It is possible that range in the ionic mobility result provided by 

Kanapitsas [69] was due to charge polarization of bis-phenol A diglycidyl ether 

(DGEBA) effected in different degrees depending on where this intercalant was 

located along similar fan-shaped galleries. Mobility may be constrained in the 

narrow end of the tactiod, giving rise to partial steric hindrance over these 

regions of the tactoid. The anisotropic tactoid result could also help to explain 

local changes hydrophobicity reported by different environments described by 

Park et al. [67]. 

The microscopic structure appeared quite different for 5% MLS, where an 

edge-face structure seems to dominate at higher concentrations. The TEM 

micrograph shown in Figure 4.4 indicates a compact parallel and perpendicular 

arrangement of the montmorillonite silicate layers at 5% MLS in epoxy.  This is a 

shorter distance than the 88-nm or greater required for exfoliated dispersions. It 

is useful to keep the impact of concentration effects in mind, as this more tightly 

packed microstructure is typical for the region of concentrations above the CAC. 
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FIGURE 4.4  Perpendicular tactoids at 5% MLS by TEM. 

A strong compositional effect on multiple properties became evident with 

the addition of organophylic MLS to epoxy. Figure 4.5 shows that the glass 

transition temperature (Tg) did not change much below 3% by weight MLS, 

however Tg falls rapidly above 3% , decreasing by 7 degrees from the base resin 

at 5% MLS. A decreasing glass transition is typically associated with matrix 

plasiticity.  
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FIGURE 4.5     Glass transition by DMA vs. MLS concentration. 

 

The rubbery plateau modulus shown in (Figure 4.6) indicates an increase 

with MLS content, with another anomaly in the slope of the increase at 2.5% 

MLS. This result is considered in conjunction with an analysis of the master 

curves from dynamic mechanical analysis in Figure 4.7, and the activation 

energies at temperatures below Tg as plotted in Figure 4.8. The increase in the 

rubbery plateau with composition of MLS may have the following causes:  

(a) Decrease in crosslink density (rubber elasticity) or  

(b)  Filler reinforcement effects at temperatures greater than Tg due to 

molecular scale MLS platelet reinforcement of epoxy. 



 112

T. Lan et al. [68], Chin et al. [65], and Butzloff et al. [74] have shown that 

MLS acts as a catalyst rather than a curing agent. The rubbery plateau modulus 

analysis shown in Figure 4.6 indicates the overall increase in modulus must be 

due to MLS reinforcement of epoxy at the stoichiometric ratio of epoxy resin to 

hardener. Sensitivity to concentration effects on the rubbery modulus were 

obtained.  
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FIGURE 4.6     Rubbery plateau modulus vs. MLS concentration. 

 

Next, the storage and loss moduli obtained from dynamic mechanical 

analysis were plotted against frequency for graphic overlay for modulus data 
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obtained at each isothermal test temperature. These data were then shifted 

horizontally along the frequency axis toachieve a continuous data curve. The 

values of the shift factor for each translation were determined for the frequency 

sweep data at test each temperature. The resulting master curves of the storage 

moduli are shown in Figure 4.7.  
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FIGURE 4.7     Reduced moduli for epoxy nanocomposites. 

The base resin Tg temperature of 70oC was selected as the reference 

temperature used to shift each master curve. The shift factors were analyzed first 

for temperatures below the glass transition and the magnitude of the activation 

energy calculated using Equation 4.2.  

Equation 4.2                          ( ⎟
⎠
⎞−=

ref
T TTR

HaLog 11)(  



 114

Where: 

aT = graphical temperature shift factor for superposition 

H = activation energy of flow, in KJ/mole 

Tref = Temperature of reference, usually taken at Tg. 

The results from application of Equation 4.2 are shown in Figure 4.8. As 

can be seen the activation energy for chain mobility goes through a maximum at 

the 2.5 % by weight MLS. A critical aggregation at 2.5% occurs, corresponding to 

increased hindrance to the mobility of the chains. The interpretation of the 

activation energy of flow [86] is related to the steepness of the energy barrier that 

is required to change the quasi-equilibrium state of the system from one 

configuration to another. If a body were perfectly elastic, the stored potential 

energy is immediately and completely released when the stress is released. The 

result is the immediate and complete return of the system to its equilibrium 

position prior to the stress application. Thus elasticity modulus, shear modulus, 

bulk modulus and hardness are all functions of the steepness of the energy 

wells. It is therefore discerned that while there is virtually no change in the glass 

transition temperature of the nanocomposites over that of the base epoxy resin 

for the 2.5 % by weight nanocomposite, the activation energy for chain mobility 

has nevertheless increased. 
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FIGURE 4.8     Activation energy (Ea) vs. MLS concentration. 

Increase of MLS concentration on nanocomposite Tg can be examined in 

the context of polymer chain confinement. McKenna [87] reviewed the different 

effects that introduction of a matrix into confined geometries has on composite 

Tg. He reviewed the literature to observe that the effect of pore size on the glass 

transition has been reported as increasing, decreasing or without effect. He 

pointed out that size effects on glass transition may be based on:  

a) Pore size reduction. The magnitude of the decrease in pore size affects 

the suppression of the glass transition similar to the melting point 

depression in crystalline materials.  
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b) Process induced molecular structure. Constraints due to pressure or 

free standing films favor reduced volume structures.  

The epoxy nanocomposites were cured at atmospheric pressure in an 

open top mold, therefore case (a) applies. As more MLS is introduced into the 

material, the epoxy rich domain size decreases.   

Slightly above the glass transition temperature,  Tg <T <(Tg +50), chain 

relaxation can be explained by changes in the free volume of the polymer. The 

shift factors were fitted to the William-Landel-Ferry (WLF) relation (Equation 4.3) 

in Figure 4.9.  

 

Equation 4.3           
 

Where 
 

And               
f = fractional amount of free volume in a given volume of 

polymer 

fo = fractional amount of free volume at the reference 
temperature (Tref) 

αf = volumetric expansion of free volume with temperature 
in a given volume of polymer  

 
 

The WLF constants have the magnitudes of C1= 17.44 and C2= 51.66 for 

many systems. Numerous researchers have pointed out the lack of universality 

of these constants. Molecular free volume is measured by these constants in two 

ffC α/02 =

01 303.2/1 fC = 

 log aT = C1(T-Tref)
(C2 + T - Tref)
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different and distinct ways. C1 is inversely proportional to the fraction of free 

volume in the space occupied by a polymer molecule independently of 

temperature. This temperature-independent term can be further broken down. 

Another constant that is part of C1 directly relates the size of the hole available 

for a small region of the polymer backbone to fit. This effect is usually the same 

for most polymers and one would not expect C1 to be affected by any thermal 

change in the region where W-L-F is valid. In contrast, C2 is directly proportional 

to a fraction of the free volume that operates on the difference of two 

temperatures, the first being a fixed reference temperature, and the second being 

the test temperature or temperature of interest. For the convenience of universal 

comparison, the fixed reference temperature is chosen to be the characteristic Tg 

temperature.  

To summarize, the physical meaning of the free volume is an unoccupied 

volume or "free" space into which part of a polymer molecule may rotate or 

move. C1 is that part of the unoccupied space that is temperature independent. 

C2 indicates what part of this space must depend on temperature. The similarity 

in trends between C1 and C2 indicates that MLS nanocomposites are strongly 

affected by thermal expansivity.  
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FIGURE 4.9     Trend in WLF Constants with MLS concentration. 

 

Most polymeric materials express a greater expansivity above the Tg than 

below the Tg due to the mobility of free volume between side groups. Since a 

molecular scale reinforcement has been added to epoxy polymer, this picture 

becomes somewhat more complicated. The effects of particle distribution with 

concentration may give rise to two different types of free-volume constraints. 

Polymer free volume effects must be separable from voids due to the 

nanoparticles geometry caused by concentration dependent changes in 

dispersion. To begin in as simple a way as possible, the isotropic method of 

Jurkowski and Olkhov [88] for MLS in polymer is accepted. The expression for 
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isotropic volume expansivity Vf obtained from linear expansivity was derived in 

Appendix I to yield Equation 4.4 below: 

 
Equation 4.4                       α3Vf ≈     
 

An additional complicating factor not considered Jurkowski and Olkhov is 

that positron annihilation experiments on thermosets in general and epoxies in 

particular have been shown to express a change in the bulk expansion above the 

glass transition temperature in proportion to the stiffness of their cross-links [89]. 

Since the nanocomposite is a molecular scale reinforcement, it can not be 

assumed that the epoxy expands the same way at all MLS concentrations, even 

if it essentially expands the same way in all directions as Jurkowski and Olkhov 

have shown. The significance of this consideration is that it may no longer make 

sense to subtract the volumetric expansion above the Tg from the volumetric 

expansion below the Tg to determine concentration dependent effects when two 

parameters are subject to change. A direct relation is no longer assumed when 

the polymer free volume collapse changes based on local changes to the 

stiffness of that polymer by reinforcement. This is to say that some kind of 

comparison across concentrations should still be made, but the direct subtraction 

method of expansion coefficients above and below the Tg may no longer be as 

appropriate. 

Concentration dependent polymer free-volume effects were shown by the 

DMA test results for the Arrhenius and WLF constants in Figure 4.9. This result 

provides independent experimental support that the context of the epoxy hole 
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volume dependency on the stiffness of the MLS platelet is similar the effect 

expressed by the stiffness of the cross-linking chain reported by Yang et al. for 

DGEBA and other epoxies in [89]. In addition, theoretical support for this 

molecular-scale interpretation comes from the work of M. Chaturvedi and Y. -L. 

Shen [90], who studied epoxy hole volume dependency, filler structure, and 

thermal stresses as a function of heating rate from the micromechanical 

perspective, as well as from Park et al. [91] who determined that both the 

isotropic nature and the molecular hole volume effect due to scaffolding in the 

area between MLS galleries were both due to the small size of the reinforcement. 

The logical alternative to a direct relation of thermal expansivity by the 

subtraction method is not to assume scalability of possibly separate and 

indirectly related effects. Mathematically this is determined by comparing a ratio 

rather than a subtraction result to examine relative contributions of thermoset 

nanocomposite volume expansivity above and below the Tg. When this ratio is 

performed, any concentration dependent effects on the hole volumes due to 

geometric MLS microstructure does not require or assume knowledge of the 

scale of change in polymer reinforcement at the same concentration. Division of 

the volumetric expansivities obtained from Equation 4.4 in units of reciprocal 

temperature result in a unitless ratio to express all free-volume immobilization 

effects. 

The volumetric thermal expansivity as a function of MLS concentration 

determined above Tg by ratio to expansivity below Tg is shown in Figure 4.10. At 

the 2.5% MLS by weight composition, a peak in thermal expansivity is evident at 



 121

2.67 that is identical to that of the reference epoxy without any MLS additive. This 

indicates that the post Tg material relaxation is affected more by the thermal 

expansion of the network rather than changes in free volume in the 

nanocomposite at this concentration.  
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FIGURE 4.10     Similar expansion ratio for 2.5% MLS and 0% MLS. 

 

Dielectric permittivity results are shown in Figure 4.11.  As can be seen 

there is a minimum at the 2.5 % by weight MLS composition. Tepper and Berger 

[92] investigated tungsten – silica nanocomposites using dielectric permittivity 

and electrical conductivity measurements. They suggested that the high density 

of interfaces affects the amount of captured charge carriers in nanocomposites. 
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Captured charge carriers contribute to capacitance, whereas mobile charge 

carriers contribute to conductance. The decrease of the dielectric permittivity 

results from a loss of accumulated charge. Loss of charge is due to the ionization 

of charged point defects and to the electrical charge transport by a variable range 

hopping mechanism. This loss of accumulated charge reduces the capacitance. 

According to the authors, this decrease should be regarded not as an inability to 

capture the charge carrier but rather as an inability to keep charges trapped in 

the defects, especially when interfaces are under local pressure. This acts to 

increase the density of dangling bonds caused by the distortion of the interface 

[93]. 
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FIGURE 4.11     Dielectric permittivity of epoxy nanocomposite. 
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The occurrence of interfacial polarization due to trapped charges at the 

MLS interfaces in these systems is supported by the inverse relationship 

between the magnitude of the real part of complex dielectric permittivity and the 

applied frequency [94]. Thus charge conductivity should show a maximum at the 

same composition as the minimum dielectric permittivity. This is validated in 

Figure 4.12 where the addition of MLS to epoxy first serves to decrease the 

thermal conductivity of the mixture. It is notable that electrical and thermal 

conductivity trends in this temperature range for unfilled polymers are typically 

similar. However, at 2.5% the highest thermal conductivity of the nanocomposites 

is formed, close to the magnitude of the base resin. Thus while MLS can act as 

charge traps, a critical concentration of MLS is required to form a conductive path 

through the matrix. In effect, the matrix facilitates this charge dispersion.  
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FIGURE 4.12     Thermal conductivity vs. MLS concentration. 

The state of MLS aggregation in polymer matrices has been of significant 

interest for polyether/MLS polyelectrolytes [95]. A peak in ionic conductivity vs. 

MLS concentration was determined. The initial increase in conductivity with MLS 

introduction was attributed to an increase in the number of charge carriers 

followed by formation of stericly hindered ionic aggregates as ionic concentration 

increased. It is conjectured that: 

1. The epoxy network architecture contributes to phonon 

conduction and the polyether amine structure provides the ionic 

medium necessary for charge transfer during polymerization.  

2. The amine structure of the hardener in the epoxy MLS system 

may facilitate large-scale aggregation with an absence of short-



 125

range order afforded by an intercalated state. Aggregated effects 

mentioned for polyether/MLS polyelectrolytes were facilitated by 

the use of Na+ clays. However Aranda and Ruiz-Hitzky [77] 

determined a lower degree of order but retention of ionic 

aggregates for PEO nanocomposites when Na+ was substituted 

with NH4
+.  

4.5  Summary 

It was shown that the previously determined [74] peak in enthalpy of 

polymerization at 2.5 %, and a minimum in the WLF constants obtained through 

analysis of master curves at 2.5% composition correlated to a maximum in the 

real part of the dielectric permittivity, a maximum in the coefficient of thermal 

expansion, and finally, to a maximum value of the thermal conductivity.  

This confluence of phenomena occurring at the critical concentration of 

2.5 % by weight MLS is analogous to behavior obtained in surfactants due to 

charge-mediated flocculation [96]. On returning to the basis for intercalation of 

polymer chains between the platelets, it must be remembered that it is the 

charged end of the alkyl ammonium ion that attaches to the platelet. It is 

therefore concluded for this reactive polymer system the competing inter- and 

intra-gallery polymerization leads to characteristic critical concentration of 

charged platelets that flocculate.  

There has also been recent interest in modeling the phase behavior of 

polymer nanocomposites to determine thermodynamically favorable chemical 

structures for dispersion stability [97]. Here it is shown that there is an additional 
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kinetic effect introduced by the nature of the polymerization and charge 

interaction separate from that of the platelets ability to overcome van der Waals 

interaction and exfoliate. As previously established [74], this nanocomposite 

system showed an absence of the interlayer basal spacing peak, and provided 

additional confirmation of exfoliation that was substantiated by TEM micrographs.  

Kinetics of particle aggregation have been analytically expressed and 

summarized in the Handbook of Surface and Colloid Chemistry [98]. 

Consideration of that work leads to the following initial qualitative explanations: 

Slow stirring such as used in this nanocomposite preparation may have favored 

the establishment of fruitful collisions that would result in MLS particle 

aggregation. This is especially true in systems where the polymerization is 

conducted in a static environment. Later efforts regarding the effect of ultrasound 

follow in Chapter 4 that better direct understanding of the influence MLS 

treatments on overcoming thermodynamic considerations of platelet-to-platelet 

order retention or annihilation. Here it is sufficient to show that even when a 

disordered exfoliated state occurs, charge interactions between platelets may act 

to cause re-aggregation. 
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CHAPTER 5 

PROCESS EFFECTS 

5.1  Barrier Improvement 

 
The overall importance of nanocomposite process environments on the 

balance of interparticle forces was reviewed by Oliver Spalla [99]. Where 

possible, likely the octadecylammonium salt of montmorillonite layered silicate 

(MLS) structures and relative changes to those structures in epoxy induced by 

the forces specific to each type of process need to be identified. The independent 

analytical methods that can be used to evaluate the assignment of dispersed 

structures will be reviewed. 

The stabilization of color images in thermal printing makes use of the 

transition from a visible dye color to a transparent state [100] by means of 

intercalation of cationic colored dyes into MLS. Environmental changes such as 

localized heating, pressure, or exposure to water can then release the dye and 

form an image. The appearance of the dye can therefore be used to control and 

quantify the effect of nanocomposite processing variables in terms of impact to 

performance, such as barrier resistance to moisture.  

The general phenomenon for dye color development is an ion exchange 

reaction that takes place between the charged dye and the surfactant ion-

exchanged MLS to form an insoluble MLS-dye pigment complex. The capture of 
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exchanged dye in the MLS can be considerably reversed by the formation of 

hydrogen bonded aggregates due to water. Absorbances in the visible spectrum 

can be used to quantify those process effects that pose significant indicators of 

change to cured MLS-epoxy nanocomposites.  In particular, the use of methylene 

blue dye is a well explored technique, but only recently has it been used to probe 

the extent of MLS aggregation in smectite dispersions [101,102].  

The layer charge density of the MLS is modified by the incorporation of 

cationic dye, therefore anything that changes the charge distribution on the 

exterior surfaces of MLS platelets also changes the spectral response of that 

dye. Examples are charge screening by solvent [103], and exchange of one type 

of gallery ion with another one [104]. The effects on MLS basal spacing are 

observed as visible absorbance band spectral shifts to a new frequency. The 

appearance, disappearance, or intensity change of visible absorbance bands is 

due to the formation of flocculated structures [105].  

Cimerova and Bujdak [106] report that neither the MLS internal structure 

or the MLS composition, or the local pH can interfere with this spectral probe, 

except to decompose the dye at extreme pH. Interestingly, the use of more than 

one type of dye does not result in additive spectral changes. This proved that the 

combined dyes form mixed aggregates that intercalate to alter basal spacing 

differently than either one of them alone [107], even taking into account the time 

dependence of the spectral shift. 

Externally applied electric fields affect MLS charge distribution of 

methylene-blue intercalated smectite to the extent that the shape of the particles 



 129

can even be calculated based on the relaxation time of decay from an applied 

electric field impulse signal [108]. These relaxation times were reported for MLS 

suspensions in solutions; presumably the relaxation times would increase 

significantly for polymer intercalated into MLS.  

An improved nanocomposite might be created by use of hybrid particles 

with unlike geometries. Such a dispersion could increase mechanical interaction 

due to a synergy of their shapes and sizes. At one extreme is MLS with charged 

dielectric or insulating particles, and at the other extreme are conductive, and 

electrically inductive nanotube particles. 

The case for interaction of MLS with nanotubes in terms of molecular or 

particle orientation is somewhat blurred. This is because carbon nanotubes are 

both covalent in nature and a macromolecular polymer by definition. They 

entangle as polymers entangle, yet the surface interaction and surface area 

between these structures is negligible due to their 1-dimensional character, when 

compared with MLS. Nanotubes may therefore be considered to be discrete 

particles as well as a type of polymer (polymerized carbon).  

Parallel or perpendicular orientations differ for aryl [109] and alkyl [110] 

polymers adsorbed onto graphite and mica surfaces. Covalent graphite prefers to 

orient single-ring poly-aromatic hydrocarbons normal to the graphitic plane [111]. 

Alkyl chains such as linear polystyrenes lay flat onto the graphite lattice [112]. 

This morphology is generally opposite for micas [110], including MLS. 

Exchanged alkyl amines that have overcome the electrostatic attraction of 

adjacent silicate platelets will tend to orient normal to the plane of the silicate 
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layer [113]. In both cases, however, more uniform and periodic close packed 

structures are seen after annealing at elevated temperatures. It is therefore 

reasonable on the basis of these tendencies to imagine an ordered orientation 

might be possible in some kind of hybrid particle interaction.  

Hybrid particle mixtures may not be stable for a number of reasons.  The 

influence of anisotropic particle geometry on the percolation threshold [114], and 

the intrinsic conductivity of covalent carbon [115] were expected to change the 

interaction between like-charged but different types of dispersed particles with 

different surface areas and unequal polarization. Irreversible coagulation of 

mixtures of oppositely charged colloids has been demonstrated [116], however 

both MLS and nanotubes express negative charging effects. Nevertheless, a 

hybrid mixture might not remain stable under some conditions. Nanotubes have 

the greatest molecular polarizability of all molecules. This is due to their excellent 

conductivity and large aspect ratio. Locally opposite charges might be induced on 

carbon nanotubes. If this effect is combined with a sufficiently close approach to 

MLS particles, irreversible coagulation might then occur.  

Hybrid MLS nanotube interactions could be improved by chemical surface 

preparation of the nanotubes prior to dispersion in epoxy.  Microwave irradiation 

might help particles leave one type of agglomerate and migrate to agglomerates 

of the other particle type to form mixed agglomerates of both types of particles.  

Magnetic fields have already been used to exert substantial pressure 

forces in a mixture of non-magnetic and magnetic particles suspended in a 

continuous phase. The class of magnetically orientable suspended particles is 
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known as a ferrofluid. The magnetic particle dipolar interactions in ferrofluids are 

anisotropic due to the nature of the dipole. Expressions for their behavior can be 

found in a review by V. Cabuil [117]. 

The electric field vector of light has already been used to exert substantial 

pressure forces through and onto transparent dielectric particles [118,119,120], 

where the polarized particles were pulled into the maximum of the electric field if 

their susceptibility was greater than the continuous phase.These well-known 

effects suggest that electric polarization might follow light and magnetism to 

change the stacking or orientation of nanoparticles.  

AC electric fields have been shown to align nanotubes [121], therefore this 

may be a physical mechanism by which induced AC currents can align 

nanotubes and extend them outside of like-particle agglomerates to interact with 

MLS particles. A viscoelastic model and experimental investigation of thermal 

and mechanical effects of displacements in reinforcements in epoxy composites 

in a microwave field concludes that characteristic ultrasound is generated as a 

result [122]. The literature therefore supports the possibility of dynamic effects 

between MLS and nanotubes as a possible mechanism to permit particle-

hopping between aggregates. It is physically remarkable that carbon nanotubes 

interact with millimeter wavelengths of microwaves at all, since nanotube lengths 

are on the order of microns, and their diameters on the order of nanometers. 

Even though the physics of the interaction was not at first understood, microwave 

irradiation has been patented in terms of an effective method to disperse carbon 
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nanotubes in dielectric media by Butzloff et al. [126] to manufacture nanotube 

epoxy nanocomposites, as well as to enhance their surface reactivity.  

It is now known that the presence of ultra-thin periodic arrays of micron 

sized slits is the mechanism responsible for coupling microwave irradiation into a 

medium, as reported by Hibbons et al. [123]. These workers demonstrated a 

standing wave within a layer that was proven to resonantly absorb and retransmit 

radiation of a wavelength more than 100 times the thickness of that medium! 

Their demonstration used slits in micromachined metal arrays and never 

mentioned carbon nanotubes. A reasonable suggestion made by analogy is that 

nanotube structures may be interpreted as a series of thin slits in a conductive 

carbon medium. The ability to perform nanotube dispersions on the nanometer 

scale using microwave irradiation is becoming understood on a more 

fundamental level.  A. Feigel [124] recently provided a quantum mechanical 

interpretation for the incredible acceleration of nanotubes in terms of a 

momentum transfer from energy to matter of about 50 nm/second on inductive 

acceleration by microwaves. The advancements in this field are quite exciting.  

To improve the interaction of MLS with nanotubes, multi-walled carbon 

nanotubes (MWCNT) were functionalized using aniline treatment by Butzloff et 

al. [125], and the amination reaction was later significantly improved [126].  

In a recent report of the formation of significant MLS surface area 

favorable to molecular scale reinforcement in epoxy [64], the ion exchange was 

performed with the same bifunctional amine selected for the hardener in the 

epoxy. This increased epoxy compatibility and generated significantly improved 
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exfoliation by relying the creation of bonds with the matrix rather than a 

homopolymerization or oxirane ring-opening [68] due to the catalytic effects at 

the carboxylic acid ends of mono-amine ion-exchanged MLS. Nevertheless it is 

possible that a better knowledge of platelet structure interaction with polymer 

systems will not be answered completely by solving all the polymer compatibility 

issues. For this reason the treated montmorillonite system based on I.30.e in 

epoxy is useful to provide insight to MLS structure and interaction dynamics by 

examination of the undesirable agglomerates it forms. 

Whereas localized MLS platelet aggregation effects mechanical [127] and 

chemical properties [128, 129], it was unclear if the development of random 

aggregates in environments containing trace amounts of water could be affected 

by changes in MLS concentration, epoxy to hardener mix ratio, and the 

application of ultrasonic treatment to reduce aggregate size. 

It is well known that the addition of small quantities of water will mask the 

exposed charge and therefore their reduce the reach of their electric fields by as 

much as one order of magnitude [30] due to the local orientation of the water 

molecules.  In the case of locally variable exchange densities on the MLS 

surface, even a very small amount of water present in tightly packed hydrophobic 

regions can act as a plasticizer. Moreover, small amounts of water might act to 

improve the pendant surfactant extension into the epoxy or reactive monomeric 

amine solvent because of that reduction in exposed charge. In each of these 

cases, water in small quantities would be likely to play a role to equalize non-
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parallel orientation while at the same time increasing the distance between the 

platelets.  

Molecular dipole reorientation of water affects dielectric particles subjected 

to oscillating electric fields [56].  Housain, Youngs, and Ford [56] have shown a 

significantly decreased time to relax polarization around a particle in the 

presence of water molecules exposed to microwaves. This was attributed indirect 

kinetic excitement from heat energy released by water dipole reorientations 

within the electric field.  

The application of ultrasound at the critical agglomeration concentration 

(CAC) provides the most sensitive demonstration of MLS particle aggregation. 

When undesirable agglomerates are made in great quantity, this provides a good 

signal to evaluate conditions to more clearly reverse that effect.  

The application of microwave irradiation not only polarizes the MLS, but it 

changes the structure water in or near charged plates (such as MLS galleries) to 

produce periodic fading fluctuations between them as the local charges are 

discharged, with effects that persist for tens of minutes after the irradiation is 

removed [130]. This effect was interpreted as the production of oriented clustered 

states of water molecules, in general agreement with the literature that induced 

transient cooperative water structures are possible. Water structure due to 

oscillatory electric inductive effects are more effective at charge screening than 

the action of randomly associated dipoles in gels of silica, and silica alumina gels 

[131], therefore the same is might be true in the context of minority water 

intercalated organophylic MLS. 
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Microwave (MHz) irradiation of the EDL in the presence of water reduces 

DVLO electrostatic forces according to Krems [132].  Microwave curing of epoxy 

does not express a difference in the mechanical properties from thermally cured 

epoxy, and epoxy aged in water does not change the performance of epoxy 

thermosetting polymer [133]. The combination of all three of these conditions at 

once to microwave curing of epoxy-MLS nanocomposites requires a careful 

examination. Microscopic regions with trace amounts of water may expedite a 

localized shift from MLS aggregates to dispersed MLS, by selectively heating and 

enhancing the mobility of matrix molecules in contact with aggregated MLS 

surfaces where water is likely to reside. 

5.2  Cooperative Relaxation in Nanocomposites   

Fragility is the sensitivity to shear properties of a material near the glass 

transition temperature. The glass transition is a rate dependent material property 

that measures the effects of a transition involving a cooperative molecular 

relaxation between a rubbery or a liquid state to a glassy state. It is influenced by 

the speed of cooling through the transition region. Very slow cooling from the 

liquid or rubbery to the glassy state approaches an equilibrium condition with 

infinite time available to relax the structure. These conditions provide the lowest 

achievable value for the temperature. Quench-cooling the material freezes in 

many high temperature defects to decrease the density of the glass formed on 

vitrification and yeild a higher temperature for Tg.  

Ferry maintained that the temperature dependence of polymer or 

monomer relaxation processes were primarily independent of chemical structure 
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in the form of the WLF equation [134]. He correctly argued that the WLF equation 

was able to describe almost the complete range of polymeric relaxation behavior, 

from high to low molecular weight.   

Ferry agreed that the incorporation of an Arrhenius energy term could be 

used to slightly improve the mathematical description for some of the effects of 

chemical structure on viscosity and modulus. He selected an additional 

adjustable parameter to operate on the flow activation energy to extend the 

accuracy of the WLF equation without destroying the framework of the model. 

The result was a small contribution to the temperature dependence of relaxation 

processes based on chemical structure. 

The significant issues at the time were based on extensive consideration 

of a related form of the WLF equation that used T rather than (T-Tg ) in the 

numerator of Equation 3.3, with the final result being the elimination of the flow 

activated form of the temperature shift factor as the overwhelmingly correct 

general explanation for polymer relaxation. 

Ferry nevertheless reviewed a way to understand the physical significance 

of an arbitrary additional activation energy Ea* that seemed to improve the 

predictions of viscosity models such as Vogel-Fulcher-Tamman or VFT. This 

consideration yielded a decreased role for free volume, and an enhancement of 

the role of fractional mobile free volume, as considered in Chapter 11 and 

Section 3 of his text [134] according to Equation 5.1:  

Equation 5.1       )TT("BRT/*)E(Const)log( g0 −++=η  
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Flow activation at this point was only considered in terms of steric and frictional 

contributions of the chemical structure of the polymer. According to Ferry’s 

review, he found that a contribution of Ea* to his extended WLF equation was 

about 10%. The further derivation and application of Ferry’s improvement to 

incorporate minor effects of polymer chemical structure into the WLF equation is 

of tangential importance, as this is still being developed.  The advantage of 

preserving the identity of the WLF constants in his form of the modification lent 

continuity to a wide body of numerical evaluations in the literature, and provided 

a way to refine later definitions of B and E.  

The pressure form of the WLF equation is: 

Equation 5.2                  ( ) ( )
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The term βf is the compressibility volume fraction, and corresponds to αf, the 

volume expansivity fraction when temperature is the variable and pressure is 

held constant. If αf, appears to be greatly affected by the polarization activation 

energy Ep then suddenly C2 has a physical significance where none was known 

before, and possibly Ep then also plays a role in the compressibility volume 

fraction for the same reason. If this has fundamental and practical significance 

with wide reaching implications for the polymer science of nanocomposites, one 

might ask why it was not discovered before.  
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Ferry considered an energy dependent Arrhenius temperature contribution 

to the shift factor in terms of polymer-polymer interactions. Charged molecular 

scale additives were not developed at that time to be considered part of that 

forum. 

Meanwhile it has been much easier to make dielectric measurements than 

mechanical measurements under high confining pressures to investigate free 

volume effects due to pressure. Unfortunately it also appears to be the case that 

the dispersion of the dielectric constant was most often measured in one 

direction only. To add to this, there is another complication if the polarization 

activation energy does not take into account possible alignment and structural 

changes due to flow or directional pressure. Studies on the pressure dependence 

of the relaxation process might be flawed if due considerations have not been 

given to polymer dipole alignment in an electric field, or particle orientation 

effects. 

To begin this clarification, a polymer polarization flow activation energy Ep 

is defined to add dipole character to the to chemical structure contributions of 

polymer relaxation. Consideration of the viscosity then redefines the energy of 

polarization more clearly from Equation 5.1 to mean: 

Equation 5.3                  )TT("BRT/EConst)log( gp0 −++=η  

The constant C1 was defined by Ferry to obtain a fractional component of 

the Arrhenius-like activation of the temperature dependent contribution of the free 

volume fraction: 
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Equation 5.4                  E1 BBC +=  

Ferry then goes on to provide the result of a quantitative derivation for the 

extraction of the value of BE, where the arbitrary activation energy E* has been 

replaced by the activation energy of charge polarization: 

Equation 5.5                  RT
fE

T
CB p

g

2
E ⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
=  

 Recalling the approximation used for the extraction of the activation 

energy of flow due to charge polarization below the glass transition temperature, 

here is the first indication how to create a link between one variable of the 

Arrhenius region of flow activation and one component of the WLF region, 

effectively tying these disparate models into specialized expressions of the same 

model in terms of shared variables to test the possible correctness of BE.  

The as-cast material was the structural and compositional control for the 

surface charge on the strained sample. A subtraction of the slopes for the flow 

activation energy of the compositionally equivalent nanocomposites obtained the 

result from Table 5.2 that Ep = 154 KJ/mol for the nanocomposite strained at 

140ºC for 1 hour at 2% strain.  

The meaning of Ep is the activation energy due to directional dipole 

polarization of the polymer that must be overcome to withdraw it from holes in the 

adjacent polymer or other structures.  

In hindsight, one critical assumption is the reversibility of flow effects 

regardless of the presence of charged particles in the medium. If a force causes 

polymer or particle orientation, an activation component can be imagined that 
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may be separable from a frictional mechanical component of flow activation 

before orientation. If such an effect exists, and if charges and particle orientation 

may be coupled by thermomechanical fatigue, then this effect might be useful to 

investigate the flow activation before and after that treatment. 

 This treatment might be considered the equivalent of a charged single 

molecule pullout test after the average correction is made for the number of 

molecules pulled. The Ep  term would then describe how the electrostatic 

component changes the minimum hole size into which a polymer molecule can 

be inserted or pulled out. Substituting for all of the experimentally determined 

constants allows BE to be found from Equation 5.5: 

Equation 5.6                 T(8.31451)
f154

27365
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=  

Where the ideal gas constant R = 8.31451 J / (mol K). 

The most significant recent treatments on the relaxation of polymers or 

glass forming materials in general consider the thermodynamic fragility, which is 

presently defined as the ratio of the heat capacities at constant pressure for the 

liquid versus the glassy state.  Many polymers such as epoxy have no crystalline 

state.  

C.A. Angell [135] has made key contributions such as the correlation of 

thermodynamic and dynamic fragility where extensive use of plots of polymeric 

properties such as viscosity or shift factors aT against (Tg / T) have call attention 

to their significance. Angell also called attention to the possibility of finding a 

system with a negative linear expansion coefficient on increase of temperature at 
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constant pressure. In any case, most workers in the field appear to agree that the 

temperature dependence of the fragility must be very path dependent.   

The way to calculate the dynamic fragility is now evolving in the literature, 

and presently depends on the reasoning selected to arrive at the definition. The 

Fragility Index F developed as an activation enthalpy at Tg  in the manner 

determined by C.A. Angel from the WLF constant C2 is very close to Ferry’s 

expression in the parenthesis of Equation 5.5: 

Equation 5.7                  
g

2

T
C1F −=  

This yields F = 0.983 for the as cured epoxy 2.25% MLS nanocomposite, 

and F = 0.76 for the 2.25% MLS after 140°C with 2% strain treatment.  Recalling 

that ability to store heat appears to be increased as a result of the strain 

treatment shown in Figure 5.28, there appears to be a negative correlation with 

the fragility index compared with the values of the heat capacities of each 

nanopomposite above the Tg.  

Another way to look at the dynamic fragility was determined from a 

relation of the WLF and Vogel expressions in the manner first provided by Huang 

and McKenna [136], with dynamic fragility (m) defined as: 

Equation 5.8                  
2

g1

C
TC

m =  

This yeilds m = 2565 for the as cured nanocomposite, and m = 64 for the 

140°C nanocomposite with 2% strain treatment. The untreated nanocomposite 

would be viewed as very fragile and showing non-Arrhenius behavior of the shift 
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factors at Tg, and the treated nanocomposite as strongly Arrhenius in behavior 

near the Tg. In terms of nanocomposite reinforcement by epoxy polymer, this 

definition of fragility seems to be pointed in the correct direction.   

Comparing the definitions of fragility with Ferry’s insight, it seems that 

Angell’s definition for a fragility index could be corrected somewhat by removing 

the factor of unity from which the term was subtracted, yielding once again the 

curious parenthetical expression in Ferry’s definition of BE in Equation 5.5. 

Nevertheless Huang and McKenna’s argument for placing C2 in the denomonater 

to make the indirect correlation with heat capacities for liquid and glass forms 

makes a great deal of sense.  

The use of the Vogel equation to compare relaxation for constraints in 

network polymer systems have begun in terms of models of configurational 

entropy [137]. It seems that the likelihood of understanding the thermodynamic 

similarities between freezing and polymerization might be easier once the 

concept of thermodymanic fragility has been better defined in terms of 

experimentally verifiable quantities.    

A compromise position between the present points of view on the 

definition of dynamic fragility may be to define the parenthetical Ferry term of 

Equation 5.5 in the reciprocal manner of Huang and Mekenna, but omit the C1 

term in the manner of Angell. The argument for excluding the C1 term from the 

definition of dynamic fragility is the duplicate component of the free volume in the 

terms βf and αf  that would otherwise result in a conjectured extension of the WLF 

equation. The dynamic fragility concept needs to be incorporated into the present 
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understanding of the polymeric relaxation process above Tg. It is therefore 

proposed that the dynamic Ferry Fragility Index have the form: 

Equation 5.9                  
2

g
F C

T
I =  

 

This yields a minimally modified expression for the role of dipole character 

in the chemical structure contribution now made possible by the important 

incremental improvements in understanding provided by Angell, Huang, 

McKenna, and Ferry in the following form of the arrhenius-type relaxation term 

BE: 
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When this new Index of Dynamic Fragility is applied to the epoxy 

nanocomposite system the values of IF yield 60.4 for the as-cast nanocomposite, 

and 4.2 for the 140°C 1 hour at 2% strain treated nanocomposite. The end result 

of this exercise is the assignment of an oriented particle-charge coupling effect 

on the value for for BE. This allows thermomechanical fatigue of epoxy 

nanocomposite to be evaluated in terms of changes to the fragility and the 

apparent free volume of the polymer. The broader importance of this thought is a 

potential to test the understanding of the meaning of cooperativitivity in different 

polymer nanocomposites subjected to thermomechanical fatigue.  
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Most polymers obtain magnitudes of C1= 17.44 and C2= 51.66 for many 

systems. The lack of universality of these constants for some systems is well 

known, yet the identity of a more universal understanding for possible 

mechanisms that explain the the deviations have eluded polymer researchers. 

Perhaps the present study of the well known amorphous epoxy system provides 

this missing information as a charge attraction mechanism in terms of the 

polarizability of the polymer by charged particulates. 

On a related topic Ferry points to a discontinuity in the directional pressure 

versus volumetric compressibility dependence of  polystyrene. The model 

behavior for this stiff polymer of dipole character required a random correction 

factor with no physical explanation [134] provided at the time. The correction 

factor was introduced in order to reconcile the nonlinear dependence of the free 

volume reduction on directional pressure application with that dependence 

obtained from hydrostatic pressure shift factors aP. 

The constant C1 is inversely proportional to the fraction of free volume of 

the size of the hole available for a small region of the polymer backbone to fit. 

WLF makes no assumptions about polymer polarizability.  An unexpected part of 

C1 may have been affected by a static charge polarization of the polymer 

backbone as a result of frictional effects at the interface of the polymer and the 

nanocomposite. This charge may have immobilized parts of the backbone 

independently of the thermal change in the region where WLF is valid. 

Let fp represent the free volume reduction due to polarization 

immobilization as a result of the controlled strain experiment at constant 
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composition. For the purpose of a tentative initial exploration, a more traditional 

first guess assumes that the random polarization follows a temperature 

dependence of fractional free volume completely independent of chemical 

structure.  In this view, a molecular free volume contribution fp’ is assumed to be 

a constant contribution to the total free volume. Recalling that 01 f303.2/1C =  and 

obtaining the experimentally determined WLF constants for the 2% strained 

nanocomposite from Table 5.2 yields:  

Equation 5.11               )f)(303.2(46.42)ff)(303.2(23.15 0p0 =−  

 

On simplifying this expression, it is found that:  

Equation 5.12               0p f789.1f =  

 

This is the fractional free volume due to polymer backbone polarization 

independent of temperature but now expressed in terms of the polymer free 

volume without polarization. This result implies a correct assumption for the sign 

of fp. In the same manner, the electrostatic attractive force may alter the 

molecular fraction of free volume for the change of the WLF constant C2: 

Equation 5.13               )'ff(56.5f17.80 p00 −=  

 

 On futher simplification this obtains the relation: 

Equation 5.14               0p f42.13'f −=  
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This solution implies that the at temperature increases, the temperature 

dependent fractional free volume decreases, presumably due to the attraction of 

charged but mobile polymer segments to nearby charges on the MLS surfaces. 

The negative sign for fp is due to the apparently incorrect starting assumption that 

all increases in temperature result in expansions of volume. The test results 

indicate that interfacial charge attraction for fp’ does not carry the same sign as fp. 

It is now difficult to understand how free volume, or even the probability of free 

volume could be added in one case, and removed in the other, when it is the 

same system that is being described. The only logical conclusion is that a case 

has now been discovered which describes directional contraction of volume at 

constant pressure as temperature is increased and volume expands elsewhere. 

This is very important finding that dovetails quite nicely with the analogous 

historical precedent for bulk directional polystyrene free volume compressibility at 

constant temperature. 

The presence of high charges on the molecular scale establishes the identity of a 

relaxation contribution that will be discussed below in terms of a previously 

modified form of the Williams-Landel-Ferry equation. 

5.3  Interactive Charging Effects (156 kHz) 

Epoxy monomer and MLS mixtures at concentrations near to or below the 

critical micelle concentration of 2.5% as were previously shown to consist of a 

single DSC peak rather than a bimodal distribution [71].  The arguments for the 

doublet were extensively reviewed in Chapter 1. The apparent variability in 

results in terms of the degree of separation was never explored systematically in 
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the literature, even after the discrepancy was reported [74]. Time-dependent 

distortion and temporary re-distribution of the electric double-layer in space was 

reviewed in Chapter 2.\ This understanding now permits that hypothesis to be 

tested experimentally by demonstrating its temporary and reversible effect on the 

separation of the chemical modes, or local environment of epoxy MLS pre-

mixtures. 

The Adams-Gibbs equation for cooperatively rearranging regions (CRR) 

can be expressed in terms of configurational entropy. The general form of this 

equation is 

Equation 5.15                ⎟⎟
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Where  

τ   = instant relaxation time in seconds 

τ0  = relaxation time at the limit reached at high temperatures or long times 

C =  constant  

∆µ = the free energy barrier hindering the cooperative rearrangement  

         (per molecule) 

 Sc= Non-vibrational molar configurational entropy at a given temperature 

This entropy is usually determined experimentally from the difference in heat 

capacity measurements on liquid to glass and liquid to crystal forms at constant 

pressure [138], however a more exact pressure and volume experiment 

confirmed the Gibbs-Adams relation more rigorously [139]. Configurational 
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entropy can be thought of as a measure of molecular access to a more ordered 

state. There is nevertheless some short range order present in glass at a short 

range. Quantifying this has proven to be a challenge. The theoretical 

consideration of the Adams-Gibbs equation that has that has drawn the most 

recent interest in terms of it’s ability to quantify disperse regions of 

configurational order is expressed in the form:  

Equation 5.16                ⎟⎟
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Where: 

z* = The size of the unit (molecule) undergoing cooperative rearrangement  

kB = The Boltzmann constant  

The similarity in the form of the modified WLF polymer based Equation 

5.10 to the Gibbs-Adams based Equation 5.16 is in the exponential energy decay 

of relaxation, where the first is a suggested dynamic relaxation related to the 

rearrangement of the molecule, and the second is a fundamental thermodynamic 

expression. The Gibbs-Adams eequation does not require consideration of the 

WLF equation in it’s derivation. Nevertheless the time-tested usefulness of the 

WLF equation suggests that it should not be ignored as a special case of the 

Gibbs-Adams concept. The ideal gas constant is 8.31451 J / (K mol) is just the 

Boltzmann constant 1.3806 x 10-23 multiplied by the number of atoms or 

molecules per mole of material, NA , with a value of 6.02 x 1023. These constants 

may be set aside in a comparison that preserves only the value of NA between 

them: 
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Equation 5.17                BAkNR =  

 

The temperature variable may be set aside as a known quantity in each case. A 

general relation of dynamic to thermodynamic fragility in the epoxy-MLS system 

assumes: 

Equation 5.18             
A

P

N
E∆

=∆µ  

 

This clarifies the physical nature of the relation of the remaining quantities to be 

in the form of a localized configurability equation that is being debated at present 

for its physical significance: 

Equation 5.19             f
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 The physical aspect of this equation may be associated with the constant C2 as 

this constant operates on the temperature dependent fractional free volume in 

polymers. The use of Tg in the definition simplifies the temperature relation. The 

temperature independent free volume term C1 does not appear in this 

expression. Ferry did not incorporate C1 to avoid a possible duplicate definition 

with the terms βf and αf.  

The localized configurability equation leaves an expression in terms of the 

size of the CRR and the free volume around it that is formed at Tg.  One way to 

interpret this relation is to think of 1/z*, like IF, to be a dynamic measure where an 

exact relation can never be established. This consideration may be part of an 
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inability to generate a single unified curve in the Angell plots that have otherwise 

been so helpful in understanding the fragility of liquids.  

Fundamental differences were very clearly observed by Huang and 

McKenna for polymers and inorganic glass formers in [136], although convincing 

preliminary indications for this discrepancy can be found as early as 1993 in a 

large survey of materials reported by Böhmer et al. [140] for classes of 

compounds that failed to obey general trends. An unpublished plot of the 

dynamic fragility index (m) against Tg  by McKenna and Huang has been 

reproduced here with their genuine encouragement for discussion in terms of the 

present ideas: 

 

FIGURE 5.1  Two liquid behavior types.Unpublished data, reproduced with 
permission from Huang and McKenna [141]. 
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The purpose of discussing their work was to encourage critical comment 

and solicit any ideas that may shed light on the nature of the trends they provide. 

This plot builds on their earlier published work [136] in which they initially 

suggested two types of complex liquid behavior when the abscissa was plotted 

against (Tg/T) in the Angell format. This new plot completely separates the 

trends and much better clarifies that conjecture. Epoxy nanocomposites 

composed of both inorganic and organic components appear to provide a key to 

understand the theoretical link between dynamic and thermodynamic fragility. 

The results of the epoxy nanocomposite study may have some scientific merit in 

view of the unpublished contribution of McKenna and Huang for their generic 

trends in fragility expressed for many types of systems. 

The localized configurability equation derived in the present study can be 

used to interpret the contribution made by Figure 5.1 by suggesting a 

counterproposal where there is in fact only one type of liquid behavior and not 

two types. The idea is to provide observations where glassy small molecule 

organic systems have a great amount of free volume between cooperative units, 

as inorganic glass formers have very little free volume between units, such that 

glass forming behavior seems to be an anomaly by use of the size comparison 

by itself. This is the central idea which needs to be examined. 

 Free volume effects propose the use of a stretched exponential model 

developed by Ngai and Roland [142]. This model operates by fitting a 

multiplication factor (n-1) in front of the shift factor. This approach does not 
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appear to explain the divergence trend found in the survey of experimental 

observations by Mekenna and Huang, who imply that a stretched exponential 

may not have a physical, structural, or configurational entropic significance that 

can be clearly defined at this time. The possible evidence for the presence of two 

fundamentally different liquid natures implied by the divergence is quite 

interesting, but again a clear physical, structural, or configurational entropic 

significance similar to that of multiple liquid crystal phases between these groups 

is presently unknown.  

The free volume of inorganic glass forming liquids has been quantitatively 

discussed by Baer [143] in terms of a radial distribution function of neighboring 

atoms in a local lattice that has the property of a decay in the lattice order as a 

function of distance from a local reference point. Perhaps the placement of the 

inorganic glass formers in Figure 5.1 indicate those points where a free volume 

discussion is warranted for inorganic glass formers. These systems must be 

considered to be capable of forming defects that act as a free volume.  

An important way to think in terms of a localized configurability relation is 

the modification of the local free volume by local dipole orientation as a positive 

entropic contribution. The entropy of particles undergoing quantum hopping was 

first introduced by Sastry [144] and almost at the same time by Kitamura [145] in 

2001, then greatly expanded in an exhaustive proof by Kitamura [146] in 2003. 

Kitamura attempts to resolve the Kauzmann paradox by use of the concepts of 

vibrations and potential energy wells as the source of any extra configurational 

entropy, denoted by the symbol SΩ. This concept requires that the specific heat 
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of phonons in a liquid be greater than the specific heat of phonons in a crystal. 

Kitamura does not provide specific mechanisms for his argument of different 

energy wells. The test results for the MLS nanocomposite allow these concepts 

to be more readily understood by a simple experimental framework where the 

derivations based on those observations can be correlated with the same final 

expressions derived by Kitamura. The reciprocal free volume must be expressed 

as the quantity SΩ. This does not go beyond the present understanding of free 

volume in terms of a configurational probability.  

The Kauzman paradox describes by extrapolation how the entropy of a 

supercooled liquid could fall below the entropy of the parent crystal if relaxation 

effects did not prevent this absurd state from arising. This paradox is well 

explained by Rao and co-workers [147], and by Angell [135] in terms of 

thermodynamic fragility for glass forming liquids.  

The Kitamura hypothesis may be most valuable for the use of the Einstein 

relation to introduce a molecular hopping probability Ω to derive the 

configurational entropy SΩ in terms of the mobility of charge carriers diffusing 

through a medium at a given temperature. The central expression is the 

probability for harmonic particle hopping: 

Equation 5.20           ⎟⎟
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Where n is the number of surrounding particles, and N is the number of 

states of excitation. At excited state is one where the molecule is moving through 

the medium in flow and has not yet dropped into a space or region of lower 
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enegy that the range of possible conformations may allow. This concept now 

permits the organization of free volumes around a CRR to be interpreted as a 

quantifiable contribution due to configurational entropy, SΩ. The distinction of a 

particle hopping into a potential space, compared to a volume that is free into 

which a particle may hop, might appear at first to be a very trivial equivalence. 

Nevertheless it is this simple idea that these two definitions should be the same 

that permits the free volume to be viewed as an entropic probability of potential 

spatial orientation.  

Particle or molecular orientation may be limited or constrained by the 

effect of local electric fields. Polarization contributions from adjacent molecules or 

their segments may alter the probability to conform or hop into a new position. 

Thus the free volume is not really a volume at all, nor is it empty, but according to 

the definition of configurational entropy it contains information that can not be 

isolated from it’s association with either the parent molecule, its nearest 

neighbors, or the spaces between them. Perhaps most importantly, SΩ can never 

become zero. This explains the resolution of the Kauzman hypothesis in terms of 

a positive and non-zero free volume configurational entropy SΩ: 

Equation 5.21               
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The final form of a general relaxation equation as it is can be understood 

from the present understanding allows a summary expression for all glass 

formers taken from Equation 5.18, Equation 5.19, and Equation 5.21 to be 

expressed in a form that groups similar variables and constants together: 
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Equation 5.22 now makes it quite understandable why Angell plots with a 

reduced abscissa of (Tg/T) have worked so well to compare the fragility of glass 

forming liquids. The present modifications have resulted in a Localized 

Configurability equation that was incorporated into the Gibbs-Adams, WLF, and 

VFT equations, with the introduction of configurational entropic contributions for 

free volume to express the generic nature of the relaxation mechanism for all 

liquid glass formers. Possibly this equation may require some additional 

adjustment after stringent considerations of pressure and volume changes to the 

thermodynamic fragility have been demonstrated. The experimental elucidation 

of these ideas used a charged MLS dispersion to substantcially alter the fragility 

of an already fragile liquid. This technique seems to be an important 

experimental contribution that allows increased understanding of the nature of 

glass formation.  

The size of the CRR may be further probed at constant pressure in MLS 

epoxy systems. Again, the use of a non-crystalline molecule would simplify 

interpretation of the results by eliminating interference from thermodynamic 

configurations induced by the onset of crystal formation. The assumption of the 

equivalence of vitrification by polymerization to that of vitrification by freezing of 

monomer might be tested as outlined for the dynamics of configurational entropy 

by Correzi and coworkers [148]. Addition of MLS at different concentrations may 

alterat the relaxation constant as the molecule undergoing configurational 
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rearrangement grows larger. The various experimental determinations of bis-

phenol A diglycidyl ether (DGEBA) can then be repeated as a function of cure. 

The purpose of this experiment was to determine the control conditions that can 

separate or minimize the time dependent MLS particle orientation from that of the 

time dependent polymer orientation until gellation was achieved. The separation 

of free volume considerations from free particle considerations may be very 

difficult if not quite impossible without this consideration. For these reasons, the 

cured or gelled non-crystalline nanocmomposite polymer system may still be the 

most easily accessible to controlled dynamic liquid fragility experiments.  

The CRR region of z* may be deliberately manipulated by testing non-

crystalline polymer as a function of concentration of organophyllic MLS to 

determinime changes to the dynamic fragility. Determination of Ep by 

performance of dynamic mechanical experiments for selected MLS 

concentrations is expected to allow the calculation of nanometer scale 

reinforcement energies, and therefore the barrier to configurational 

rearrangement at each MLS concentration. This approach was theoretically 

considered in the modeling work of Sarvestani and Picu [62], who use the 

expression Ed to express the energy defined as EP in this work in exactly the 

same relaxation format. Their model is derived from consideration of the radius of 

gyration of the polymer as it interacts with particle surfaces. 

5.4  Preparation 

Hybrid particle mixtures were prepared from separately dispersed pure 

forms of carbon and MLS nanomaterials each into in epoxy monomer. MWCNT 
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dispersions into epoxy were assisted by use microwaves to break up 

agglomerates in a concentrated mixture. This was followed by gradual dilution to 

2000 ppm by weight while using a mechanical stirring device at 80ºC. A control 

sample of nanotube and MLS particles were then removed and separated from 

the matrix by filtration and multiple acetone washes. The interparticle interactions 

were then viewed by scanning electron microscopy (SEM). A second sample of 

hybridparticles was then mechanically stirred at 80ºC for 30 hours. After these 

particles were allowed to interact by stirring, they were recovered by acetone 

wash and filtration. The interparticle interactions were then viewed by optical 

microscope. A third sample of nanotubes wass modified by use of an amine-

functionalization of carbon nanotubes in an attempt to increase MLS-nanotube 

interaction. These interparticle interactions were then also examined by SEM. 

Stoichiometric investigation of epoxy monomer was prepared by 

mechanically stirring with treated MLS for 1 hour at 80ºC to make a master pre-

mix batch of 7% MLS composition. This master batch was then diluted with 

Jeffamine D-230 hardener and other components.  

Uncured samples doped with water were prepared by addition of water to 

the amine prior to mixing. Initial homogeneity of these two components was 

assured due to good solubility. Following degassing under vacuum for 1 hour, 

cured nanocomposite previously doped with water was cast in open top Teflon 

molds. 8-24 hours cure at 60ºC was followed with a post-cure at 105ºC for 12 

hours.  



 158

Fracture surfaces of tested tensile samples for SEM analysis were cut 

away from the bulk of the specimen with a band saw and mounted to a 

conductive aluminum stage for gold vapor deposition prior to obtaining 

micrographs. Sections of untested (as cast) samples were retained and prepared 

by polishing prior to gold coating for comparison. 

 

5.5  Instrumentation 
 

The Differential Scanning Calorimeter (DSC) used for the stoichiometry 

investigation was a Perkin-Elmer model Pyris-6 with nitrogen purge gas at 

10ºC/minute heat rate. Tests for each sample were performed in triplicate.  

Vickers Hardness tests were performed with a diamond point weighted at 

100 grams force applied for 15 seconds. 

Tensile tests were conducted on an MTS universal test machine at 5mm 

per minute crosshead displacement.  

Scanning electron nicroscope model JSM T300 operated at 15-20 kV 

accelerating voltage was used to study the fracture surface of tensile specimens 

and perform microstructural analysis.  

156 kHz irradiation equipment. An Ameritherm model ‘Hot Shot 1 RHS’ 

Induction Heater, (39 Main Street, Scottsville, New York 14546) was set up as 

shown in Figure 5.2. The spacing of the coils was set to operate at 156 KHz, 280 

Amps around a beaker containing the epoxy-MLS mixture at room temperature. 
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The induction coils were cooled with a Bernard model 2500ss water cooler, (Box 

667 Beecher, Il 60401).   

 

FIGURE 5.2   Experimental setup for 156 kHz induction. 

 

5.6  Results and Discussion 
 
 

Several processing variables were examined to attempt to maximize MLS 

dispersions. Processes are expected to alter MLS + epoxy interactions by 

changing long range attraction and stability of MLS particles, or by changing the 

relative distribution of agglomerate structures in the dielectric epoxy matrix. The 

processes evaluated are: introduction of trace amounts of water, introduction of a 

like-charged but chemically inert second particle type, exposure to kilohertz 

frequency ultrasound, exposure to high frequency (gigahertz) radio waves, 

exposure to low frequency (kilohertz) radio waves, deviations from epoxy 
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stoichiometry, and exposure to thermomechanical fatigue at elevated 

temperatures.   

An unambiguous phase separation of the particles could be seen to form 

after 5 hours of mixing dispersed carbon nanotube particles with dispersed MLS 

particles. The phase separation became worse with the time of mixing, and was 

very marked after 30 hours of mixing. This separation of the unlike nanotube and 

MLS particles indicates they are probably immiscible with each other in their 

natural states without some additional compatibilizer.  

Figure 5.3 shows the result of phase separated MLS and nanotube 

aggregates using an optical microscope to image a droplet pressed between 

microscope cover slips. Bubbles in the epoxy were an artifact of mixing were 

removed by the addition of a small amount of isopropanol, then subjecting the 

mixture to vacuum to remove most of the solvent and the entrapped gas. These 

aggregates were 5 microns or larger to have become visible by light. The bright 

aggregates were due to MLS aggregates, and the dark ones were due to 

nanotube aggregates. 
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FIGURE 5.3     Phase-separated 2000 ppm nanotubes and 2.5% MLS. 

The phase-separated agglomerates of MLS and nanotubes were 

recovered from epoxy monomer by filtration with an acetone wash. The 

agglomerates were then examined by SEM. A similar result was obtained for 

MLS and MWCNT, indicating by control that both types of covalent nanotube 

particles express like-particle agglomeration and phase separation. This implies 

that great polarizability of single-walled carbon nanotubes (SWCNT) compared 

with MWCNT, as well as the 50-fold to100-fold reduction of size on going from 

MWCNT to SWCNT diameters had no effect on the tendency of these particles to 

phase separate.  



 162

Carbon nanotube amine functionalization was not able to create a 

noticable improvement to the hybrid dispersion. The affitity of nanotube amine 

with carboxylic acid pendant from MLS had little or no effect.  

The electric fields of the organophylic MLS set the stage for the interaction 

with carbon nanotubes. Microwave irradiation introduced both an outwardly 

imposed electric field along with a magnetic field component. The micron-scale 

physical distribution of particles resulting from this interaction between MLS and 

nanotubes is shown by the SEM image of the mixture in Figure 5.4.   

 

 

FIGURE 5.4   “Pasteurized” nanotube and MLS aggregates. 
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In conclusion, microwaves apparently improve the mixture of inter-particle 

dispersion between CNT and organophylic MLS the most, but any stirring after 

that point caused these two different types of nanometer scale particles to phase 

separate.  

The rate of fall in the modulus during dynamic mechanical deformation 

above the Tg was monitored at a constant temperature of 140ºC and 2% strain. 

As the MLS concentration was increased to greater than 0.7% for a constant 

concentration of 0.5% untreated MWCNT, this became sufficient to mitigate 2% 

strain fatigue damage of the polymer, as shown in Figure 5.5. The greatest 

benefit of MLS concentration appeared at 1% MLS, where the negative rate of 

fall of the modulus indicates a slight improvement to this material property.  

After curing the hybrid particle epoxy nanocomposites fracture surfaces 

were imaged by SEM. The presence of dispersed amine-functionalized MWCNT 

among tactoids appeared to reduce some of the MLS aggregates but not to 

eliminate them. The amine surface functionalization did not appear to play a 

significant role in altering MLS particle distribution.  

The concentration of nanotube particles was fixed and the MLS particle 

component was varied to test for possible evidence regarding the nature of a 

reinforcement mechanism in cured nanocomposite, The results shown in Figure 

5.5 help to show the relative importance of each type of particle during the 

application of 2% thermomechanical fatigue at 140ºC. Examination of the rate of 
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reduction of modulus was interpreted to be at least partly due to interfacial 

charging contributions of each particle type. 
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FIGURE 5.5   Thermomechanical fatigue with 0.5% nanotubes in MLS. 

 

MLS particles now appear to be charging most rapidly at 3% MLS, 

causing a reduction in rubbery modulus as the polymer relaxes onto the MLS 

platelets at what may be their new percolation threshold in the presence of 0.5% 

MWCNT.  Moreover, the appearance of a second minimum indicates that 

MWCNT dominate the interfacial charging characteristics at 1% MLS 

concentration.   
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It is difficult to imagine a MLS structure dominated reinforcement 

mechanism when an unrelated particle with semiconducting or conducting 

character and a very different shape seems to produce the same modulus 

reduction at a different concentration of MLS. Figure 5.5 therefore provides 

evidence that interfacial electrostatic effects are dominated by the charging of the 

polymer rather than the confinement or reinforcement of the particles, nanotubes 

or MLS, dispersed in the polymer. This result was disappointing, but knowledge 

of the reduced importance of particle polarization might still be used to some 

advantage, as now the next proper questions may be posed. Answering one 

question raised multiple other questions: 

• How does the matrix dominate nanocomposite reinforcement?   

• Can the matrix epoxy be partially aligned?  

• Does an electric field at low frequency alter charging conditions?  

• Will conditions that express reinforcement permit barrier property 

improvements? If so, then why? 

• Is there a specific molecular mechanism or explanation to account for this 

effect? If so, then how would such an electrostatic reinforcement 

mechanism be tested? 

Changes in reinforcement due to resin stoichiometry and MLS 

concentration were investigated prior to comparing the effect of ultrasonic mixing 

on the microstructure of random aggregates due to the presence of pH neutral 

water.  
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The glass transition temperature (Tg) was determined by DSC for cured 

samples of the pure reactive epoxy components at two ratios of resin and 

hardener. The midpoint method was used to determine Tg. The average of three 

determinations obtained at 10ºC/minute is shown in Figure 5.6 for selected epoxy 

to diamine hardener ratios. The stoichiometric ratio was quantified by the 

intersection of two independent linear least squares fits for data at ratios below 

the maximum and data at ratios above the maximum Tg. The calculated 

maximum Tg is 86.4ºC for a (1 : 0.33) ratio of (DGEBA : Diamine).  
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FIGURE 5.6       Effect of stoichiometry on Tg. 
 

The relative effects of MLS concentration on Tg for two ratios of epoxy are 

shown in Figure 5.7. The role of MLS concentration at the stoichiometric ratio (1 : 
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0.33) is not as great as the change in Tg observed for an epoxy ratio of (1 : 

0.381) at the same MLS concentration.  This result is also reflected in the Vickers 

Hardness of 14.36 for the former and 13.91 for the latter ratio in a population of 

50 measurements, indicating that resin dominates the reinforcement at a given 

concentration of MLS. 

When distilled water was added to the mixtures at 2.5% MLS for either of 

these epoxy ratios, the effect on the nanocomposite Tg after cure was within 

experimental error up to the highest concentration of water tested at 5.4%. 

Moreover, ultrasonic treatment with and without water also did not appear to 

affect the Tg of any of these specimens within the experimental error for each 

epoxy ratio data set, indicating that the nature of the reinforcement was not 

significantly altered.  
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FIGURE 5.7     Combined effects of MLS and stoichiometry on Tg. 
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The presence of pH neutral water and the use of ultrasound were then 

investigated to examine the development of the system microstructure. Two 

types of cured sample were used. Polished specimens gave an unbiased view of 

agglomerate distribution, since the control case with no MLS additives was easily 

determined, yet this was not clear from an inspection of the tensile fracture 

surface. Tensile fracture surfaces also emphasized the presence of the largest 

inclusions that contributed to crack initiation and propagation at the site of failure. 

The polished specimens also enabled study of microcracks where tensile fracture 

surfaces obliterated prior microcrack distribution information. This justified the 

use of polished samples to help determine the effects of moisture in the 

nanocomposites. 

The tensile fracture surface shown in Figure 5.8 indicates that the largest 

representative MLS agglomerates were 20-25 microns in size after mechanical 

mixing of all components prior to ultrasonic treatment. No apparent difference 

was observed between those epoxy nanocomposites started with a 1:0.333 

epoxy : amine ratio or that of a 1 : 0.381 ratio. 160 minutes of ultrasonic 

treatment was able to reduce agglomerate size below 1 micron in diameter in 

each case. 
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FIGURE 5.8       2.3% water induced microcracks (polished). 
 

The low molecular weight Jeffamine D230 used in this study was known to 

be hydroscopic. Water was added to the amine component prior to mixing to 

ensure miscibility and to simulate a worse case scenario for "bad" amine due to 

water uptake before use. As shown in Figure 5.9, water concentrations up to 

2.3% by weight caused most microcracks to appear clustered immediately 

around MLS agglomerates. This result could be explained by water nucleation at 

the solid-liquid interface as water-soluble amine was reacted away during cure, 

resulting in phase separation between polymer and water. 
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When the water concentration was greater than the MLS concentration for 

up to 5.4% water, microcracks appeared throughout the observable sample 

surface as well as around MLS agglomerates. This result helps to explain that 

the source of microcracks was due to water.  

If water in fact does phase separate onto MLS particles during cure, then it 

may also play a role in altering the ease of dispersion of treated montmorillonite 

regardless of the organophylic treatment. To test this hypothesis, 2.3% water 

was introduced by addition to the amine component prior to mixing a (1:0.333) 

ratio epoxy : amine to contain 2.5% MLS. The same MLS composition and 

polymer ratio but this time without water was used as a control sample. Both wet 

and dry mixtures were then subjected to ultrasonic treatment for various amounts 

of time.  
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FIGURE 5.9  Tensile fracture without ultrasound processing. 

A qualitative examination of representative particle sizes in the tensile 

fracture specimens that received 5 minutes of ultrasonic treatment is shown in 

Figure 5.10. Figure 5.10a shows that the 2.3% water addition still yields a 20-25 

micron particle. Figure 5.10b, by comparison, indicates a 10 micron reduced 

particle size for the control sample without water addition. Because the 

organophylic MLS treatment may be considered a solid surfactant, formation of a 

liquid-solid emulsion inside or around the aggregate could explain the different 

particle size result.   

Molecular rather than ionic bridging may be favored due to a reduction in 

the Gibbs energy of mixing as water separates from the low viscosity polymer. In 
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this case it would tend to nucleate at the high surface area solid interface present 

at the solid MLS particles even though these solids are hydrophobic. In this 

scenario, flocs may increase in size in the manner of the swelling of MLS gels 

due to the interaction with bound surfactant present on the MLS platelets.  

The swelled MLS agglomerates were then removed from the mixtures. It 

was thought that the trilayer might explode the agglomerates due to the volume 

change associated with the formation of steam. 

A dispersion containing 2.5% MLS in DGEBA was mixed with 2.3% water 

to form a cream emulsion. This emulsion and a control sample without water 

were allowed to set for 5 hours, then both the emulsion and the control samples 

were subjected to ultrasound for 15 minutes and split samples were prepared. 

One pair was placed at 96ºC for two hours, followed by 120ºC for two hours. The 

other pair was subjected to conventional microwave irradiation at high power for 

120 seconds to reach 120ºC. After cooling, the resins were mixed with hardener 

and cured to capture the effects on any agglomerates by means of SEM of both 

polished and fracture surfaces. Test results indicate that all agglomerates were 

completely removed in both sets of water emulsion specimens, but remained with 

5 to 10 micron diameters in both sets of dry controls. The absence of 

microcracks in the irradiated samples and the appearance of some microcracks 

in the water doped, oven dried sample indicates a preference for microwave 

processing or the application of time at temperature in a vacuum may be required 

for the convection heating process to remove all traces of water. 

 



 173

 

(a) 2.3% Water, 2.5% MLS 
 

(b) 2.5% MLS (reference) 
 

FIGURE 5.10   Reduced aggregates with 5 minutes of ultrasound. 

 

The room temperature reduction of tensile elongation to break for 2.5% 

MLS in epoxy is typically than half the value for unfilled polymer, even though a 

slight increase in modulus is observed. The addition of water to the premix was 

able to recover some elongation, as shown in Figure 5.11.  
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The microcracks are probably responsible for both the reduction in 

modulus as well as the inability to completely mitigate all of the reduction in the 

matrix elongation property due to MLS.  Exposure of the premix to microwave 

irradiation without any water addition had no effect on the tensile properties of 

the nanocomposite. The latter observation, in context with the slight improvement 

seen for water addition, gave rise to the hypothesis that microwave irradiation 

may be more efficient at the bulk removal of water as well as possibly being 

better at breaking up the aggregates. This trend was confirmed for the test 

results shown in Figure 5.12, where it was shown that several treatments with 

small amounts of water and microwave irradiation on the premix seemed be 

more efficient at the process. This puts the microscopy results, which can only 
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sample small parts of the specimen, in to better perspective. The bulk behavior 

indicates that a single treatment may not be completely sufficient to eliminate all 

possible aggregates, even though the microscopy search could not find them. 

The efficiency of the contact of water to MLS in the premix could be a 

contributing factor, however this does not detract from the significance of the 

observations, which show that agglomerates are responsible for a reduction in 

tensile properties for epoxy MLS nanocomposites.  
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FIGURE 5.12  Effects of combined water and microwave exposure. 

 

In summary, agglomerates produced by deliberate exposure to ultrasound 

appear to have been reduced due to the presence of water. The formation of a 

liquid-solid emulsion may have swelled and stabilized a residual fraction of very 

small agglomerates due to the volume presence of water. The Tg results imply 
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the effect of water dopant after its removal did not appear to change the nature of 

the polymer in the cured nanocomposite. These test results indicate that 

agglomerates may be removed from treated MLS dispersions in low viscosity 

polymers such as epoxy by use of small amounts of water.  

The dipole interaction of water near agglomerated MLS platelets may 

have screened charges in the electrostatic formation of an EDL to reduce their 

attraction energy. The application of microwave energy could have provided local 

thermal energy to help separate agglomerated MLS aggregates with reduced 

attraction. The liquid-gas phase transformation of the immiscible minority water 

solvent nucleated at the polymer-particle interface may also have played a role in 

facilitating the de-agglomeration of MLS aggregates.  

5.7  Test Results for 156 kHz Charging 

The DSC test results in Figure 5.13 indicate that multi-modal distributions 

in the reaction peaks were achieved with excellent resolution under these 

controlled conditions.  These changes were due to inductively-coupled structural 

changes on the dispersion of the charged MLS particles.   
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FIGURE 5.13   Development of change in structure with time. 

What appears at first to be a mostly bimodal reaction mixture at the CAC 

can be shown to be composed of a continuum of at least several more steric 

environments. The homopolymerization reaction was evaluated by treating the 

system of reactions as a sum of symmetric reaction peaks distributed over 

temperature. The best resolved peaks were deconvoluted by the use of a set of 

six bell-shaped gaussian curves shown in Figure 5.14.  
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Data analyzed using Peakfit TM software, SPSS Inc. 

  

Because it appeared that the test mixture reached the point of equilibrium 

or maximum resolution after about 7 hours, the power to the inductor was 

removed, and the mixture was allowed to equilibrate til no change was observed 

after 2 hours. The mostly bimodal reaction then collapsed to a single mode 

reaction shown by the DSC test results in Figure 5.15. Examination of the peak 

position before and after irradiation indicates that this process was not 

immediately reversible to that of the starting material. Examination of the sample 



 179

showed no significant sedimentation. Presently there is no structural mechanism 

that provides a complete environmental explanation of the altered reaction 

chemistry.  

The equilibrated sample showed that irreversible change to the peak 

position proved to be stable for several days after irradiation was removed. An 

analysis of the deconvoluted peak sum using the DSC test results is shown in 

Figure 5.15 for both the starting mixture and the irradiated mixture. This graphic 

overlay allowed interpretation of the altered reaction modes to assign structures 

resistant to collapse or degeneracy in the mixture after equilibration. The highest 

temperature homopolymerization reaction mode is tentatively assigned to MLS in 

the exfoliated structure. 
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The structure assocated with the lowest temperature reaction mode is 

observed to take place at a lower temperature. Temperatre decreases are typical 

for improved catalysis, as is understood for the homopolymerization reaction of 

epoxy monomer.  

This was supported by the x-ray test results that associated lower reaction 

temperatures typical for intercalated MLS processed at 75ºC to have decreased 

basal spacing as compared the x-ray results from the 80ºC process. This allows 

the assignment of the lowest temperature reaction mode in Figure 5.15 to the 

intercalated MLS structure.  

The sensitivity of bulk thermal analysis also reveals the presence of no 

less than four intermediate reaction modes that signify the presence of MLS 

structures not ideally intercalated, yet not completely exfoliated. The DSC 

method is highly complementary of x-ray analyis in this system. The basis of x-

ray structural analysis relies on reflections from parallel layered structures.  

Thermal analysis provides the significant additional insight that four 

distinguishable intermediate structures exhibit reactivity between intercalation 

and exfoliation. Each of these four intermediate peaks and seem to be 

continuously variable in their mode of reaction. The increased resolution of the 

reaction modes is accompanied by increased broadness about the deconvoluted 

peaks. The distribution of reaction temperatures about each average center 

increases as peak resolution increases. These structures are therefore assigned 

to be comprised of non-parallel MLS platelets to explain each of these 

characteristics, where the simplest structural unit structure of two MLS is 
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diagrammed in Figure 5.16. The pendant surfactant groups near the narrow end 

of the gallery have been deliberately oriented to maintain parallel entanglement, 

even though the MLS substrate obtains an angle. This entanglement would 

provide some stability to the unit structure. One way additional stability could be 

conferred to this structure is by adjacent charge polarized units. Yet another 

source of stability could be intercalation of epoxy monomer into the wide end of 

the gap. Another concept comes to mind where a third particle could sterically 

keep open the wide end, especially if this particle expresses a limited region of 

another MLS platelet in the manner of a wedge. 

 

FIGURE 5.16   Possible origin of variable MLS charge. 

 

The origin of the partially positive charge at the wide end of a non-parallel 

MLS gallery and the partially negative charge at the narrow end illustrates the 

change in net charge density with tactoid anisotropy. The use of the delta symbol 
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denotes a partial charge that is due to geometry rather than a discrete point 

charge. 

If each of the 6 reaction mode peaks can be thought of as regions of 

similar charge orientation they may have the characteristics of a phase, in that 

they are physically able to separate. The reaction modes could be indicating the 

presence of thermodynamically stable islands of orientational stability, where 

only some of these are parallel layer associations. Figure 5.17 diagrams a scale-

up of the simplest non-parallel MLS structural unit as it combines with other non-

parallel structures. Disticnt regions of similar anisotropic association provide 

charge polarization geometries that self-separate on a large scale. Four of these 

are consistent with the observed behavior of each of the four intermediate 

reaction mode test results: 
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1. Fan structures 2. Fish-scaled fans

3. Semi-intercalated fan 4. Fish-scaled semi-intercalated fans 

 

FIGURE 5.17   Intermediate MLS structures. 

 

The choice of nomenclature in Figure 5.17 is explained as follows. Each 

assembly of structures represents a continuum of metastable states that can 

continuously widen or narrow to accept or reject epoxy monomer reactant. The 

simple fan shaped MLS structure may be responsible for one type of reaction 

mode or deconvoluted peak in the ensemble of 6 reaction modes. The closely 

packed non-parallel networked MLS structure would be most reminiscent of 

parallel intercalated structures. It is the presence of limited overlap of face 

surface area in face-to-face interactions that may give rise to large non-parallel 
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networks. This can allow slightly angled MLS to remain sterically bound or tied 

together yet provide a chemically distinct reaction environment from other 

layered structures. The closely packed networked structures and the not-

networked fans with the largest spread may represent non-parallel intermediate 

dispersion environments that bracket the structures associated with intercalated 

and parallel exfoliated structures. The fan shaped structues with the widest 

spread are one angled edge-to-edge association away from exfoliation. For this 

reason the simple non-parallel fan structure is assigned the peak of the second 

highest temperature mode of reaction. The densely networked interpenetrating 

fans are most similar to parallel intercalated structures, therefore these are 

assigned to the peak of the second lowest temperature mode of reaction. 

The two basic types of non-parallel MLS structures may undergo some 

mixing as they grow and networks combine. Structures may then appear that are 

partway between non-parallel fan shapes and close-packed interpenetrating 

fans. It is reasonable to think that one or the other structure may dominate the 

mixed level of interpenetration. Each of these mixed structures was therefore 

assigned to represent the two peaks at the innermost reaction modes near the 

middle of the 6-peak cluster. 

If increased charge polarization makes each island of assembled MLS 

swell much like a good solvent will expand a polymer, then the presence of a bad 

solvent should be able to make each of the islands collapse. The physical 

dynamics of these two dimensional particles associating in three dimensions 
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would be similar but less free (by one degree on small scales) to the concept of 

the radius of gyration in a polymer. 

To refine the hypotheses where non-uniform charge polarization plays a 

significant role in semi-intercalated MLS structures, the affect on 

homopolymerization of epoxy monomer was tested with 1% by weight of water 

added to the irradiated and equilibrated MLS-epoxy sample. Water impurity was 

expected to screen charge and therefore reduce non-parallel anisotropy. 

Treatment with greater than 1% water was thought unlikely by natural exposure 

to humid process environments, therefore 1% water was used.  

The deconvolution of the DSC test results for the water treated MLS-

epoxy monomer at the critical micelle concentration (CMC) is shown in Figure 

5.18. The graph reveals that water aided in the collapse or degeneration of most 

of the six reaction modes about a central temperature to restore the ensemble of 

reaction modes to a lower overall average reaction temperature.  The ability to 

control the structures both reversibly and irreversibly by polarization and charge 

screening has therefore been demonstrated.  

It is furthermore revealed that the presence of trace water almost 

completely annihilates the MLS structure associated with the highest temperature 

reaction mode at 210ºC. It is also observed that the structure associated with the 

mode of the lowest temperature epoxy homopolymerization at 190ºC is greatly 

enhanced by the presence of trace amounts of water.  
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FIGURE 5.18   Trace water restores lower reaction temperatures. 

 

The assignment of the highest temperature homopolymerization reaction 

mode to MLS in the exfoliated structure can explain the near disappearance of 

this mode. All edges and faces of isolated MLS platelets are available for charge 

screening; this may interfere with homopolymerization to some extent.  

One example of effect of charge screening on a non-parallel MLS is 

diagrammed in Figure 5.19 to illustrate the restorative effect that trace water is 

thought to have on a charge polarized interpenetrating MLS structure. On 

heating, the trace amount of water is removed from the mixture as a gas. 
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FIGURE 5.19   Trace water effect on MLS structures. 

 

 The reversibility of dispersion from the exfoliated state provides one 

mechanism to explain the formation of the semi-intercalated state. Intuition tells 

us that the probability for non-parallel collisions increases as the aspect ratio of 

the platelets increases. A distribution of structures would be especially 

pronounced for systems that are capable of reversible flocculation. Reversibility 

implies that eventually any number of intercalated structures could be replaced 

by imperfect semi-intercalated structures.  

The enhancement of stability for the intermediate or semi-intercalated 

MLS states is quite likely the surface friction or stick-slip phenomenon well known 

for viscous polymers and monomers that are subject to self-entanglement. The 

effect becomes most significant with long-chain covalent polymer. The 
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importance of the fan-shaped structures assigned to the inner 4 peaks is found 

by their 80% area percent contribution to the whole reaction.  

It seemed appropriate to further test the idea of the fan-shaped structures 

by use of carbon nanotube particles to look for evidence of change to MLS 

structures in the number of reaction peaks. Possible structures (3) and (4) in 

Figure 5.20 could form by physically trapping nanotubes between charged MLS. 

Carbon nanotubes are a particle type that is compatible with MLS due to the 

similar expression of negative charge at their surface. Nanotubes have a similar 

large aspect ratio however they are not expected to interact with epoxy, as 

carbon is chemically inert.  

FIGURE 5.20   Possible hybrid structures in MLS. 

 

DSC test results for the hybrid mixture of MWCNT and MLS was analyzed 

by peak deconvolution.  Assuming of 8 peaks revealed 0.51% averaged absolute 

residuals compared with 0.16% for the 6-peak deconvolution. This shows no 

significant change to the number of reactive modes present. Moreover, the 

presence of MWCNT had no significant impact on the central reaction 
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temperature determined by the weighted average peak areas. It is concluded that 

the presence of carbon nanotubes caused no overall change to the reaction 

environment of the MLS in epoxy.  This means the introduction of carbon 

nanotubes or MLS into semi-intercalated fan-type structures provide 

fundamentally equivalent results.  

The test results shown in Figure 5.21 indicates that the rate of separation 

of the reaction modes using the 156 kHz radio wave induction heater is 

accelerated due to the addition of multiwalled carbon nanotubes as compared 

with MLS at the same concentration, intensity, and two hours of irradiation. The 

increase in resolution was explained by the temperature difference between the 

reaction mixtures. The interaction of carbon nanotubes with the induction field 

raised the temperature of the premix by 5 degrees from the ambient 23ºC to 

28ºC. The effective mass of all of the particles was therefore reduced and the 

mobility of the particles increased as the viscosity of the epoxy medium became 

lower with elevated temperature.  
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FIGURE 5.21   Carbon nanotubes enhance resolution. 

 

The subsequent decay of the hybrid structures to a single 

homopolymerization reaction mode with a shifted peak was identical for MLS 

premix versus MWCNT doped MLS premix. The deconvolution of peaks for 

combined contribution to activity appears to be a valuable method to estimate the 

overall steric effect on the reaction mode because the mode of reaction due to a 

chemical environment was shown to change reproduceably as a function of time. 

 Finally, both MHz and kHz radio-frequency irradiation are well able to 

resolve the range of structures responsible for different reaction modes. The use 

of MHz microwave irradiation applied to MLS with trace water in epoxy produces 

similar process effects as that of ultrasound in minimizing the ensemble of 
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reaction modes. The opposite effect is observed for kHz radio-frequency 

irradiation, which appears to be most able to maintain or improve the spacing 

between MLS in epoxy by the ensemble reaction temperature measurement.  

The enhanced swelling results for kHz radio waves are attributed to 

flipping of epoxy monomer dipoles caught in between fan-shaped MLS. The 

unequal electric field between MLS particles across the fan-shaped gallery space 

provides the conditions for Maxwell-Wagner behavior introduced in section 3., 

where a non-equal electric force enhances the ability to swell MLS as epoxy 

monomer flips orientation. This constitutes a clear process advantage for kHz 

irradiation over each of the process methods evaluated to maximize MLS 

dispersions. 

Visible spectroscopy has the advantage of not changing the structure of 

the MLS-epoxy monomer system where the thermal signals used to measure 

changes in exotherm and heat capacity might alter the thermodynamic balance 

as well as the volume of products from those of the reactants. The epoxy MLS 

monomer was tested using a 0.0225% addition of methylene blue dye indicator in 

accordance with the literature recommendation for a standard ratio of 1 part dye 

to 100 parts MLS. Continuous slow agitation of the 2.25% premix doped with 

methylene blue was performed in a 156 kHz electric induction field by use of a 

glass stirrer which did not heat in that field.  

Visible absorbance test results after 7 hours of irradiation at 156 kHz were 

inconclusive, as no significant differences were observed from that of the starting 

material. Structural assignment of semi-intercalated states and fan-shaped 
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aggregates at the critical concentration could not be made. The dye dopant 

method was not very sensitive to examination at room temperature as the DSC 

reaction mode was for the same critical concentration of MLS. The literature was 

quite specific with regard to the formation and identification of aggregates, even 

though these tended to be for water-based systems rather than organic based 

systems. This test was therefore continued in the hope that eventually some sort 

of difference could be observed. 

After 3 days, the presence of the induction field created a thick dark blue 

layer of aggregates that were sedimented at the bottom of the sample beaker. It 

was this sedimented material that was sampled and measured for visible spectral 

absorbance with a 1-mm path length. The test results shown in Figure 5.22 show 

an increase in magnitude from 0.81 absorbance units (AU) to 0.95 AU with no 

significant shift in the absorbance of 672 nm to 673 nm for the central value of 

the deconvoluted peak.   
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FIGURE 5.22   Increased MLS-MB absorbance at 672 nm. 

 

Because flocs were visibly enriched with a deep blue colored sediment 

and expressed a greatly increased consistency, this verified the presence of 

aggregates of MLS comprising that sample in accordance with the spectral 

assignment provided by Shichi et al. [105]. Furthermore, no overall change to the 

basal spacing appeared within parallel intercalated MLS layers according to the 

structure assignment previously reviewed by Cione et al. [107] for this 

wavelength. These results are not necessarily inconsistent with the test results 

for the DSC reaction mode after 7 hours at 156 kHz irradiation, because the 

increased MLS dispersion was representative of material which was not 
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sedimented at that time, and expresses sensitivity which the dye complex 

method was not able to measure.  

Of further interest in Figure 5.22 is the significant shift of the 580 nm peak 

in the starting material to the considerably longer wavelength at 613 nm where 

no structural assignment has been suggested to date. This feature does not 

appear for MB dye in epoxy monomer without the presence of MLS, signifying 

the presence of an unidentified MLS-MB complex for this absorbance band. It is 

proposed that this spectral shift corresponds with the formation of networks 

associated with the semi-intercalated fan-shaped structures previously assigned 

on the basis of the DSC reaction mode test results. Support for this interpretation 

is the presence of another visible absorbance at 613.6 with considerably less 

bandwidth that could represent isolated MLS typical of the exfoliated state. The 

similarity in absorbance probably reflects a similarly unconstrained environment 

for the MLS-MB in both of these structures. This interpretation emphasizes that 

semi-intercalated fan-shaped MLS structures appear to have as much surface 

mobility for MB-complexed pendant groups as exfoliated MLS. This is an 

important dispersion factor when compared with confinement within parallel 

galleries of intercalated structures. 

A final test of this interpretation was performed by the addition of 1% water 

to the dispersion of MLS-MB starting material at the critical concentration. The 

spectral deconvolution shown in Figure 5.23 clearly required the presence of an 

added fourth spectral peak at 664.6 nm. This new peak is assigned to hydrogen-

bonded MB-MLS complex in epoxy monomer. The other three absorbance 
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contributions remained unchanged in wavelength from those that were used to 

describe the sum spectral absorbances of the starting material.  
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FIGURE 5.23   Hydrogen-bonded methylene-blue MLS complex.   

 

Another observation of significance in Figure 5.23 is the considerable 

reduction in the magnitude of visible absorbances. Methylene blue dye is 

normally a quite absorbent blue color in pH neutral water. The disappearance of 

MB-MLS absorbance is therefore due to the complete insertion of the dye 

molecule into intercalated structures with no exposed part of the dye 

chomophore in the molecule able to retain optical activity or change 

conformation. The absorbance disappearance is therefore interpreted as a 



 196

similar application of the model of Kong and Park [73] for the intercalation 

mechanism of organic guest molecules, where the presence of water has now 

pulled dye more deeply into the MLS and prevented its ability to form the optically 

active MB-MLS complex due to steric hindrance. This result indicates that at 665 

nm absorbance, 0.81 AU represents 0% water or 0.0225% MB complexed with 

MLS at a 1 mm path length, 0.12 AU represents the retained optically active 

complex after 1% water has removed about 85% of the absorbance signal. This 

yields a decrease of 0.81-0.12 AU or a 0.69 AU absorbance reduction. This 

reduction corresponds to a factor of 0.69/0.81 or 0.019% visible MB removed due 

to trace amounts of water.  It is expected that trace amounts of acid or base 

could be used to futher understand this trend in terms of the pH of the minority 

water component similar to the standard methods for the determination of the 

CEC of MLS obtained in aqueous systems by titration, but the purpose of this 

investigation was satisfied by the confirmation of the 672 nm peak as the one 

responsible for the bulk measurement of the intercalated MLS structure. 

 Of far greater interest in Figure 5.23 is the slight shift of the 580 nm peak 

in the starting material to the slightly longer wavelength of 590 nm. At this 

wavelength the semi-intercalated fan-shaped structures have slightly increased 

surface mobility due to the charge screening effect of water.  

To summarize these investigations on MLS dispersions in epoxy monomer 

at the CMC, the effect of water was to restore lower temperatures of reaction and 

collapse the range of the reaction peak. The effect of ultrasound was to minimize 

central peaks thought to be assocoiated with fan-shaped structures. The effect of 
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MWCNT was to enhance the resolution of structures more quickly than without 

them. Visible spectrographic analysis of dye-doped systems supported the 

interpretation of reaction modes and charge screening effects. Combining 

information from several analytical methods helped to recognize the importance 

of MLS organization in non-parallel structures.  

TABLE 5.1  Effects of irradiation, MWCNT, and trace water. 

Peak 1 Peaks 2 to 5 Peak 6 sum % Center (area wt avg)
(MLS+trace H20) & 3 x GHz-irrad to 114ºC 14.4 72.6 13.0 100.0 184.2
MLS, 1 hr ultrasound 7.1 72.3 20.6 100.0 189.8
MLS, 2 hrs kHz irradiation 13.8 81.2 5.0 100.0 195.6
MWCNT + MLS, 2 hrs kHz irradiation 0.8 79.7 19.5 100.0 196.2
MLS, trace H20 addition 11.9 87.8 0.3 100.0 197.0
MLS original 23.5 72.0 4.5 100.0 197.6
MLS, equilib. post max. kHz irradiation 8.0 88.1 3.9 100.0 201.7
MLS, Max. kHz-irradiated resolution 37.0 47.4 15.6 100.0 207.1

Environment

 

Table 5.1 summarizes how each process environment affected the 

reaction in the reactive epoxy dielectric. Each test was analyzed to provide the 

area weighted average or center temperature of reaction in degrees C. This 

temperature represents the ensemble reaction for all peaks. Increase in 

temperature for the center value is interpreted as more space between MLS for 

the sum aggregated structures.  The most notable result is that all 6 peaks are 

found no matter what the process has done to either shift the ensemble of peaks 

or alter their resolution at the CMC.  

Because monomer allows MLS reorientation, a complementary process 

environment study follows to examine the degree to which any of these effects 

may continue to apply in the amine-cured MLS nanocomposites. 
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5.8  Effects of Thermomechanical Fatigue 

Dielectric polymer polarization is greatest nearest to a charged MLS 

particle in epoxy. Additional investigation at this point could help confirm if the 

mechanism of chemical reaction inhibition has been due to molecular 

confinement effects by MLS structures alone, or if molecular dipole alignment 

near to a charged particle is sufficient to cause fundamental changes in reaction 

mode behavior. The distinction may seem subtle, but it is an understanding of 

MLS nanocomposite chemical behavior that is not well understood.  

Unlike MLS dispersions in epoxy monomer premix, deformed polymerized 

epoxy could preserve MLS particle orientation while enhancing electrostatic 

effects due to MLS particle charges if they were able to become aligned on a 

molecular scale. The conclusions about reactive monomer up to this point imply 

electrostatic mechanisms as early as the first introduction of MLS act to alter the 

material properties of the cured nanocomposites. It could be of interest if 

reinforcement of a brittle polymer with a brittle additive might be demonstrated 

with the proper electrostatic pretreatment. Enough test results and theory have 

been reviewed up to this point to propose how such an effect might be generated 

and used to advantage:  

(1) The application of thermomechanical fatigue can produce interfacial 

static charge on a nanometer scale in the manner of “hot-working”. The 

effect can be observed by an increase in modulus below the glass 

transition temperature.  
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(2) Polymer deformation can orient MLS particles and thus epoxy dipoles 

to redirect randomly oriented charged MLS into the direction of load to 

increase nanocomposite properties.  

Although the exact impact to polymer free volumes and MLS structure is 

unknown, test results in the present study show that electrostatic effects will be 

maximized at the CAC for cured nanocomposites as well as the uncured 

mixtures. This is the point where aggregate structures would be most sensitive to 

material deformation. 

The importance of a continuous polymer network in the cured 

nanocomposite is to significantly reduce the mobility of the particles and 

therefore strongly couple the particle relaxation to that of the polymer matrix. 

Interfacial electrostatic charging effects are still quite possible between the matrix 

and particle. Change in modulus due to electrostatic charging effects in the 

rubbery region may not only be be preserved at temperatures significantly below 

the rubbery region, but the reduction in volume could significantly enhance 

synergistic field effects due to the closer approach of the media to each other on 

cooling. Electrostatic coupling was also expected to be difficult to detect by 

thermomechanical means at elevated temperature due to the lower modulus 

signal in the rubbery region. Finally, a mechanical measurement is used to 

measure the effect of electrostatic phenomenon to ensure no interference by 

electrostatic measurement devices. This ensures that the nature of the 

measurement force did not interfere with the nature of the primary force of 

interest in the system in the region of temperature being measured.   
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Figure 5.24 indicates a 75% increase in MLS nanocomposite modulus as 

a result of strain hardening due to thermomechanical fatigue during dynamic 

mechanical test of the torsional rectangular nanocomposite at 2% strain. Strain of 

0.5% was used to remain within the linear modulus response range for the test 

specimen before and after thermomechanical fatigue. A check of the sample 

thickness before and after each test confirmed no change in thickness was 

observed during the test.   
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FIGURE 5.24   Before and after 2% thermomechanical fatigue. 

 

The glass transition temperature was reduced by 8ºC due to strain 

hardening. One explanation for this observation is that the enhanced proximity of 

the epoxy dipoles to the MLS particles in the vicinity of the MLS particle has 
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reduced the effective free volume of the polymer by immobilizing it due to the 

electric charge attraction from interfacial polarization. At elevated temperatures, 

epoxy chain scission is known to occur. This could explain the reduction in the 

glass transition temperature as a result of polymer oxidation or chain scission, 

but not necessarily the increase in the observed modulus.   

Performance of temperature and frequency sweeps by dynamic 

mechanical analysis were used to explore the nature of the relaxation 

mechanism before and after 140ºC thermomechanical fatigue. The Cole-Cole 

plot in Figure 5.25 shows the test results for torsional rectangular measurements 

performed in 5ºC isothermal increments with logarithmic frequency sweeps of 0.1 

to 100 radians per second at 0.5 percent strain and 140 seconds equilibration 

time between sequential isothermal test temperatures. In both tests, it is the very 

same sample that is being tested each time. The test sample has not been 

removed from the test fixture after elevated temperature strain treatment. This is 

a critical step in the practical application of the experiment: the importance of the 

control. DMA in this type of instrument is quantitative for time dependent 

behavior. It is qulalitative for modulus. The same sample removed and inserted 

for measurement will express differences due to positioning and clamping that 

are unavoidable for small specimens.  Analytical practice required continuity of all 

potential experimental artifacts for the given instrumentation.  The “before 

treatment”and “after treatment”  tests using dynamic temperature frequency 

sweeps heat the same sample up from room temperature using the same 
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programmed test conditions to control any thermal contributions to the relaxtion 

time.  
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FIGURE 5.25   Cole-Cole plot comparison. 

 

The broken arcs for the red square data points seen in the Cole-Cole 

graph indicate a trend after the thermomechanical fatigue treatment very 

reminiscent of the behavior of a semicrystalline plastic, rather than the expected 

amorphous epoxy polymer behavior. This is interpreted to be the first real 

indicator for effective nanosilicate reinforcement in an amorphous brittle polymer 

such as epoxy. The starting material represented by the round black symbols has 

a relatively unbroken arc typical of unreinforced epoxy. The significant difference 

between these two curves at the higher storage modulus and lower temperatures 
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shows the rigid (but not crystalline) type of polymer backbone behavior in the 

strained sample that is missing from the unstrained sample. 

Given two versions of the truth, it is often insightful to plot them against 

each other. This is one way to find evidence of a deeper theoretical relationship 

in the data. Both experiments contain measurements that were made under 

identical conditions of frequency and temperature. Both experiments were 

performed on the same test sample with no change in composition assumed. 

Plotting the phase angle difference of one data set against the other data set 

provides the alteration in the material response devoid of other assumptions. The 

graph provided in Figure 5.26 will be called the Tan Delta Parametric Material 

Response Plot. It is suggested that this method of examining test data may be 

useful for any analysis of energy loss or storage, be it mechanical, electrical, or 

otherwise. The physical significance of the loop in this analysis is the transition 

into and out of the energy loss region as a function of time and temperature. The 

important assumption in this plot is a fixed response before and after the 

conditioning step. For the ideal case that the material response underwent no 

change, then that response will be a straight line with a slope of unity. The 

absolute deviation in slope from the best fit line through the loop with a fixed zero 

intercept quantifies the overall change. This analysis provides (1 – 0.898), or a 

10.2% change in response. The answer is parametric, which means that it will be 

the same no matter which material response is assumed to be the one that is 

different.     
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FIGURE 5.26   Parametric plot comparison. 

  

Next, a master curve was constructed from the dynamic mechanical test 

data before and after thermomechanical fatigue of the 2.25% nanocomposite 

shown in Figure 5.27, where the change in the molecular parameters from 

graphical fits to the Arrhenius flow activation energy (Ea) and the Williams-

Landel-Ferry relation (WLF) are listed in Table 5.2.  
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FIGURE 5.27   Changes in DMA master curves. 

A fixed glass transition temperature was assumed to aid comparison of 

the energy and free volume constants in the model evaluations. The reduction in 

activation energies after the strain treatment indicates the possibility that some 

surface bonds might have broken between the matrix polymer and the MLS 

additive, or that some other effect altered the surface interface. FTIR analysis did 

not show any difference in the spectra, therefore this negative evidence was 

inconclusive. It will be shown from other considerations that that the surface 

interface hypothesis has merit.  
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TABLE 5.2       Thermomechanical fatigue vs. WLF at 2.25% MLS. 

 WLF C1 WLF C2 Flow Activation

Ea (kJ / mol) 

As cast 42.5 80.2 309 

After thermomechanical fatigue 15.2 5.6 155 

Reduction 64% 93% 50% 

 

Let it be assumed that the nanocomposite material as cast leaves the 

polymer adjacent to MLS reasonably close to an uncharged surface state, while 

maintaining the same level of plasticity due to the addition of MLS in both 

strained and unstrained samples. In other words, Ea’ ≈ Ea for the as cast 

material as a structural and compositional control for the extent of surface charge 

polarization. A subtraction of the slopes for the flow activation energy of the 

compositionally equivalent nanocomposites obtains the result from Table 5.2 

show that Ep = 154 KJ/mol for the case of the nanocomposite strained at 140ºC 

for 1 hour at 2% strain. 

The fixed or temperature independent fraction of free volume associated 

with C1 was seen to drop 64%.. The ability to store heat appears to be increased 

as a result of the strain treatment, as shown in Figure 5.28. Both these materials 

are amorphous solids, but it is interesting to note that liquids have higher heat 

capacities than the corresponding crystals. The specific heat capacity appears to 

be below that of the base polymer near the CMC, but becomes of greater or 

equivalent value as a result of thermomechanical fatigue. Once established, the 
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orientations of polymer dipoles to charge on MLS might be particularly stable. 

The loss of a dipole contribution appears to take place greater than 100ºC above 

Tg, which is exactly the point where WLF theory stops being valid. Perhaps these 

observations are somehow related, and not a coincidence.  

The parametric deviation plot in Figure 5.26 has identified the existence of 

a molecular contribution to relaxation in terms of an unknown intermolecular 

force on the order of about 10%. This is very valuable information, as this 

approach to the boundary of what was understood now permits new 

interpretations of the WLF equation to be evaluated. 

The appearance of different reaction modes observed by DSC in MLS 

aggregates was clarified in Chapter 3.  Both ligands and MLS can provide 

changed environments with characteristic heat capacities. Reaction modes shift 

due to reorganization of molecular stucural units (ligands) or particle aggregates 

that undergo reorganization. There is no change in the underlying chemical 

reaction mechanism.  The fundamental basis for this comparison is underscored 

by the specific heat result shown in Figure 5.28 for the fully cured 

nanocomposite.  

To validate the determination of the change in specific heat by difference, 

tested portions were removed from the same sample before and after treatment 

by themomechanical fatigue, thereby preserving and subtracting out any initial 

conditions or orientation. MLS aggregates have been significantly distorted by 

thermomechanical strain, resulting in the rise of the bulk specific heat over the 

entire tested range  



 208

by 0.001 J / gK. The advantage of the direct measurement of heat capacity 

change is that the effect of a change in the environment of the MLS can be 

determined without reliance on a chemical reaction signal that is only valid over a 

narrow range of temperatures.  
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FIGURE 5.28  Change in specific heat capacity. 

 

In conclusion, Figure 5.28 demonstrates greater energy is required to 

overcome the charge attraction due to bulk MLS reorientation than was present 

in the baseline measurement for as-cast material.  This result leads to the 

complementary investigation that follows in the next section where dye spectral 
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response has been used to independently monitor the nature of the MLS 

orientation change in cured nanocomposites as a result of thermomechanical 

fatigue. 

Locally charge polarization could result in the expression of improved 

barrier properties for epoxy nanocomposites. Alteration of charge screening at 

polymer-MLS interfaces is investigated by use of a dye indicator.  Methylene blue 

dye was used to clarify the role of thermally accelerated moisture transport 

across MLS barrier materials suspended in epoxy. The intent of this experiment 

was to compare the transport properties in the case with and without straining 

pre-treatment. Enhancement of charge polarization might affect the transport of 

water, a polar molecule. The role of the cationic dye was to form hydrogen bonds 

with water at the polymer MLS interface as a spectral marker.  

FIGURE 5.29  Exposure to 80ºC water for 24 hours.  

 

The development of methylene blue dye in nanocomposite that was not 

otherwise exposed to any treatment is shown in Figure 5.33. This specimen was 

masked by impermeable metal foil tape, and set into water at 80ºC for 24 hours 

to confirm water development reactivity for the dye in the nanocomposite. 
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FIGURE 5.30   140ºC for 1 hour develops dye in 2.25% MLS. 

 

The top sample in Figure 5.30 shows the color change effect after thermal 

treatment at 140ºC for 1 hour with no pressure or strain applied. Both sections 

were taken adjacent to each other from the initial mold cast. The blue outline at 

the edges of the starting material shows the nanocomposite had a slight 

development of color at the edges. This may have been due to moisture after 24 

hours cure at 80ºC,or to the effect of static stress on cooling. 

The visible spectra in Figure 5.31 show that 2% oscillatory strain 

significantly protected against water intrusion or development of dye on heating. 

It is suggested that charge polarization of the MLS surfaces on deformation and 

straining created an improved ability of the nanocomposite to act as a barrier to 

moisture or oxidation by heating, by holding the polymer close to the MLS 

platelet, and thereby reducing the diffusion constant of the reactive species 

through the polymer.  
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FIGURE 5.31   Spectral change vs. thermomechanical fatigue.   

Figure 5.33 indicates 15 minutes of thermomechanical fatigue at 2% 

torsional strain and 140°C compared with exposure at the same temperature 

without deformation. The results suggest that thermomechanical fatigue is able to 

confer improved barrier resistance to the polymer.  

The use of water to develop dye in amine-cured nanocomposite provides 

further insight to separate out the effects of charging from that of MLS particle 

orientation. MLS particles remain fixed in cured nanocomposites. Charging in 

epoxy matrix can still be mitigated by the screening effects of water as it diffuses 

into the polymer. Under sufficient strain, however, some non-parallel MLS 
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structures may still be able to reorient in the direction of deformation. If the 

particle collapses prior to doping with of water, then an essentially unaxial strain 

field could appear in the epoxy matrix above and below the plane of the MLS 

layers. Regions may then form that could be attractive to water and act as sinks if 

the charge polarization has been preserved in the matrix after the particles have 

rearranged to remove the local source of the charge anisotropy. These were 

good resons to investigate static loading versus dynamic loading effects on 

possible barrier improvements. 

   1. Semi-intercalated fan 2. Network destruction            3. Particle collapse
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FIGURE 5.32   Possible strain around collapsed networks. 

 

A control sample cut from the same resin cast was placed at 140ºC that 

had no torsional strain treatment was placed under flexural load. This specimen 

became quite intensely blue in absorbance after 1 hour. This is in contrast to the 

result for the specimen subjected to 2% thermomechanical fatigue. The test 

results indicate that static directional pressure in tension or compression had no 

effect on the barrier properties. The absence of a protective effect in this case 
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can not be explained by static alignment of the MLS nanoparticles in a strain field 

under static deformation.  

The extent of the enhanced barrier protection due to a polarization effect 

was further clarified by test specimen shown in Figure 5.33 (b). This specimen 

started as the one shown in the adjacent image at Figure 5.33 (a). Masking of 

half the specimen proved the unprotected regions developed blue dye color due 

to the incursion of water after 24 hours of water immersion at 80°C.  This 

indicates that moisture transport across the thermomechanically treated 

nanocomposite is slowed, but not stopped. 

 

FIGURE 5.33   Barrier improvement by strain is disproved.  

The polymer charge polarization mechanism appears to be the correct 

explanation for the improved barrier properties. The test results indicate that the 

improvement in mechanical properties and the improvement in the barrier 

properties are quite likely caused by the same mechanism. The improvements to 

properties resulting thermomechanical fatigue in the cured nanocomposite points 

to the likelihood of polarized matrix polymer interacting with charges on MLS 

structures.  
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Equation 5.10 may now be evaluated from the experimental insight 

provided. The implication of the model result for the epoxy MLS nanocomposite 

system is that the fragility of that system in terms of all chemical structural effects 

due to polarization can be directly affected by temperature. This expression has 

come at a convienient time. The hypothesis now postulates a temperature 

equivalence between interfacially charged nanocomposite created by the mixed 

energy inputs of thermomechanical strain at a lower temperature, and a high 

temperature effect without mechanical assistance. Elevated temperature alone 

can provide energy to overcome the activation of epoxy molecular alignment to 

allow matrix charge orientation. Most importantly any residual stress in the 

amine-epoxy matrix will be relaxed, since the sample will not be deformed, and 

only the effect of charge will remain as the parameter of analysis.   

To either disprove or prove the temperature equivalence hypothesis, a 

sample of as-cast 2.25% MLS in epoxy was held at 195°C for 5 minutes with no 

applied strain. Too long a time spent at this significantly elevated temperature 

might destroy the polymer in the test sample. Too little time might not be 

sufficient to provide adequate thermal equilibration of all parts of the test sample. 

The selection of temperature was taken from the apparent intersection of the 

heat capacity of the 140°C 2% strain treated nanocomposite, with the heat 

capacity of the base epoxy. It was thought that the intersection and subsequent 

identical values at higher temperatures might be an indication of similar bulk 

dipole relaxation, as well as possibly being a temperature sufficiently high to be 
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near to or just outside of the temperature region where the WLF relation was 

valid.   

The use of Tan Delta was helpful to correct for artifacts resulting from 

dimensional errors in the determination of absolute modulus for two different 

specimens. Torsional frequency and temperature sweeps starting at room 

temperature were performed after the 195°C conditioning step was completed. 

The test results were added to the parametric plot of Figure 5.26 suggested for 

graphical interpretation of the effects of reinforcements on relaxation. The overlay 

result is shown in Figure 5.34: 
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FIGURE 5.34  Temperature and flow activation effects. 
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The parametric results expressed in Figure 5.34 shows essentially the 

same reinforcement behavior is obtained for strain assisted as for elevated 

temperature assisted nanocomposite performance enhancement. It is of 

additional significance that follow-up experiments where similar thermal 

conditioning was performed at 80°C and at140°C did not result in an increased 

reinforcement effect. The significance of these controlled experiments is a 

demonstration of the existence of a fundamental relation between flow activation 

assisted dipole orientation in a polarizing electric field, and thermally assisted 

dipole relaxation for a similar molecular orientation effect between charged MLS 

particles.  

The evidence presented here may also be used to test the validity of the 

Adams-Gibbs equation for cooperatively rearranging regions (CRR) in terms of 

configurational entropy. The epoxy matrix in the nanocomposite is the unit 

responsible for dynamic mechanical property change in the polymer, because 

configurational rearrangement of the MLS dispersed in the crosslinked polymer 

can be considered fixed. 

The glass transition temperature did not change on this rearrangement. If 

the inherent value for τ0 is constant for the polymer, then the observed change in 

relaxation time must be due to the size of the region undergoing configurational 

rearrangement, and the alteration of the free energy hindering that cooperative 

rearrangement. This particular test of the Adams-Gibbs theory is very narrowly 

focused on those two variables by experimentally restricting CRR to non-

crystalline configurational change. If all quantities in this equation are constant 
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except two, then one variable must become greater in value in direct proportion 

to the decrease in the other variable.  

The possibility of a change to the energy contribution due to matrix dipole 

orientation was never considered, but could be easily introduced. Polarization 

effects are required in the context of the present study in order to explain how 

such an energy could change due to other than steric interactions. Charge 

interaction by dipole orientation of molecules appears to substantially alter the 

energy landscape.  Further experimental studies of the concentration effects of 

epoxy nanocomposite polarization activation at 195°C in the present system are 

encouraged. This would further clarify the maximum fragility change between 

significantly polarization controlled and significantly sterically controlled 

environments in terms of the critical concentration of the MLS particles.   

Organophylic MLS were used to clarify the nature of molecular relaxation 

in epoxy. This gives the nanocomposite dynamic mechanical experiment a very 

small framework for studying rheological effects on a molecular scale without the 

requirement for an externally applied charge. There is no reason not to consider 

that similar evaluations may prove equally useful in the study of other polymeric 

systems. This is because the effect of charges applied to shearing surfaces on 

the molecular scale are expected to affect free volume in ways that are not 

necessarily the same as the bulk effect of charge applied to bulk polymer.  

The charged MLS platelets in this study were not necessesarily aligned 

with the strain field. Alignment might be improved in other systems. 
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Nevertheless, it is expected that some day these or other limitations may be 

overcome to study many systems.  

The fragility changes caused by nanoparticles in shear may improve the 

usefulness of what should be considered a practical demonstration of 

nanorheology. The observation of a flow activation in shear that is related to a 

temperature induced molecular dipole orientation is expected to be helpful to the 

development of a better understanding of the relation of dynamic fragility to 

thermodynamic fragility.  

5.9  Summary  

Nanotube and MLS agglomeration of the same charge and but differing 

electrical conductivity have revealed a phase-immiscible colloidal counter-particle 

effects. Both MLS and nanotubes have a percolation-charge effect in common 

even though they have a different geometry, one due to inherent charge and the 

other due to induced charge. Microwave dispersion of nanotubes was of more 

relative importance than nanotube surface chemical affinity for dispersion. 

Introducing a set of nanotube experiments with combined MLS and nanotube 

particles provided evidence some mitigation of phase separation by use of 

microwaves.   

 The irradiated 2.25% MLS premix was sampled at intervals, and these 

samples were immediately weighed and tested by differential scanning 

calorimetry to capture time dependent changes to reactivity. 
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APPENDIX A 

INDICATIONS FOR FUTURE WORK 
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New Phase Transfer Catalysts  

Nanotube and the octadecylammonium salt of montmorillonite layered 

silicate (MLS) mixtures may express a concentration dependent change in inter-

particle morphology that is similar in concept to that of the critical agglomeration 

concentration (CAC) in polymer. Because nanotubes are polymerized carbon, 

this can be tested and verified experimentally. Particle-particle polarization could 

be extended to continuous phase solid-solid dispersions. This would complete a 

theoretical understanding of charged colloids over the full range of mixtures of 

liquid-liquid, liquid-solid, and solid-solid interfaces. This understanding would 

immediately benefit the field of phase transfer catalysis. 

Optoelectronic Devices 

(a).  Sata [149] suggests it may be possible to create conditions that allow 

electrostatic conduction normal to insulating and conductive types of alternating 

layers when these layers are on a nanometer scale. Given the insulating 

character and the transparency of the silicates, as well as the optical activity and 

the change in diameter with the change in electronic activation of the single-

walled carbon nanotube, this avenue of research may to lead to the construction 

of optoelectronic devices based on the quantum mechanical wave interactions. 

Specifically, the use of a vacuum is expected to allow coupling between 

electrophoretic and photophoretic effects. The imposition of both a magnetic field 

and en electric field vector will result in left and right light polarization according 

to the left and right chirality of optically active single-walled carbon nanotubes 
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(SWCNT) [150]. The lattice distortion, or in this case particle movements that are 

imposed on the nanotube agglomerates should provide the appropriate 

mechanism to separate left and right chiral particles by use of the organophylic 

MLS dielectric media. The experiment will be fundamental to physics because it 

will build on the present work (essentially requiring it) to show how photonic 

momenta might be used to clarify a direct or indirect relation to the refractive 

index [124].  

Bonded versus Non-bonded Water 

The role of non-bonded water as an additive to premises might be explored by 

extending the thermal analysis work of Chapter 3 to the subambient regions. The 

freezing point of the minority water component in an ordered gallery compared to 

hydrogen-bonded water outside of it has been previously explored [151], and 

found to be sensitive to bonded versus unbonded water. This method may now 

be used to quantify the effect of microwave irradiation on minority component 

water intercalation into epoxy MLS premix by means of a liquid nitrogen quench 

and heat-up to clarify the nature and number of water structures in the gallery 

regions. The amount of a certain type of structure may be associated with a 

maximal improvement to intercalation of the MLS by the continuous phase 

polymer in unexpected ways.    

Exfoliation of Non-exfoliated Nanocomposite Polymer Systems 

Chin et al. [65] found the use of the aromatic amine, MPDA (meta-

phenylene diamine) resulted in intercalated but no exfoliated nanocomposite 



 222

structures formed on curing both at 80ºC and at 135ºC with bis-phenol A 

diglycidyl ether (DGEBA). This was attributed to a favored polymerization 

reaction outside the gallery that acted to draw polymer outside of the gallery 

regions. It is suggested in light of the present DVLOB hypothesis that it may 

instead have been due to polarization of the diamine oriented between the edges 

of the silicate layers. The application of time dependent electric fields of 

appropriate frequency could cause the aromatic diamine to change orientation 

often enough to disrupt the formation of any electrostatic bonds by the reactant. 

A large number of similar experiments can be used to verify the credibility of the 

DVLOB hypothesis. This should provide sufficient new knowledge to help show if 

past difficulties in the creation of exfoliated nanocomposites may be generally 

overcome by the use this method.
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APPENDIX B 

DERIVATION OF VOLUME EXPANSIVITY FROM LINEAR THERMAL 

EXPANSIVITY 
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(∆L)(L0)

(L1)

This appendix describes the reasoning used to separate uniform polymer 

free volume effects from concentration dependent changes in the 

octadecylammonium salt of montmorillonite layered silicate (MLS)  dispersions 

that may contain evidence of directional volume expansion effects. To begin, 

change in sample length may be expressed in the two equations that follow, and 

is illustrated in Figure B.35: 

 
 
 
 

 
 

FIGURE B.35    Illustration of nomenclature for strain.  
 

Similarly, change in temperature is denoted: 

Equation B.25 
 0T1TT −=∆  

On relating changes in sample length to change in temperature, the 

temperature is the dependent, or control variable, and the sample length is the 

independent, or unknown variable. A change in length per unit length is a 

dimensionless quantity so that length units will cancel. This quantity can then be 

Equation B.23                       0L1LL −=∆  

Equation B.24                       0LL1L +∆=    
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related to the corresponding change in temperature by a constant of 

proportionality (α) as follows:   

Equation B.26 
)0T1T(

0L
0L1L

−=
−

α  

 

The constant of proportionality α is the thermal expansion coefficient, 

which is usually linear over a broad range of temperatures. The dimension of α 

are temperature-1 with units of oC-1 or equivalently, since this is a difference in 

temperature, as units of oK-1. Substituting change in length from Equation B.23 

and change in temperature from Equation B.25 yields: 

 
Equation B.27 T

0L
L

∆=
∆ α  

 
Equation B.28 
 

T0LL ∆=∆ α  

  
Adding L0 to both sides of Equation B.28 yields: 

Equation B.29 0LT0L0LL +∆=+∆ α  

 
Dropping the subscript (1) from the final length in Equation B.24 and 

substituting for this quantity on the left side of Equation B.29 yields: 

Equation B.30     ( )T10LL ∆+= α  

As for the linear expansion expressed in Equation B.28, the increase in 

the volume (∆V) of a solid body of initial volume Vo determines the volume 
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thermal expansion coefficient due to a change in temperature of ∆T according to 

Equation B.31.  

Equation B.31     
  

Similarly to the derivation used to arrive at Equation B.30, the new volume 

V is then expressed in terms of the initial volume by Equation B.32, which is the 

definition for volume expansivity:  

Equation B.32     T0VV ∆=∆ β  

  
where ∆V is also expressed in units of oC-1. Recalling also that a rectangular 

volume is determined by multiplying the dimensions of each edge: 

Equation B.33     3L2L1LV ⋅⋅=  

 
Then it follows that Equation B.24 can be applied for each of the three axis 

of the rectangular solid to determine individual contributions to the change in 

length for sides L1, L2, L3 and the thermal expansions ∆T1, ∆T2, ∆T3. 

Equation B.34     ( ) ( ) ( )T313LT212LT111LV ∆+⋅∆+⋅∆+= ααα  

 
For the convenience of derivation, the solid is assumed for the moment to 

be expanding in the same manner in all directions, so that it undergoes isotropic 

volumetric expansion. The new volume V is then 

Equation B.35     ( )3T13L2L1LV ∆+⋅⋅= α  

 
Substituting for initial volume from Equation B.33 yields 

TVV
0
∆β=∆
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Equation B.36     ( )3T10VV ∆+= α  

 
Multiplying out one set of terms yields 

Equation B.37     ( ) ⎟
⎠
⎞⎜

⎝
⎛ ∆+∆+⋅∆+= 2T2T21T10VV ααα  

 
Multiplying out the last set of terms yields 

Equation B.38     ⎟
⎠
⎞⎜

⎝
⎛ ∆+∆+∆+∆+∆+= 3T32T22T2T2T210VV ααααα  

 
Simplifying by combining like terms: 

Equation B.39     ⎟
⎠
⎞⎜

⎝
⎛ ∆+∆+∆+= 3T32T23T310VV ααα  

The squared and cubed terms of ά  are ignored since the value of this 

quantity is at or below 1e-5, which permits further simplification to a general 

isotropic form: 

Equation B.40     ( )T310VV ∆+≅ α  

The volume expansion defined in Equation B.32 is then set equal to the 

volume expansion derived above in Equation B.40 to find the general relation of 

linear to volume expansivity for an isotropic solid: 

Equation B.41     α3Vf =  

 
But in Equation B.35, the convenience of derivation required that the solid 

be assumed to be expanding in the same manner for all directions. If the solid 

does not undergo isotropic volumetric expansion, then the volume expansivity 

does not change by definition, since the directional effects are averaged out over 
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the entire sample volume in arbitrary total displacement. Due to the directional 

nature of linear measurements, each α must refer to a unique non-isotropic linear 

expansivity, however the sum expansivity from very slight non-uniform 

contributions is approximately the same as the sum of the average of those 

contributions: 

 
Equation B.42 ⎟

⎠
⎞

⎜
⎝
⎛ ⋅⋅

=
3

32133 αααα  

Simplification of Equation B.42 and substitution into the isotropic 

expression for volumetric expansivity in Equation B.41 derives the final 

expression used in Chapter 3 of this work: 

Equation B.43     
 

321fV ααα ⋅⋅≅  

Equation 4.4 reverts to the isotropic form in Equation B.41 when linear 

expansivities are the same in all directions.  
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