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ABSTRACT 
 

Structure-Property Relationship of Nanoplatelet-Reinforced  

Polymer Nanocomposites. (May 2007) 

Woong Jae Boo, B.S., Hankook Aviation University; 

M.S., Texas A&M University 

Chair of Advisory Committee: Dr. Hung-Jue Sue 

 

As a part of a larger effort towards the fundamental understanding of structure-

property relationship in nanoplatelet-reinforced polymer nanocomposites, a set of model 

epoxy systems containing α-Zirconium Phosphate (α-ZrP) have been prepared and 

studied in this dissertation. A new surface modification approach, i.e., the porous 

pathway approach, for improving intercalation efficiency and exfoliation of layered 

nanoplatelets has been proposed and the effectiveness has been demonstrated. In order to 

clearly understand the roles of nanofillers and the effects of their geometric factors on 

the physical and mechanical properties of nanocomposites, variables such as 

nanoplatelet loading level, degree of exfoliation, and aspect ratio have been carefully 

controlled in the epoxy matrices. Morphological information of the prepared 

nanocomposites was unambiguously confirmed by carrying out X-ray diffraction and 

transmission electron microscopy (TEM). Tensile and thermo-mechanical properties of 

the model epoxy/α-ZrP nanocomposites have been investigated. Furthermore, fracture 

behavior of the model nanocomposites is examined in this study. This work has 

enhanced the understanding of the effects of nanoplatelet, i.e., loading level, degree of 
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exfoliation, aspect ratio, and the type of surface modifiers, on the mechanical properties 

and fracture behavior of polymer nanocomposites. 
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CHAPTER I 

 

INTRODUCTION 

 

1. 1.  Background 

Polymer nanocomposites are a new class of materials that consist of a polymeric 

matrix containing well-dispersed particles or fillers with at least one of its dimensions to 

be at the nanometer scale. Since these materials can be ideal candidates for a vast 

majority of structural and functional material applications, polymer nanocomposites 

have drawn great deals of attention in recent years [1-13].  

There are three types of nanoadditives that are categorized based on whether they 

possess (a) one, (b) two, or (c) three dimensions in the nanometer range. Among these, 

the nanoparticles of type (a), which possess a platelet-like structure that has only one 

dimension in the nanometer range, have been extensively studied as reinforcing 

nanofillers that yield exceptional properties due to its structural advantages such as high 

aspect ratio and large surface area [14-16]. These nanoplatelets usually exist in the form 

of sheets with 1-3 nm in thickness while having two or more orders of magnitude larger 

in the other two dimensions.  

 

 

 

The dissertation follows the style of Polymer. 
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Among the wide variety of natural and synthetic inorganic fillers, 

montmorillonite (MMT) clay has been the most widely utilized filler to reinforce a 

variety of polymer matrices [17-21], mainly due to its relative high ion exchange 

capacity, high aspect ratio, low cost and ease of surface modification. 

 

1. 2.  α-Zirconium Phosphate-Reinforced Polymer Nanocomposites 

Since the original work on montmorillonite (MMT) clay-modified nylon-6 [22] 

nanocomposites was reported about two decades ago, numerous efforts have followed to 

establish a better understanding of structure-property relationship in polymer 

nanocomposites reinforced with nanoplatelets [23,24]. Recently, in an effort to better 

understand the effects of nanoplatelets loading level, aspect ratio and dispersion of 

nanoplatelets on the physical and mechanical properties of polymer nanocomposites, 

significant efforts have been carried out to improve stiffness and strength [18,21], 

enhanced gas barrier properties [17,25], and flame retardancy [26].  

Unfortunately, due to the typical high impurity content of MMT clays as well as 

their wide particle size distribution, it is unlikely that MMT clay based polymer 

nanocomposites can exhibit consistent properties for unambiguous fundamental 

structure-property relationship studies. Therefore, limited structure-property relationship 

can be gained from MMT-based polymer nanocomposite systems. 

Stemming from the above concerns, synthetic α-zirconium phosphate (ZrP), 

Zr(HPO4)2•H2O, has been chosen as a model nanofiller to probe the fundamental 

structure-property relationship of fully exfoliated polymer nanocomposites [15,27,28]. 
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The ZrP has a higher ion exchange capacity than MMT clay; hence, it is relatively easy 

to achieve a higher degree of exfoliation for ZrP nanoplatelets [28]. In addition, the 

particle size and aspect ratio can be controlled by varying reactant concentrations, 

temperature, and reaction time [29]. As a result, α-ZrP can serve as an ideal nanofiller to 

study the fundamental structure-property relationship of polymer nanocomposites. 

In this work, the structure-property relationship of epoxy/ZrP nanocomposites 

are studied, with an emphasis on how the nanoplatelets loading level, degree of 

exfoliation, aspect ratio and type of intercalating agents affect the properties of the 

nanocomposites. 

 

1. 3.  Research Objectives and Significance 

The primary objectives of this research are to investigate the mechanical and 

fracture behavior of polymer nanocomposites and the improvement of their physical 

/mechanical properties by addition of α-zirconium phosphate nanoplatelets.  The goal of 

the research is to gain fundamental understanding of the following:  

 

a) The effects of the nanofiller addition on the mechanical properties of the 

polymer matrix.  

 

b) The effects of the nanofiller structure, e.g., loading level, particle size, aspect 

ratio, and level of exfoliation, on the improvement of mechanical properties 

of the polymer nanocomposites. 
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c) The effect of surface modifiers on the mechanical and physical properties of 

the polymer nanocomposites.  

 

d) The detailed fracture behavior and toughening mechanisms of exfoliated 

nanoplatelet-reinforced epoxy nanocomposites.  

 

It is expected that the present work will contribute significantly to the 

fundamental understanding of the effect of not only the nanofiller addition to polymer 

matrices but also the influence of the nanofiller characteristics, such as loading level, 

particle size, aspect ratio, and state of exfoliation, on the structure-property relationship 

of nanoplatelet-reinforced polymer nanocomposites. 

 

1. 4.  Dissertation Layout 

As mentioned earlier, a series of experimental approaches are employed in this 

study in order to understand the fundamental structure-property relationship of 

nanoplatelet-reinforced polymer nanocomposites. To further develop the background of 

polymer nanocomposites research, a compendious literature review of the fracture 

behavior of nanoplatelet-reinforced polymer nanocomposites has been performed and 

included in Chapter II.  

Based on α-ZrP nanoplatelets, a new surface modification approach, i.e. porous 

pathway, to improve intercalation efficiency and exfoliation of layered nanoplatelets is 
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carefully laid out in Chapter III. The intercalation/exfoliation mechanisms accounting for 

the observed effectiveness are also discussed in this chapter. 

In Chapter IV, the morphology of epoxy/ZrP nanocomposites with a high level of 

exfoliation is examined using TEM. A simple geometric model is utilized to describe an 

idealized relationship between interlayer d-spacing and filler loading level. The detailed 

fracture mechanisms and the influence of nanoplatelet loading level on physical and 

mechanical properties have also been addressed.    

By altering the processing conditions alone, three distinctive levels of dispersion 

of α-ZrP nanoplatelets have been achieved. Thus, the effect of nanoplatelet dispersion 

on mechanical properties can be unambiguously addressed in Chapter V. The 

corresponding mechanical properties and fracture behaviors of the epoxy/α-ZrP 

nanocomposites are investigated and the differences in the operative fracture 

mechanisms of the model nanocomposites are also described and discussed in this 

chapter. 

As shown in Chapter VI, in order to study the effects of nanoplatelet aspect ratio 

on the mechanical properties of polymer nanocomposites, epoxy/α-zirconium phosphate 

nanocomposites with two distinctive aspect ratios at 100 and 1,000 have been prepared 

and characterized. In this chapter, fundamental study on how the nanoplatelet aspect 

ratio influences the mechanical properties of polymer nanocomposites and the usefulness 

of high aspect ratio nanoplatelets in polymer nanocomposites for structural applications 

have also been discussed. 



 6

Finally, in Chapter VII, an overall conclusion of this study has been made and 

included, while recommendations and possible ideas and ambiguities for future work are 

given.  
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CHAPTER II 

 

LITERATURE REVIEW 

 

2. 1. Polymer Nanocomposites 

Polymer nanocomposites have attracted a great deal of research attention in the 

past two decades because, if well-exfoliated and well-dispersed, they may exhibit 

substantially improved physical and mechanical properties compared with conventional 

composites that contain comparable amounts of reinforcement [4,7,9,30-41]. Polymer 

nanocomposites are a novel class of materials that are reinforced by one or more types of 

fillers of which at least one dimension of the dispersed particles in the polymer matrix is 

in the nanometer range. From the standpoints of reinforcement efficiency and cost 

consideration, the most commonly chosen nanoparticles exhibit nanoplatelet layer 

structure characteristics, such as montmorillonite (MMT) clay [5,11,37,39,42-51]. 

There are various types of layer-structured materials (i.e., MMT clay, Zr(HPO4)2, 

MoS2, graphite, etc.) [6,15,16,19,21,23,27,52-65].  Polymer nanocomposites containing 

these types of layer structures are usually produced via a multi-step process to achieve 

well-exfoliated nanocomposite systems.  These multi-step processes include purification, 

surface modification, intercalation, and exfoliation of the nanolayers in the polymer 

matrix.  If they are well exfoliated, significant improvements in physical and mechanical 

properties can be achieved by only a small amount (1-3 vol%) of filler addition due to 

their high elastic modulus, strength, and high aspect ratio [6,16,19,21,61-64]. 
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In addition to the layer-structured nanofillers, there are also other nanometer-

scale fillers, such as CaCO3 and carbon nanotubes (CNTs), for reinforcing polymer 

matrices.  Depending on their size, shape, surface characteristics, and the ductility of the 

host polymer, the corresponding fracture behaviors may vary significantly.  These types 

of nanofillers do not need to be intercalated.  Their mechanical properties and fracture 

behaviors also vary significantly from those of nanoplatelet-containing polymer 

nanocomposites [52,54,66,67].  They will not, however, be included in this review. 

Herein, the fracture behavior of two types of nanoplatelet-containing polymer 

nanocomposites, which contain MMT clay and α-zirconium phosphate (α-ZrP), will be 

reviewed.  The overall effect of nanofiller aspect ratio and level of exfoliation on the 

fracture behavior of polymer nanocomposites will also be discussed.   

 

2. 2. Toughening Mechanisms  

Significant research has recently been pursued to examine the fracture process in 

MMT clay-based polymer nanocomposites. Yet, inconsistent claims have been made. 

Some researchers have observed an improvement in fracture toughness [45,68-71], while 

others have shown otherwise [15,53,72,73].  For instance, Liu et al. [68] found an 

improvement in critical stress intensity factor, KIC, after clay addition to the epoxy 

matrix, and the KIC value becomes higher as the clay concentration is increased. The 

fracture surfaces of neat epoxy and nanocomposites were compared (Fig.  2.1).   

It can be seen that neat epoxy exhibits a relatively smooth fracture surface feature, 

which typifies a brittle fracture behavior. On the other hand, a much rougher fracture 
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surface is observed after adding clay into the epoxy matrix.  The increased surface 

roughness implies that the path of the crack-tip is tortuous, making crack propagation 

more difficult.  This finding also implies that the clay particles are not nanosize in nature.  

Micrometer and sub-micrometer aggregates on the fracture surface were observed.  It is 

still uncertain whether or not the increased fracture toughness values obtained were 

mainly due to the presence of the micrometer-size particles.  

Several key toughening mechanisms in MMT clay-modified epoxy have been 

observed in the literature; they are briefly summarized below. 

 

 

 

Fig. 2.1. Fracture morphologies within the crack initiation region observed by SEM: (a) 
neat epoxy; (b) epoxy/clay (98/2), ×1000. White arrows indicate the crack propagation 
direction (reproduced from [68]). 
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2. 2. 1. Crack Deflection 

Zerda and Lesser [69] utilized the double-notched four-point bend technique 

(DN-4PB) to study the fracture behavior of epoxy-clay nanocomposites.  The DN-4PB 

method was first introduced by Sue and Yee [70] to probe the damage mechanisms 

around a loaded crack tip.  Two cracks of equal length are introduced into a specimen 

and identically loaded.  One crack propagates to failure and another propagates only 

subcritically.  The survived crack can be utilized to unambiguously study the operative 

toughening mechanisms via optical microscopy (OM) and transmission electron 

microscopy (TEM).  As illustrated in Fig. 2.2, the neat epoxy contains a straight crack 

with a smooth surface, whereas the intercalated nanocomposite shows a tortuous crack 

trajectory and exhibits evidence of crack branching along the crack path.  

 

 

 

Fig. 2.2. Optical, (a) and (b), and SEM, (c) and (d), micrographs of DN-4PB crack tip in 
a 10 wt % clay sample, (b) and (d), as compared to an unfilled epoxy sample, (a) and (c) 
(reproduced from [69]). 
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Generally, the presence of clay causes perturbations along the crack front, 

altering the crack path.  The crack propagates through either debonding along the 

particle/matrix interface or delamination between the agglomerated particles.  As the 

clay concentration increases, the distance between clay particles decreases.  This leads to 

a more tortuous crack path.  Again, the abovementioned toughening mechanism appears 

to require the presence of aggregated particles to become effective. 

 

2. 2. 2. Local Plastic Deformation 

Zerda and Lesser [69] also reported that, upon compression, the clay-filled epoxy 

yields in shear with the evolution of a visible but diffuse shear-banding zone (Fig. 2.3). 

There is a creation of new surface area in this region, which is indicated by the scattering 

of visible light in the band.  On further compression past the yield point, the shear-

banding zone expands to consume the entire sample.  This shear-banding zone was 

further examined using SEM.  As shown in Fig. 2.3(c), voiding developed and was 

confined mostly within the large clay domains. 

Upon fracture, the clay particles serve as stress concentration sites, thus resulting 

in either debonding at the clay-matrix interface or cleavage of clay tactoids that leads to 

the formation of micro- or nano-voids.  These voids could initiate shear yielding of the 

epoxy matrix at the crack and microcrack tips throughout the entire volume, thereby 

absorbing a significant amount of energy before final fracture.  The shear yielding of the 

matrix manifests itself as a kind of step structure that contributes to the increase in 

surface roughness. 
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Fig. 2.3. Micrographs illustrating compressive deformation in a 7 wt % clay sample: (a) 
macroscopic deformation illustrating a diffuse shear band, (b) SEM micrograph of a 
region outside the shear band, and (c) SEM micrograph of a region within the shear band 
with void detail (reproduced from [69]). 
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2. 2. 3. Microcracking  

Sue et al. [15,72] investigated the survived crack tip damage zone of DN-4PB 

specimens of a partially exfoliated epoxy/α-ZrP nanocomposites.  As shown in Fig. 2.4, 

microcracks are formed due to the voiding along the crack path in the crack tip region, 

and these voids come from the delamination of the intercalated α-ZrP platelets.   

 

 

 

 

Fig. 2.4. TEM of the crack tip damage zone of epoxy/α-ZrP nanocomposite. 
Delaminated cavities are observed at the crack tip region (reproduced from [15]). 
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Later on, Wang et al. [45] studied the vicinity of the arrested crack tip of an 

epoxy/clay nanocomposite from a DN-4PB specimen (Fig. 2.5).  Some incipient cracks 

consist of several discontinuous cavities that are closely associated with clay platelets 

(Fig. 2.5(a)). Long, narrow microcavities or microcracks associated with clay were also 

found in the region ahead of the arrested crack tip (Fig. 2.5(b)). Most of the microcracks 

are formed either along the matrix-clay interface or on the delaminated clay platelets.  

The crack propagation of a double-cantilever-beam specimen was also studied 

using TEM (Fig. 2.6 [45]).  It is shown that microcracks finally develop into a main 

crack with a multitude of secondary cracks formed perpendicular to the main crack. 

These secondary cracks stop after a very short crack extension, and the tip is blunted (as 

shown in Fig. 2.6(c)). 

 

 

 

Fig. 2.5. TEM micrographs of thin sections taken from the region in front of an arrested 
crack tip within epoxy/clay nanocomposites (reproduced from [45]). 
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Fig. 2.6. TEM micrographs of a propagated crack in epoxy-clay nanocomposites 
(reproduced from [45]). 
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2. 2. 4. Crack Pinning 

Liu et al. [71] compared the fracture surfaces of epoxy/organoclay and 

epoxy/pristine clay nanocomposites and found that, in their epoxy/organoclay system, 

only a small portion of the interfaces between the matrix and the clay are debonded and 

very few voids are seen (Fig. 2.7).  This is due to the fact that the epoxy molecules were 

well intercalated into the clay platelets and had substantial interfacial adhesion between 

them, resulting in the formation of rigid and well-bonded agglomerates.   

 

 

 

 

Fig. 2.7. SEM micrographs of fracture surfaces of epoxy/organoclay nanocomposites 
(reproduced from [71]). 
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When a propagating crack encounters the well-bonded rigid clay particles, it 

becomes temporarily pinned and tends to bow out between the rigid particles and form 

tails in front of the particles.  Thus, it results in an increased absorption of energy. This 

includes not only the creation of new fracture surfaces but the formation of the new non-

linear crack fronts that consume additional line energy. This pinning mechanism is 

demonstrated in the sketch shown in Fig. 2.8 [37]. 

 

 

 
 
Fig. 2.8. Illustration of crack pinning in nanocomposites (reproduced from [71]). 
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2. 3. Fundamental Issues of Concern  

There have been literally hundreds of papers attempting to fundamentally 

understand the mechanical and fracture behaviors of clay-based polymer 

nanocomposites [8,9,12,31,35,74-78].  Very little fundamental knowledge is gained, 

however.  This is mainly due to the inability of researchers to prepare fully exfoliated 

clay-based polymer nanocomposites in a consistent manner.  As a result, ambiguous 

findings are abundant. 

In general, for nanocomposite systems that exhibit an improved toughness, one 

or a combination of the previously mentioned toughening mechanisms can account for 

the improvement in fracture toughness for nanoplatelet-filled polymer nanocomposites. 

On the other hand, it should be noted that the effectiveness of toughening based on the 

above mechanisms is limited.  Many of the improvements in toughness observed in the 

literature are not by design but rather a consequence of a lack of full exfoliation of the 

nanoplatelets in the polymer matrix.  Most of the polymer matrices contain numerous 

intercalated tactoids or even micron-scale nanofiller agglomerates. Consequently, 

ineffective toughening mechanisms, such as crack deflection, delamination, and 

microcracking, prevail in the so-called “nanocomposites”.  Two questions now arise: (1) 

what is the fracture behavior of fully exfoliated polymer nanocomposites and (2) is full 

exfoliation a necessity to achieve best mechanical properties?  

Kinloch and Taylor [73] showed an interesting comparison between micro- and 

nano-composites. At almost every level of filler concentration, epoxy/mica 

microcomposites possess a higher fracture toughness than those of their epoxy/clay 
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nanocomposites counterparts.  Furthermore, the toughness value does not always 

increase with filler concentration.  Instead, after a certain concentration level, addition of 

more fillers to the matrix will lower the fracture toughness. 

Recently, Sue et al. [15,27] used α-ZrP as nanoplatelets to achieve a fully 

exfoliated epoxy nanocomposite, as shown in Fig. 2.9. The synthetic α-ZrP 

nanoplatelets have a much higher cation exchange capacity, are much purer than MMT 

clay, and the size distribution can be more tightly controlled.  As a result, polymer 

nanocomposites containing fully exfoliated α-ZrP nanoplatelets can be easily prepared. 

According to their findings, the fully exfoliated epoxy/α-ZrP shows a slightly 

lower KIC value than neat epoxy (Table 2.1).  A similar result was also reported for fully 

exfoliated epoxy/clay and nylon/clay nanocomposites [79].  This suggests that a nearly 

perfect exfoliation and dispersion of nanofiller in the polymer matrix will not improve 

fracture toughness of the polymer matrix.  It is believed that the intercalated or 

agglomerated domains can help trigger some limited degree of toughening that is 

unachievable in the fully exfoliated systems.  It is possible that the exfoliated 

nanoplatelets effectively restrict large-scale molecular motions of the matrix, thus 

limiting the plastic deformation of the polymer matrix.  Moreover, it is valuable to note 

that the nanoparticle dimensions are generally too small, compared with the natural 

crack tip radius of a typical polymer, to trigger effective toughening mechanisms such as 

crack bridging, crack deflection, and crack blunting.  
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(a) 

 

(b) 

Fig. 2.9. TEM micrographs of fully exfoliated epoxy/α-ZrP nanocomposites (a) low and 
(b) high magnification. (reproduced from [27]). 
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Table 2.1. Modulus and fracture toughness of epoxy and epoxy/α-ZrP nanocomposites 
(reproduced from [15]) 

 Neat epoxy Epoxy/α-ZrP Epoxy/α-ZrP/CSR 

Modulus (GPa) 2.85±0.22 3.97±0.15 3.77±0.20 

KIC (MPa m1/2) 0.76±0.05 0.70±0.04 1.64±0.04 

 

 

More recently, Weon and Sue [40] studied how the aspect ratio and orientation 

of clay on the KIC value of a commercially available fully exfoliated nylon 6/clay 

nanocomposite system (obtained from Ube Industries).  Their study strongly supports 

the notion that, if the nanoplatelets are fully exfoliated in the polymer matrix, the KIC 

value of the nanocomposites is nearly identical with the neat nylon matrix, irrespective 

of the variations in nanoplatelet orientation and aspect ratio (Table 2.2).  In other words, 

if the nanoplatelets are about 100 nm in length and 1 nm in thickness, the composite 

system is unable to effectively promote microcracking, crack deflection, and crack 

blunting.  The nanoplatelets do not appear to be able to serve as stress concentrators to 

promote the above toughening mechanisms. Actually, there is a consistent trend showing 

that a slight drop in fracture toughness is observed in fully exfoliated epoxy/clay [72], 

epoxy/α-ZrP [15,27], and nylon/clay [80] nanocomposite systems. 

Interestingly, when core-shell rubber (CSR) particles were used for toughening 

the epoxy/α-ZrP nanocomposite, a two-fold increase in fracture toughness (KIC) was 

observed (Table 2.1, [15]). This implies that the conventional route of using rubber 
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particles for toughening polymer nanocomposites can still be viable.  As shown in Fig. 

2.10, large-scale rubber particle cavitation and matrix shear banding are found to be 

responsible for such an impressive toughening effect.  

 

 

Table 2.2. Fracture toughness of nylon-6 and nylon-6/clay nanocomposites (reproduced 
from [15]) 

 Neat Nylon-6 NC_Refa NC_A1b NC_C2c 

KIC (MPa m1/2) 3.0 2.7±0.07 3.1±0.13 3.0±0.11 

aNylon-6/clay nanocomposite, as received (aspect ratio = 132). 
bNylon-6/clay nanocomposite showing unidirectional orientation (aspect ratio = 87). 
cNylon-6/clay nanocomposite exhibiting random orientation (aspect ratio = 78). 

 

 

In summary, well-exfoliated nanoplatelets in the polymer matrix will not give 

any improvements in fracture toughness without the incorporation of additional 

toughening phase (e.g., CSR or nanoplatelet aggregates).  A slight reduction in fracture 

toughness and ductility of the matrix is normally observed [15,68,72,80].  Only in the 

presence of numerous micro- or nano-sized aggregates of nanoplatelets in the polymer 

matrix will the composite system show improvements in fracture toughness.  Upon 

rubber toughening, the presence of nanoplatelets does not limit the ability of the rubber 

particles to cavitate and undergo large-scale plastic deformation around the crack tip 

(Fig. 2.10).  As a result, both modulus and toughness can be gained upon simultaneous 
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additions of nanoplatelets and rubber toughener (Table 2.1).  This finding suggests that 

nanoplatelets-containing polymer nanocomposites exhibit a great potential as materials 

for load-bearing structural applications. 

 

 

 

Fig. 2.10. OM of crack tip damage zone of epoxy/α-ZrP/CSR nanocomposite. Bright 
field and cross-polarized light. (reproduced from [15]). 
 

 

2. 4. Concluding Remarks 

This review has reviewed a number of key research advances in understanding 

toughening mechanisms observed in the literature for polymer nanocomposites 

reinforced by nanoplatelets.  Several nanocomposite systems have been presented here, 

including MMT clay and α-ZrP reinforced polymer nanocomposites. The effectiveness 
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of nanoplatelet inorganic fillers on improving mechanical and physical properties of 

composites with polymer matrices strongly depends on the filler type, size, loading level, 

dispersion, and degree of exfoliation.  Especially for the nanoplatelet reinforced polymer 

nanocomposites, the degree of exfoliation of the fillers is one of the most critical factors 

in determining the physical and mechanical properties of the composites as well as 

fracture behavior and toughening mechanisms.  Yet, despite significant research efforts 

in the past two decades, the mechanisms by which the structural characteristics of 

nanofillers, especially when fillers are on the nanometer scale, influence the physical and 

mechanical properties of polymer matrices still remains inconclusive and demands 

further investigation. 
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CHAPTER III 

 

EFFECTIVE INTERCALATION AND EXFOLIATION OF NANOPLATELETS 

IN EPOXY VIA CREATION OF POROUS PATHWAYS   

 

3. 1. Introduction 

Since the original work on montmorillonite clay-modified nylon-6 

nanocomposites was reported about two decades ago [23,24], research on inorganic 

layered compound-based polymer nanocomposites has attracted worldwide attention 

because they exhibit significantly improved physical and mechanical properties 

compared with conventional polymer composites [18,81]. In preparing polymer 

nanocomposites, no matter what layered compound is selected, intercalation and 

exfoliation have always been the two most critical steps for the preparation of polymer 

nanocomposites. Effective intercalation has been shown to be essential for the 

preparation of fully exfoliated polymer nanocomposites with greatly improved modulus 

and barrier properties [15,27,82,83].    

Among a number of routes to prepare polymer nanocomposites developed in the 

past few years, the most traditional and probably also most popular approach is to 

intercalate the layered compounds in advance with an organophilic surface modifier, 

followed by intercalation of monomers or polymers into the layers to achieve final 

exfoliation [23,81,82,84,85].  
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To render hydrophilic nanoplatelet fillers to become miscible with polymer 

matrices, the hydrophilic nanoplatelet surfaces need to be converted to an organophilic 

ones so that they can be more compatible with monomers or polymer chains. Generally, 

this surface modification process can be achieved by ion-exchange reactions with cation-

based intercalating agent, such as ammonium or phosphonium salts, to lower the surface 

energy of the inorganic nanoplatelets and improve the wetting with the polymer matrix. 

Also, by employing appropriate intercalating agent(s), functional groups on the 

nanoplatelet surfaces may be tailored to trigger in-situ polymerization of monomers for 

improved interfacial strength between the inorganic nanoplatelets and the polymer 

matrix [86,87]. 

When preparing intercalated layered compounds, most of the researchers 

emphasize the importance of interlayer distance to achieve exfoliation [77,83,88,89]. As 

a result, the larger the interlayer distance for the surface modified nanoplatelets, the 

easier the monomers or polymers can be introduced into the interlayer galleries to 

achieve full exfoliation. Typically, a larger interlayer distance leads to weaker inter-layer 

binding strength to allow for easier intercalation and exfoliation when external driving 

forces, such as mixing, shearing, ultrasonication, etc, are applied. Surprisingly, in some 

cases, the conformational freedom of the intercalating chains is more critical than a large 

interlayer distance to result in an improved intercalation and exfoliation [84,85,90].  The 

reason for such an unexpected outcome may lie in the fact that when the interlayer 

galleries are fully occupied by intercalating molecules, there is no room for monomers or 
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polymers to diffuse into the galleries. Thus, further intercalation and/or exfoliation 

cannot be easily realized. 

To overcome the above undesirable outcome, the present study focuses on 

creating porous pathways in the interlayer galleries to facilitate effective intercalation of 

monomer or polymer chains. To demonstrate the importance of porous pathways for 

effective intercalation, a set of model intercalating agents containing long chain and 

short chain amines, and their combination, were selected to study the intercalation 

process in α-zirconium phosphate (α-ZrP) nanoplatelets. The utilization of  α-ZrP for 

preparation of polymer nanocomposites has been shown to be ideal for fundamental 

study of structure-property relationship of polymer nanocomposites [28,91,92]. The 

usefulness of porous pathways for the intercalation process in epoxy was monitored 

using X-ray diffraction (XRD) and transmission electron microscopy (TEM). 

Approaches for achieving effective intercalation and exfoliation of polymer 

nanocomposites are also discussed. 

 

3. 2. Experimental 

3. 2. 1. Materials 

The α-ZrP was synthesized by refluxing 10.0 grams of zirconium oxychloride 

octahydrate (ZrOCl2⋅8H2O, 98%, Aldrich) in 100 mL 3.0 M phosphoric acid (Aldrich) at 

100 oC for 24 hours. The detailed chemistry and procedures for the synthesis of α-ZrP 

can be found elsewhere [28,91,92]. Cyclohexylamine (C6H11NH2, 99%, Aldrich), 

dodecylamine (CH3(CH2)11NH2, 99%, Aldrich), polyoxyalkyleneamine (Jeffamine® 
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M600, Huntsman Chemical), and tetra-n-butyl ammonium hydroxide (TBA, 

(CH3CH2CH2CH2)4N(OH), Aldrich) were used as surface modifiers to intercalate α-ZrP 

layers. The epoxy monomer used in this study was diglycidyl ether of bisphenol-A 

(DGEBA) epoxy resin (DER332®, The Dow Chemical Company). The curing agent 

utilized was 4,4'-diamino-diphenyl sulfone (DDS, Aldrich). All the chemicals were used 

as received. 

 

3. 2. 2. Sample Preparation 

All intercalation reactions were carried out at room temperature. Three sets of 

samples were prepared in round-bottom flasks. In each flask, 1.0 mmol of α-ZrP powder 

was mixed with 50 mL acetone and ultrasonicated (1510R, Branson, 70 W-42 kHz) for 

30 minutes. Afterwards, the α-ZrP powder was well dispersed in acetone to facilitate 

intercalation reactions. Mixture of 1.0 mmol of cyclohexylamine and 1.0 mmol of 

dodecylamine were pre-dissolved in 50 mL acetone and added dropwise into α-ZrP 

dispersion (CD-ZrP) during which the reactants were vigorously stirred.  

For comparison, the same amount of α-ZrP dispersion was intercalated 

separately by 2.0 mmol of cyclohexylamine and 2.0 mmol of dodecylamine, denoted as 

C-ZrP and D-ZrP, respectively, via the same procedure. After finishing the drop-by-drop 

mixing, each sample was ultrasonicated for 30 minutes. For clarity, the compositions of 

all the samples prepared for this study are given in Table 3.1. 

To investigate the effect of interlayer distance of surface modified α-ZrP on 

diffusion, 20 mmol epoxy monomer was pre-dissolved in 50 mL of acetone and added 
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into amine-intercalated α-ZrP/acetone mixtures, followed by 30 minutes of stirring and 

15 minutes of ultrasonication. XRD was performed on every step to monitor the changes 

on interlayer distance of α-ZrP during intercalation and subsequent diffusion of epoxy 

monomers. 

 

 

Table 3.1.  Compositions of surface modifiers utilized for intercalation of α-ZrP 

 α-ZrP(mmol,  
dispersed in acetone) 

cyclohexylamine 
(mmol, 0.02 M solution 

 in acetone) 

dodecylamine 
(mmol, 0.02 M solution 

in acetone) 

C-ZrP 1  2  ⎯ 

D-ZrP 1  ⎯ 2  

CD-ZrP 1 1 1 

 
 

 

3. 2. 3. Characterization 

XRD analysis was performed on a Bruker D8 diffractometer with Bragg-

Brentano θ─2θ geometry (40 kV and 40 mA). For the α-ZrP powder sample, it was 

gently packed on a sample holder. The diffraction pattern was obtained for 2θ in the 

range from 1° to 60°  with a step size of 0.04° and a count time of 1 s per step. For the 

intercalated α-ZrP samples, they were cast as a thin film on a clean silicon wafer and 

dried overnight at room temperature prior to XRD characterization. Their diffraction 
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patterns were obtained for 2θ in the range from 1° to 15° with a step size of 0.04° and a 

count time of 2 s per step.  

Scanning electron microscopy (SEM) images were acquired using a Zeiss Leo 

1530 VP Field Emission-SEM (FE-SEM). The samples were sputter-coated with a thin 

layer (ca. 3 nm) of Pt/Pd (80/20) prior to SEM imaging.   

For TEM observation, the thin-section samples were prepared by microtoming (Ultracut 

E) to prepare thin sections (~80nm thickness) and deposited on carbon coated Cu grids. 

Sample grids were examined on a JEOL 1200 EX electron microscope operated at an 

accelerating voltage of 100 kV. 

 

3. 3. Results and Discussion 

Fig. 3.1 shows the XRD pattern of the α-ZrP sample synthesized, which has an 

interlayer distance of 7.6 Å. The relatively broad peaks in the XRD pattern indicate that 

the crystallinity of α-ZrP is relatively low. But the corresponding SEM image (Fig. 3.2) 

clearly shows that sheet structures with lateral dimensions of 80-100 nm have been 

formed. It has been confirmed by previous studies [15,27,28] that α-ZrP with relatively 

low crystallinity is actually beneficial for the intercalation process. The low crystallinity 

α-ZrP can be easily intercalated by a series of polyoxyalkyleneamines (Jeffamines®, 

Huntsman) to an interlayer distance to about 70 Å, which is over 10 times of its original 

interlayer distance [28].  
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Fig. 3.1. XRD of α-ZrP. 

7.6 Å 
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Fig.3.2. SEM of α-ZrP. 

 

 

The XRD patterns of intercalated α-ZrP are shown in Fig. 3.3. XRD patterns (1) 

and (2) in Fig. 3.3 show the intercalated d-spacing of 18 Å and 36 Å for C-ZrP and D-

ZrP, respectively. These interlayer distances correspond to the static state molecular 

sizes of cyclohexylamine and dodecylamine at room temperature [28,93]. XRD pattern 

(3) in Fig. 3.3 shows a d-spacing of 28 Å for CD-ZrP, which has been intercalated by a 

mixture with equal amount of cyclohexylamine and dodecylamine. It is noted that this d-

spacing is in between 18Å and 36Å, which is expected. Generally, when certain aliphatic 

amine is used to intercalate layered compounds at a maximum stoichiometric ratio, the 
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linear molecule chains tend to pack tightly with each other and form a highly ordered 

structure [28,93].  

However, by adding cyclohexylamine molecules as a co-intercalating agent with 

an aliphatic amine, it can prevent tight packing of intercalating molecules inside the 

galleries. As a result, a decreased d-spacing is observed. Compared with the XRD 

patterns of C-ZrP and D-ZrP, the peaks in CD-ZrP are broader. This indicates that the 

structure of CD-ZrP intercalated compound is less ordered and less uniform compared 

with those of C-ZrP and D-ZrP.  

After addition of epoxy monomers into samples C-ZrP, D-ZrP, and CD-ZrP with 

stirring and followed by ultrasonication, XRD patterns were recorded and shown as (1-

E), (2-E) and (3-E) in Fig. 3.3, respectively. Compared with XRD patterns (1) and (2), it 

is noted that no appreciable change in d-spacing occurred in (1-E) and (2-E) after the 

addition of epoxy monomers. However, (3-E) clearly shows an expanded d-spacing from 

28 Å to 33 Å. 

To assist the description of the observed intercalation process, schematic 

illustrations of the intercalation mechanisms and d-spacing are presented in Fig. 3.4. In 

both Case (a) and Case (b), the interlayer spacing is fully occupied by cyclohexylamine 

and dodecylamine, respectively. Although an increased interlayer distance is achieved, 

there is little room for possible further intercalation. Therefore, there is little change in d-

spacing after the addition of epoxy monomer as shown in (1-E) and (2-E) in Fig. 3.3. In 

Case (c), even though the d-spacing is smaller than Cases (b), a mixture of a linear chain 

and a bulky chain will inevitably create porous pathways inside the galleries to facilitate 



 34

fast diffusion of epoxy monomer into the gallery. The difference in size and structure of 

the two types of amine molecules creates porous pathways to accommodate the epoxy 

monomer diffusion. 

 

 

 

 
Fig. 3.3. XRD of intercalated α-ZrP and epoxy/α-ZrP nanocomposites. 
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 Consequently, the d-spacing between intercalated layers is expanded by the 

diffusion of epoxy monomer into α-ZrP interlayer galleries, as illustrated in Fig. 3.4(c) 

and supported by XRD pattern (3-E) in Fig. 3.3. To be noted, after further intercalation 

of epoxy monomer, the peak in XRD pattern (3-E) becomes much broader and less 

intense. The widening of the peak is because of the loosening of the layered structure. 

The lowered intensity is probably due to the delamination of a portion of α-ZrP 

nanoplatelets, which result in exfoliation. Even though the layered structure in case (3-E) 

of Fig. 3.3 is still not completely exfoliated, the strategy of creating porous pathways 

clearly shows an advantage over the conventional intercalation approach where only one 

intercalating agent is used.  

 

 

 
(a) 

 

Fig. 3.4. Schematic illustrations of interlayer spacings of α-ZrP treated with different 
organic modifiers: (a) cyclohexylamine, (b) dodecylamine, and (c) an equal mixture of 
cyclohexylamine and dodecylamine. 
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(b) 

 

 

(c) 

 

Fig. 3.4. Continued. 
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The above favorable intercalation phenomenon has been well explained and 

supported by the work of Vaia et al. [84,85] and Pinnavaia et al. [38,90].  Vaia et al. 

employed the concept of internal energy and entropic factors associated with 

intermolecular interactions to show the importance of conformational freedom of 

intercalating molecular chains for effective intercalation and exfoliation. Pinnavaia et al. 

reported that low charge density nanoplatelets are desirable to achieve nanocomposites 

with a high degree of layer exfoliation due to the low areal density of onium ion and 

prepolymer in the intergallery region. The porous pathway concept follows the 

preferences for intercalation and exfoliation described above. The porous pathways can 

be created by many choices of combination of intercalating agents, depending on the 

polymer matrices involved and the size and interfacial characteristics desired.   

Another significant side benefit of the porous pathway approach, in addition to 

the high level of exfoliation is its fast intercalation and exfoliation rate. In all the 

samples prepared, all reach their maximum intercalation and exfoliation state within 30 

min. This finding is consistent with the work of Ginzburz et al., [94,95] who uses a 

“kink model” to explains the fast intercalation rate due to the increased intergallery 

spacing created by the kinking of nanoplatelets. The fast intercalation and exfoliation 

rate phenomenon can also be supported by the free energy concept described by Vaia et 

al. [84].  

Because of the aforementioned porous pathway concept, a mixture of TBA and 

polyoxyalkyleneamines (Jeffamines® M600) were utilized as intercalating agents to 

maximize the sizes of the porous pathways for intercalation and exfoliation of α-ZrP 
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nanoplatelets (TM-ZrP) in epoxy before curing. The molecular size differences between 

TBA and M600 are much more than those of cyclohexylamine and dodecylamine 

[96,97], leading to extremely effective intercalation and exfoliation in epoxy. 

Fig. 3.5 presents the XRD patterns of (a) pristine α-ZrP, (b) intercalated TM-ZrP, 

and (c) exfoliated TM-ZrP after the addition of epoxy monomers. The XRD pattern of 

TM-ZrP shows an increase in basal spacing from 7.6Å (pristine α-ZrP) to 33Å, which is 

between the d-spacing values of α-ZrP intercalated with only TBA or M600 [28,98] , 

meaning that the disruption of molecular packing took place and porous pathways, 

which is favorable for the diffusion of epoxy monomers, have been created. The XRD of 

epoxy/TM-ZrP indicates that exfoliation of α-ZrP have been achieved through the 

diffusion of epoxy monomer into the intercalated TM-ZrP galleries. It should be noted 

that the broad hump at 18° in 2θ corresponds to the amorphous halo of epoxy resin.  

To confirm the high degree of exfoliation of α-ZrP nanoplatelets in epoxy matrix, 

TEM investigations were performed after curing of epoxy/TM-ZrP with DDS curing 

agent. Fig. 3.6 displays TEM images showing exfoliated and well-dispersed TM-ZrP 

nanoplatelets (2.0 vol%) in epoxy with no sign of aggregation or intercalated 

nanoplatelets. 

To obtain the benefit of polymer nanocomposites, it is required that high degrees 

of exfoliation of nanoplatelets be achieved. In this study, a new approach to facilitate 

effective diffusion of monomers, and possibly polymer chains, into the intergalleries of 

nanoplatelets is presented. In addition to the previously proposed intercalating 

approaches proposed by others [38,84,90,93], the porous pathway approach reported in 
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this study can be an effective alternative to achieve the preparation of exfoliated polymer 

nanocomposites.  

This present study also gives insights toward the intercalation/exfoliation 

mechanisms of nanoplatelets in polymer nanocomposites.  It is evident that, in addition 

to the functionalities of the intercalating agents which affect the thermodynamic state, a 

kinetic pathway has to be created to facilitate a realistic preparation of exfoliated 

nanoplatelets in a polymer matrix. 

 

 

Fig. 3.5. XRD of α-ZrP intercalated and exfoliated with a mixture of tetra-n-butyl 
ammonium hydroxide and Jeffamine M600. 
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Fig. 3.6. TEM of highly exfoliated α-ZrP nanoplatelets (2.0vol%) in epoxy.  

 

 

3. 4. Summary 

A simple and effective approach to achieve intercalation/exfoliation of 

nanoplatelets in polymer matrices by using a mixture of intercalating agents with 

different sizes is introduced. The results show that the intercalation via creation of 

porous pathways using two different sizes of intercalating agents is an effective way to 

achieve effective intercalation and subsequent exfoliation. The approach allows for 

effective intercalation and exfoliation of nanoplatelets for practical manufacturing of 

polymer nanocomposites. 
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CHAPTER IV 

 

MORPHOLOGY AND MECHANICAL BEHAVIOR OF EXFOLIATED 

EPOXY/α-ZIRCONIUM PHOSPHATE NANOCOMPOSITES* 

 

4. 1. Introduction 

Polymer nanocomposites containing layered silicates have been studied 

extensively as a new generation of advanced composites that exhibit greatly improved 

stiffness and strength [18,21], enhanced gas barrier properties [17,25], and flame 

retardancy [26]. Among the layered nanofillers, montmorillonite (MMT) clay is one of 

the most widely used nanofiller for preparing polymer nanocomposites due to its 

advantages in high ion exchange capacity, high aspect ratio, and low cost 

[6,16,17,19,21,61,63,99]. However, the main drawbacks of MMT clay are its wide 

particle size distribution and difficulty in achieving full exfoliation in polymer matrices. 

As a result, only limited success is achieved in establishing fundamental structure-

property relationship of MMT clay-based polymer nanocomposite systems.  

The effectiveness of nanoplatelet fillers on improving physical and mechanical 

properties of polymer nanocomposites strongly depends on the filler type, size, loading 

level, dispersion, and degree of exfoliation, etc.  In particular, for nanoplatelet-reinforced 

                                                 
* Reprinted with permission from “Morphology and mechanical behavior of exfoliated epoxy/α-zirconium 
phosphate nanocomposites” by W.-J. Boo et al., 2007. Composites Science and Technology, 67, 262-269. 
©2006 by Elsevier Ltd.  
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polymer nanocomposites, the degree of exfoliation of the nanofiller in the polymer 

matrix is critical for physical and mechanical property enhancements.  

In recent years, extensive research efforts have been focused on fracture behavior 

of polymer nanocomposites.  Some researchers have reported that nanoplatelets can help 

improve fracture toughness of the polymer matrix via crack deflection, delamination, 

and crack tip blunting [68,69]. However, aggregation of nanoplatelets in their polymer 

matrices is evident. The observed toughening mechanisms appear to be strongly related 

to the presence of the aggregated nanoplatelets. In the case of an exfoliated polymer 

nanocomposite system, it is still uncertain whether or not crack deflection or crack tip 

blunting can take place to lead to a higher fracture toughness value.  It is also uncertain 

if debonding of the individual nanoplatelet from the polymer matrix can take place. It is 

critical that the above questions be answered for optimal mechanical performance of 

polymer nanocomposites. 

 Stemming from the above concerns, synthetic α-zirconium phosphate (ZrP), 

Zr(HPO4)2•H2O, has been chosen as a model nanofiller to study the fundamental 

structure-property relationship of exfoliated polymer nanocomposites [15,27,28]. The 

ZrP has a higher ion exchange capacity than MMT clay; hence, it is relatively easy to 

achieve a higher degree of exfoliation for ZrP nanoplatelets [28]. Moreover, the particle 

size and aspect ratio can be controlled by varying reactant concentration, temperature, 

and reaction time [29]. As a result, ZrP is ideal for studying the fundamental structure-

property relationship of polymer nanocomposites. 
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 In this study, the morphology of epoxy/ZrP nanocomposites with a high level of 

exfoliation is studied using TEM. A simple geometric model describing an idealized 

relationship between interlayer d-spacing and filler loading level is presented to correlate 

with our experimental findings. The detailed fracture mechanisms of an exfoliated 

nanoplatelet-reinforced epoxy nanocomposite are reported and discussed. The influence 

of nanoplatelet loading level on physical and mechanical properties is also addressed.    

 

4. 2. Experimental  

4. 2. 1. Materials 

The epoxy monomer used in this study, which has a narrow monomer molecular 

weight distribution (172-176 g/mol), is diglycidyl ether of bisphenol-A (DGEBA) epoxy 

resin (D.E.R.TM 332 epoxy resin (The Dow Chemical Company)). The curing agent is 

4,4'-diamino-diphenyl sulfone (DDS, Aldrich).  

The ZrP nanoplatelets were synthesized by refluxing zirconium oxychloride 

octahydrate (ZrOCl2⋅8H2O, 98% Aldrich) in phosphoric acid (Aldrich). The detailed 

chemistry and procedures for the synthesis of ZrP can be found elsewhere [29,91,100]. 

Monoamine surface modifier, Jeffamine M600 (Huntsman Chemical), was used as the 

intercalating agent for ZrP. All chemicals were used as received. 

 

4. 2. 2. Preparation of α-ZrP-Based Epoxy Nanocomposites    

The interlayer spacing of ZrP crystal prior to surface treatment is 7.6Å. The 

addition of amine-based surface modifier at 0.75:1 molar ratio through dropwise mixing 
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at room temperature expands the interlayer spacing of ZrP to 34 Å (i.e., S-ZrP). The 

intercalated ZrP was mixed with epoxy monomer (epoxy/S-ZrP) to achieve a finally 

inorganic ZrP loading of 1 and 2 vol% in epoxy, respectively. After removal of solvent 

with a Rotarvapor® in a water bath at about 70°C, DDS was added at stoichiometric 

ratio. The resin mixture was cast in a preheated glass mold and cured in an oven at 

180°C for 2 hrs, followed by 2 hrs of post-cure at 220°C.  

For comparison purposes, a neat epoxy plaque (Neat Epoxy), an epoxy plaque 

with only surface modifier addition (S-epoxy), and an epoxy panel with 1 and 2 vol% of 

ZrP without surface treatment (epoxy/ZrP) were also prepared (Table 4.1).  

 

 

Table 4.1. Compositions of model systems investigated (vol %) 

Materials α-zirconium phosphate Surfactants 

Neat epoxy (DGEBA/DDS) 

S-epoxy 

Epoxy/ZrP 

Epoxy/S-ZrP (1vol%) 

Epoxy/S-ZrP (2vol%) 

none 

none 

1.0 

1.0 

2.0 

none 

3.5 

none 

3.5 

7.0 
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4. 2. 3. Morphology Characterization   

X-ray diffraction (XRD) analysis was performed on a Bruker D8 diffractometer 

with Bragg-Brentano θ-2θ geometry (40kV and 40mA). Diffraction patterns were 

obtained for 2θ in the range from 2° to 30° with a step size of 0.04° and a count time of 

2s per step. Transmission electron microscopy (TEM) was performed using a JEOL 

1200EX, operated at 100keV. The detailed sample preparation procedures for XRD and 

TEM can be found elsewhere [27].  

 

4. 2. 4. Mechanical/Physical Property Characterization  

A series of tensile tests were performed, based on ASTM D638-98, using a 

Sintech-2 screw-driven mechanical testing machine at a crosshead speed of 5.08 

mm/min (0.2 in/min) at ambient temperature. To report modulus, yield stress, and 

elongation at break, average values were taken from at least five specimens per sample 

type. Dynamic mechanical analysis (DMA) was conducted using RSA-III (TA 

Instrument) at a fixed frequency of 1 Hz and with increasing temperature 5°C per step, 

ranging from -150 to 250°C. A sinusoidal strain-amplitude of 0.05% was chosen for the 

analysis. The maximum point on the tan δ curve was chosen as the glass transition 

temperature (Tg) of the sample. 

 

4. 2. 5. Fracture Toughness and Toughening Mechanism Investigation  

Fracture toughness measurements were performed based on the linear elastic 

fracture mechanics (LEFM) approach. The single-edge-notch 3-point-bending (SEN-
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3PB) test, based on ASTM D5045-96, was used to obtain the mode-I critical stress 

intensity factor (KIC) of the neat epoxy and epoxy/ZrP nanocomposite systems. Care was 

taken to ensure that the initial crack, generated by one tapping with a fresh razor blade, 

exhibited a thumbnail shape crack front prior to testing. At least five specimens were 

used to determine KIC of the samples.  

The double-notch four-point-bend (DN-4PB) test [101] was employed to 

investigate the detailed fracture behavior of the epoxy nanocomposites. Detailed 

methods of sample preparation and testing can be found elsewhere [15,72]. The DN-4PB 

tests were carried out at room temperature. The arrested crack tip damage zone was 

isolated, trimmed, and thin-sectioned for TEM observation. 

 

4. 3. Results and Discussion 

4. 3. 1. Morphology  

Fig. 4.1 presents the XRD patterns of pristine ZrP, S-ZrP, exfoliated S-ZrP in 

epoxy monomer, and cured epoxy/S-ZrP nanocomposite with 2 vol% of ZrP. In the case 

of the pristine α-ZrP, the powder pattern shows a peak at 7.6Å for the interlayer distance 

of the (002) plane (Fig. 4.1a). The XRD pattern of S-ZrP shows an increase in basal 

spacing to 34Å and no pristine α-ZrP peaks are observed (Fig. 4.1b). The XRD of S-ZrP 

in epoxy monomer indicates that, even before the curing, signs of exfoliation have been 

achieved on the S-ZrP layered structure through the diffusion of epoxy monomer into the 

ZrP galleries (Fig. 4.1c). In the case of cured epoxy/S-ZrP nanocomposite, the XRD 

pattern only exhibits a broad hump at 18° in 2θ, which corresponds to the structure of 
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the amorphous epoxy matrix (Fig. 4.1d).  In the case of the 1vol% epoxy/S-ZrP system, 

the XRD is exactly the same as the 2vol% system.  As a result, they are omitted. 
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Fig. 4.1. XRD patterns of (a) pristine a-ZrP powder (d-spacing: 7.6Å), (b) S-ZrP in 
solvent (d-spacing: 34Å), (c) S-ZrP mixed with epoxy monomer, and (d) Cured 
Epoxy/S-ZrP nanocomposite (2 vol%). 
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To confirm the high degree of exfoliation and an overall dispersion of S-ZrP 

layers in the epoxy matrix, additional optical microscopy (OM), scanning electron 

microscopy (SEM), and TEM investigations were performed. In this report, only TEM 

images are presented since no signs of S-ZrP aggregation were detected in the epoxy 

matrix at OM and SEM length scales. Fig. 4.2 displays TEM images showing highly 

exfoliated and well-dispersed S-ZrP nanoplatelets (2 vol%) in epoxy.  

It is interesting to note that the ZrP nanoplatelets in epoxy show signs of strong 

orientation. As explained by Sue et al. [27], the orientation of ZrP nanoplatelets is 

mainly due to the “excluded volume” effect of the neighboring nanoplatelets. Based on 

this argument, a lower volume fraction of ZrP in epoxy should lead to random 

orientation of ZrP nanoplatelets in epoxy.  Indeed, as shown in Fig. 4.2(c), the 

morphology of 1 vol% of Epoxy/S-ZrP nanocomposite shows random orientation of ZrP 

nanoplatelets. It is also interesting to note that, as shown in Fig. 4.2c, the population of 

ZrP oriented parallel to the thin-section direction, i.e., the surface of the micrograph, 

appears to be higher than that of the 2 vol% scenario. The nanoplatelets that are oriented 

parallel to the thin section direction are encircled by the dotted-lines as shown in Fig. 

4.2c.   

 

4. 3. 2. A Simple Geometric Model  

A simple geometric model is utilized here to gain an insight into the expected d-

spacing between nanoplatelets in an exfoliated polymer nanocomposite. To make the 

analysis simple, the following assumptions are made: (1) the layered compound is 
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completely exfoliated into individual nanoplatelets, (2) all of the exfoliated sheets are 

rectangular and have identical size and shape, (3) all the sheets are uniformly distributed 

in the polymer matrix and oriented in the same direction, and (4) the distances between 

the sheets are equal.  For clarity, the simple model is depicted in Fig. 4.3.  

 

 

 

 

(a) 

Fig. 4.2. TEM images of Epoxy/S-ZrP nanocomposites showing a high degree of 
exfoliation of nanoplatelets in epoxy matrix. The nanocomposite with 2 vol% of ZrP is 
shown in (a) low magnification and (b) high magnification. The nanocomposite with 1 
vol% of ZrP is shown in (c). 
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(b) 

 

(c) 

Fig. 4.2. Continued. 

 



 51

 

 

Fig. 4.3. Uniformly and orderly distributed nanoplatelets in polymer matrix. 
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According to Fig. 4.3, the volume fraction of nanoplatelets is  

 

( ) %100/ volLWTlwt =×       (4.1) 
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By further assuming that dx/l=dy/w, the interlayer d-spacing can be calculated as 

shown in Table 4.2. In this study, the thickness of a single α-ZrP nanoplatelet is 

estimated to be 0.68 nm [98]. In cases where doublets of nanoplatelets are formed 

throughout the polymer nanocomposite, and there is not any intercalation in between the 

doublet layer, the thickness of the doublet becomes approximately 1.44 nm. The distance 

between the uniformly dispersed doublet layers can also be calculated and are shown in 

Table 4.2. Also, it is worth noting that the estimated values from the above simple 

geometric model are in good agreement with the experimental results and modeling 

reported by Chin et al. [102].   

 In Fig. 4.2b, the TEM image shows dx/l and dy/w are about 0.2 and the interlayer 

d-spacing is approximately 30 nm, which is consistent with the single-layer case 

calculated from the above simple model (Table 4.2). The above results, in turn, indicate 

that the ZrP nanoplatelets have been exfoliated in epoxy matrix.  
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Table 4.2. The Interlayer Distances of Nanoplatelets in Polymer Nanocomposites 

Distance between layers (nm) 

dx /l=dy /w= 0.1 dx /l=dy /w= 0.2 dx /l=dy /w= 0.3 vol% 

single-
layer 

double-
layer 

single-
layer 

double-
layer 

single-
layer 

double-
layer 

1 55.5 117.6 46.5 98.6 39.6 83.8 

2 27.4 58.1 22.9 48.6 19.4 41.2 

3 18.1 38.2 15.1 31.9 12.7 27.0 

 

 

4. 3. 3. Mechanical Property  

The tensile stress-strain curves of neat epoxy and epoxy nanocomposite systems 

are shown in Fig. 4.4. The incorporation of 1 and 2 vol% of S-ZrP nanoplatelets into 

epoxy matrix improves the tensile modulus by 20 and 52%, respectively. With an 

addition of monoamine surface modifier to neat epoxy, the tensile modulus, yield stress, 

and elongation at break are decreased by about 10%, 60%, and 70%, respectively. This 

reduction in tensile properties is likely due to the participation of curing reaction of 

monoamine surface modifier with the DGEBA epoxy. The addition of 1 vol% 

unmodified ZrP, which exhibits aggregated platelet structure, to neat epoxy only leads to 

a mere 3% improvement in modulus. 
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Fig. 4.4. Tensile behavior of α-ZrP based DGEBA/DDS epoxy systems. 

 

 

 Fig. 4.5 shows DMA spectra of Neat Epoxy, S-Epoxy, and Epoxy/S-ZrP (2 

vol%). The Tg of Epoxy/S-ZrP (2 vol%) is found to be 155°C, which is 50°C lower than 

the Tg of Neat Epoxy (214°C). This Tg drop is attributed to the unintended reaction of  

monoamine surface modifier with the epoxy monomers [27,38]. For comparison 

purposes, S-Epoxy was also determined and the Tg is found to be 135°C.  
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Fig. 4.5. DMA of neat epoxy, S-epoxy, and epoxy/S-ZrP nanocomposite systems. 

 

 

 The addition of 2 vol% of surface-modified ZrP to the epoxy matrix (Epoxy/S-

ZrP), compared to the case of S-epoxy, have led to the changes of the following 

properties: (1) the Tg is increased from 135°C to 155°C; (2) the storage modulus is 

increased much more at temperatures above Tg, but the increase is reduced significantly 

as the temperature drops below Tg; and (3) the magnitude of mechanical damping is 

suppressed. According to Sue et al. [15], the above changes are probably due to the 

combined effects of (1) the reduced amount of free monoamine to react with epoxy 

monomers during curing, (2) a decreased amount of relative molecular chain mobility, 
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especially at temperatures above Tg, and (3) hindered molecular mobility leading to 

increased modulus. 

 

4. 3. 4. Fracture Behavior Study  

The Mode-I fracture toughness (KIC) values of neat epoxy and epoxy 

nanocomposite systems (1 and 2 vol%) have been measured. However, there is no 

noticeable difference in KIC between the neat epoxy and epoxy/ZrP nanocomposites 

having 1 and 2 vol% of nanofiller loadings.  This result is consistent with our earlier 

study on both clay-filled and ZrP-reinforced epoxy nanocomposites systems [72,103]. 

Furthermore, it is noted that the ductility of the exfoliated epoxy nanocomposite is at 

least as good as that of the S-Epoxy or the next epoxy, which suggests that the presence 

of the exfoliated nanoplatelets is unlikely to act as defects or stress concentrators during 

tensile loading and fracture.  

To investigate the fracture mechanisms in epoxy nanocomposites, it is critical 

that a subcritical crack growth damage zone be preserved upon fracture.  By employing 

the DN-4PB technique, a survived subcritical crack tip damage zone can be successfully 

attained. In this study, an attempt is made to determine how the individually exfoliated 

nanoplatelets affect the fracture process. As shown in Fig. 4.6a, when the nanoplatelets 

are individually exfoliated, the subcritically propagated crack would grow in a straight 

manner. No signs of delamination or crack deflection can be found. Since the ZrP 

nanoplatelets are exfoliated in this case, each individual layer exhibits excellent bonding 

to the matrix and is well dispersed at the nanometer scale.  
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As a result, as compared to the size scale of the crack tip radius which is at the 

sub-micrometer scale, the crack is not able to “sense” any inhomogeneity in epoxy 

matrix.   In other words, an exfoliated epoxy nanocomposite would exhibit a property 

like a one-phase homogeneous polymer, not a two-phase polymer. As a result, the crack 

propagates in a straight fashion.  

 

 

 

 

500nm500nm500nm
 

(a) 

 
Fig. 4.6.  TEM images of DN-4PB damage zone of epoxy/S-ZrP nanocomposite (2 
vol%) showing a straight crack, as shown in (a). In (b), the crack tip region is shown. 
The crack propagates from left to right. 
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(b) 
 
Fig. 4.6.  Continued. 

 

 

If the ZrP nanoplatelets were either agglomerated or intercalated, the crack tip 

blunting and crack deflection mechanisms might take place due to the relatively weak 

van der Waals forces between aggregated ZrP layers [68,69,72,103]. Moreover, it is 

worth noting that the nanoplatelet dimensions are too small to trigger effective 

toughening mechanisms, such as crack bridging, crack deflection, and crack blunting.  

This claim is also in good agreement with that of Kinloch et al. [73]. As a result, the 

crack would propagate in a straight fashion. The above argument is supported by the fact 
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that ZrP nanoplatelets were fractured in the mid-plane upon crack propagation, as shown 

in Fig. 4.6b. Furthermore, the KIC value of the nanocomposite remains the same as that 

of the neat epoxy. No improvement in fracture toughness of exfoliated nanocomposites 

is expected. 

 Based on the above findings, one would ask if the aspect ratio of the 

nanoplatelets becomes high and one of the dimensions is larger than the crack trip radius 

or when the interfacial adhesion between the matrix and the nanoplatelets is weakened, 

would it be possible for crack deflection and crack blunting mechanisms to occur. In 

other words, can the fracture toughness of an exfoliated nanocomposite be increased, in 

addition to a greatly improved modulus? To answer the above question, our future work 

will focus on preparing epoxy/ZrP nanocomposites with ZrP aspect ratio to be greater 

than 1,000. It is hoped that more fundamental knowledge regarding structure-property 

relationship in polymer nanocomposites can be gained. 

 

4. 4. Summary 

A high degree of exfoliation of ZrP nanolayers in an epoxy matrix was achieved 

and the morphology of epoxy/ZrP nanocomposites investigated. The exfoliated epoxy/S-

ZrP nanocomposite with 2 vol% of ZrP exhibits an ordered orientation due to geometric 

confinement of the surrounding ZrP nanoplatelets. This phenomenon is not observed in 

the nanocomposite with only 1 vol% of ZrP loading.  The interlayer d-spacing of 2 vol% 

of ZrP layers in epoxy matrix observed in TEM is in good agreement with that 
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calculated from a simple geometric model. An addition of a small amount of rigid 

nanoplatelets into epoxy matrices can significantly improve tensile modulus of epoxy. 

 Upon fracture, the crack propagates in a straight manner in the exfoliated epoxy 

nanocomposite because the exfoliated nanoplatelets do not lead to significant crack tip 

blunting and/or crack deflection.  Consequently, the fracture toughness of the exfoliated 

epoxy nanocomposite remains the same as that of the neat epoxy system. 
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CHAPTER V 

 

EFFECTS OF NANOPLATELET DISPERSION ON MECHANICAL BEHAVIOR 

OF POLYMER NANOCOMPOSITES 

 

5. 1. Introduction 

Polymer nanocomposites containing well-dispersed inorganic nanoplatelets, 

which have at least one dimension in the nanometer range, have been extensively studied 

[37,39,41,44-46,50,68,77,104-108]. Among the various nanoplatelets considered for 

polymer reinforcement, such as montmorillonite (MMT), hectorite, saponite, graphite, 

etc., MMT clay is the most popular choice for preparing polymer nanocomposites 

because of its relatively high ion exchange capacity, high aspect ratio, and economic 

advantages [17-21]. Unfortunately, MMT clay usually contains impurities and has a wide 

particle size distribution. As a result, it is unlikely that MMT clay based polymer 

nanocomposites can exhibit consistent properties for unambiguous fundamental structure-

property relationship studies. 

Compared with MMT clay, synthetic α-zirconium phosphate (α-ZrP), 

Zr(HPO4)2•H2O, that exhibits similar structural characteristics as natural MMT clay is 

ideal for fundamental structure-property relationship study of polymer nanocomposites. 

The advantages of α-ZrP as a model system over MMT clay include a much higher purity 

and ion exchange capacity, ease of particle size, aspect ratio, and surface functionality 

control, and ease of intercalation and exfoliation [29,91,100]. Owing to the above 
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advantages of α-ZrP nanoplatelets, we have successfully achieved the preparation of 

epoxy nanocomposites reinforced with fully exfoliated α-ZrP nanoplatelets [15,27] and 

launched a series of fundamental studies to reveal the physics behind the reinforcement 

effects of fully exfoliated nanoplatelets on the physical and mechanical properties of 

nanoplatelet-reinforced polymer nanocomposites [109].  

As has been well agreed [110], polymer nanocomposites can be categorized into 

two distinctive dispersion states: intercalated and exfoliated states (Fig. 5.1).  The state of 

dispersion of nanoplatelets in polymer nanocomposites is expected to be crucial in 

affecting the mechanical properties of polymer nanocomposites. A systematic study to 

determine how important the state of nanoplatelets dispersion and its influences on 

mechanical properties of polymer nanocomposites is needed.  

Furthermore, it has been well-recognized that technical difficulties and the cost 

involved for achieving full exfoliation of clay in some polymer matrices may be 

insurmountable. Thus, it would be of great interest to learn (1) whether or not it is ideal to 

obtain full exfoliation of nanoplatelets in a polymer matrix for best performance, (2) to 

what extent a certain degree of intercalation or nano-aggregation in the polymer 

nanocomposite will compromise its mechanical properties, and (3) how the fracture 

toughness is affected by the nanoplatelet dispersion of the nanocomposites.  To answer 

the above questions, systematic investigation of a set of model epoxy nanocomposite 

systems having variations in levels of nanoplatelets dispersion needs to be carried out. 
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Fig. 5.1. Schematic of categories of microcomposites and nanocomposites. 
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To find out how the nanoplatelet dispersion influences the properties of polymer 

nanocomposites, significant research efforts have been carried out in recent years 

[62,111-115]. For instance, Wang et al. [62], developed elastomeric polymer-layered 

magadiite nanocomposites by in-situ polymerization. To obtain intercalated or exfoliated 

tactoids of Na+ magadiite layers, they used primary, secondary, tertiary, and quaternary 

onium ions as intercalating agents. Depending on the nature of the onium ions, several 

levels of intercalation/exfoliation of magadiite layers was achieved. Another example is 

to study moisture barrier and thermomechanical properties of organoclay-epoxy 

nanocomposites. Kim et al. [111] selected three different types of clays, including a 

quaternary alkylamine-modified montmorillonite, a quaternary ammonium-modified 

montmorillonite, and an octadecylamine-modified montmorillonite as nanofillers. In all 

cases, exfoliated silicate nanolayers were found to be more effective than intercalated or 

aggregated assemblies of nanolayers in optimizing mechanical properties.  

Unfortunately, the above approaches employed the use of different intercalating 

agents to achieve different levels of nanoplatelet dispersion. Consequently, uncertainties 

regarding how the intercalating agents affect the polymer matrix properties as well as 

interfacial characteristics are introduced. Alternative approaches have to be considered to 

unambiguously investigate how the nanoplatelets dispersion influences the mechanical 

properties of polymer nanocomposites. 

In this study, three distinctive levels of dispersion of α-ZrP nanoplatelets have 

been achieved by altering processing conditions alone.  In this fashion, the chemical 

composition of the nanocomposites with the three levels of exfoliation is kept the same. 
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Thus, the effect of nanoplatelet dispersion on mechanical properties can be 

unambiguously addressed. The three distinctive levels of dispersion of α-ZrP 

nanoplatelets in epoxy matrix are qualitatively confirmed by transmission electron 

microscopy (TEM) and wide angle X-ray diffraction (WAXD). The corresponding tensile 

and fracture behaviors of the epoxy/α-ZrP nanocomposites are investigated. The 

differences in the operative fracture mechanisms of the model nanocomposites are also 

described and discussed. 

 

5. 2. Experimental 

5. 2. 1. Materials 

The α-ZrP was synthesized by refluxing zirconyl chloride octahydrate 

(ZrOCl2⋅8H2O, 98%, Aldrich) in 3 M phosphoric acid for 24 hrs. Detailed chemistry and 

procedures for the synthesis of α-ZrP can be found elsewhere [29,91,100]. A commercial 

monoamine, polyoxyalkyleneamine (Jeffamine® M600, Huntsman Chemical), was used 

as an intercalating agent for α-ZrP.  The epoxy matrix is composed of diglycidyl ether of 

bisphenol-A (DGEBA) epoxy resin (D.E.R.™ 332 epoxy resin, The Dow Chemical 

Company), with an epoxy equivalent weight of 171-175 g/mol, and the curing agent, 4,4'-

diamino-diphenyl sulfone (DDS, Aldrich).All the chemicals, except the epoxy resin 

which was dried in a vacuum oven for 24 hrs prior to curing, were used as received. 
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5. 2. 2. Preparation of Epoxy/α-ZrP Nanocomposites 

Without any surface treatment, the interlayer spacing of pristine α-ZrP crystal is 

7.6Å. After the addition of monoamine (0.75 to 1 ratio to α-ZrP) intercalating agent at 

room temperature, the interlayer spacing of α-ZrP expands to 38 Å.  

To control the degree of exfoliation of α-ZrP in epoxy, the rate of intercalating 

agent addition and ultrasonication time were altered systematically during the 

intercalation process to achieve various levels of α-ZrP dispersion in the epoxy.  The 

detailed procedures for achieving the intercalation and exfoliation of α-ZrP in epoxy are 

summarized in Fig. 5.2.  Three distinctive levels of α-ZrP exfoliation were achieved. In 

Fig. 5.2, samples (a), (b), (c) and (a’), (b’), (c’) were separately prepared to show 

reproducibility. After the complete removal of solvent by using Rotarvapor® in a water 

bath at about 90°C, the curing agent (DDS) was added at a stoichiometric ratio and 

followed by further degassing and mixing at 140°C in an oil bath. The degassed resin 

mixture was cast in a preheated glass mold and cured in an oven at 180°C for 2 hrs, 

followed by 2 hrs of post-cure at 220°C.  In all cases, two net volume percentage loading 

of inorganic α-ZrP with an addition of the same amount of intercalating agent was 

prepared for all epoxy nanocomposite systems. 
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Fig. 5.2. Sample preparation procedures to control the degree of exfoliation of α-ZrP in 
epoxy. 
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5. 2. 3. Morphology Characterization 

WAXD analysis was performed on a Bruker D8 diffractometer with Bragg-

Brentano θ─2θ geometry at a set operating voltage and current of 40 kV and 40 mA, 

respectively. Diffraction patterns were obtained for 2θ in the range from 2° to 30° with a 

step size of 0.04° and a count time of 2 seconds per step. For TEM observation, the thin-

section samples were prepared by microtoming (Ultracut E) and the thin sections 

(~100nm thickness) deposited on carbon coated Cu grids. Sample grids were examined 

on a JEOL 1200 EX electron microscope operated at an accelerating voltage of 100 keV. 

TEM micrographs were taken using a calibrated Kodak® electron microscope film. 

 

5. 2. 4. Mechanical Property Characterization 

Tensile properties of epoxy/α-ZrP nanocomposites were obtained following the 

ASTM D638-98 method. The tensile tests were performed using an MTS® servo-

hydraulic test machine at a crosshead speed of 5.08 mm/min at ambient temperature. 

Young’s modulus, tensile strength, and elongation at break of each sample were 

obtained based on at least five specimens per sample and the average values and 

standard deviations were reported.   

Dynamic mechanical analysis (DMA) was performed on an RSA III (TA 

Instruments), ranging from -150 to 250°C at a fixed frequency of 1 Hz and a temperature 

increase at 5°C per step with a 3-point bending mode. A sinusoidal strain-amplitude of 

0.05% was chosen for the analysis. The maximum point on the tan δ curve was chosen 

as the glass transition temperature (Tg) of the samples. 
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5. 2. 5. Fracture Behavior 

Fracture toughness tests were conducted based on the linear elastic fracture 

mechanics (LEFM) approach. The single-edge-notch 3-point-bending (SEN-3PB) test, 

based on ASTM D5045-96, was performed to obtain the mode-I critical stress intensity 

factor (KIC) of the neat epoxy and epoxy/α-ZrP nanocomposites. Care was taken to 

ensure that the initial sharp crack, generated by tapping with a fresh razor blade, 

exhibited a thumbnail shape crack front prior to testing. At least five specimens per 

sample were tested to determine KIC values of the samples.  

The double-notch four-point-bend (DN-4PB) test [101,116] was carried out to 

probe the detailed fracture mechanisms in the epoxy nanocomposites with variation in 

levels of nanoplatelet dispersion. Detailed methods of sample preparation and testing can 

be found elsewhere [101,116]. The DN-4PB tests were performed at room temperature. 

The arrested sub-critical crack tip damage zone was isolated, trimmed, and thin-

sectioned for TEM observation. 

 

5. 3.  Results and Discussion 

With rare exceptions [15,24,27,117], most of the literature results do not show 

consistent, full exfoliation of nanoplatelets in a polymer matrix. In cases where the effects 

of exfoliation state on mechanical properties are being studied, the intercalating agents 

have been altered to achieve different levels of nanoplatelets dispersion.21-26 As a result, 

uncertainties still persist regarding fundamental structure-property relationship of 

polymer nanocomposites.  It remains unclear if a full exfoliation of nanoplatelets in a 
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polymer matrix is essential to realize the benefits of polymer nanocomposites. It is also 

unclear if nanoplatelets can be utilized both as a toughening agent and a reinforcement 

filler to improve modulus, strength, and toughness of polymer matrices. 

The significance of this study lies in that three distinctive levels of exfoliation of 

α-ZrP nanoplatelets in epoxy matrix has been successfully achieved by simply altering 

the process conditions. No structural or compositional changes were made. As a result, 

the present study can unambiguously reveal how the nanoplatelet dispersion can affect 

tensile and fracture behaviors of polymer nanocomposites.     

 

5. 3. 1. Morphology  

Fig. 5.3 presents the WAXD patterns of (a) pristine α-ZrP powder, (b) 

monoamine-modified α-ZrP (d-spacing 38Å), and (c) fully exfoliated epoxy/ α-ZrP 

nanocomposite after curing (from sample C in Fig. 5.2). In the case of the pristine α-ZrP 

powder (Fig. 5.3(a)), the WAXD pattern shows a peak for (002) plane of α-ZrP at about 

11.7° of 2θ, corresponding to 7.6 Å for the distance between the pristine α-ZrP layers. 

The WAXD pattern of the intercalated α-ZrP (Fig. 5.3(b)) shows an increase in the 

interlayer spacing to 38Å after intercalation. The disappearance of the peaks of pristine α-

ZrP suggests that a homogeneous and complete intercalation has been achieved. Finally, 

the WAXD pattern of the exfoliated α-ZrP/epoxy nanocomposite presents the evidence of 

a high degree of exfoliation of the surface-modified α-ZrP nanoplatelets in epoxy matrix 
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(Fig. 5.3(c)). The WAXD pattern in Fig. 5.3(c) only exhibits a broad hump at around 18° 

in 2θ, which corresponds to the amorphous epoxy structure [15,27].  
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Fig. 5.3. XRD patterns of (a) pristine α-ZrP powder (d-spacing 7.6Å), (b) Surface 
modified α-ZrP in solvent (d-spacing 38Å), (c) Exfoliated epoxy/α-ZrP nanocomposite 
after curing. 
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Fig. 5.4 shows the WAXD patterns of epoxy/α-ZrP nanocomposites with three 

different levels of exfoliation. All three WAXD patterns show an amorphous epoxy hump 

at around 18° of 2θ. In the poorly exfoliated system (Fig. 5.4(a)), even though all the 

peaks from pristine α-ZrP have disappeared, new peaks due to the intercalated α-ZrP 

layers can be observed. This indicates that intercalated α-ZrP layers are still present in 

epoxy matrix. WAXD patterns obtained from the moderate and well exfoliated 

nanocomposites, as shown in (b) and (c), do not show any intercalation peaks, indicating 

that both of these nanocomposites do not have detectable intercalated nanoplatelets in the 

epoxy matrix. However, a minor distinction between WAXD patterns in Fig. 5.4(b) and 

Fig. 5.4(c) can still be distinguished. The XRD pattern (b) shows a noticeable hump at a 

2θ position of 2-5°. This hump indicates the presence of a small amount of loosely 

formed intercalated nanoplatelets. In order to definitively discern the differences in the 

morphology variations among the three nanocomposite systems, direct TEM observation 

is further performed. 

Fig. 5.5 shows a photograph of neat epoxy and epoxy/α-ZrP with three different 

levels of exfoliation. It clearly shows that epoxy/α-ZrP nanocomposite panels of good 

exfoliation and moderate exfoliation can maintain the transparency which is very close to 

that of neat epoxy. In comparison, the epoxy/α-ZrP nanocomposite of poor exfoliation is 

opaque. The variations on the transparency are resulted from the presence of aggregated 

nanoplatelets which scatter visible light.  

 

 



 73

0 5 10 15 20 25 30
2 Theta (degree)

In
te

ns
ity

(a)

(b)

(c)

 
Fig. 5.4. XRD patterns of epoxy/α-ZrP nanocomposites with (a) poor exfoliation, (b) 
moderate exfoliation, and (c) good exfoliation.  

 

 

 
Fig. 5.5. Images of neat epoxy and epoxy/a-ZrP nanocomposites with different levels of 
exfoliation. 
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Fig. 5.6 shows the three distinctly different levels of dispersion of α-ZrP 

nanoplatelets in the epoxy matrix: (a) poorly exfoliated, (b) moderately exfoliated, and (c) 

fully exfoliated. All the samples contain 2.0 vol% loading level of α-ZrP nanoplatelets. 

As expected from the XRD patterns, the TEM image of epoxy with poorly exfoliated α-

ZrP shows a large number of intercalated α-ZrP domains (Fig. 5.6(a)). In the case of the 

moderate and good exfoliation cases, TEM can clearly differentiate their morphological 

differences (Figs. 5.6(b) and 5.6(c)). In Fig. 5.6(b), α-ZrP layers are well dispersed 

throughout the epoxy matrix. However, both exfoliated and loosely formed intercalated 

α-ZrP layers are present. In the case of the fully exfoliated system, Fig. 5.6(c), all of the 

α-ZrP layers have been exfoliated in the epoxy matrix. As pointed out earlier [27], the 

presence of 2.0 vol% of exfoliated nanoplatelets shows a local orientation of nanolayers 

in the matrix due to geometric constraint by the adjacent nanoplatelets. This geometric 

constraint-induced orientation is loosely formed with a domain size of about 1 μm or so. 

Globally, there is no preferred orientation in the fully exfoliated nanocomposites.   It 

should be noted that when the nanoplatelet loading is at 1 vol% or lower, no sign of 

nanoplatelet local orientation is found [96]. 
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(a) 

 

 

(b) 

 

Fig. 5.6. TEM of epoxy/α-ZrP showing (a) poor exfoliation, (b) moderate exfoliation and 
(c) good exfoliation.  All samples contain the same amount of α-ZrP (2.0 vol%) and 
intercalating agent in epoxy. 
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(c) 

Fig. 5.6. Continued. 
 

 

5. 3. 2. Mechanical Property 

The tensile stress-strain curves of neat epoxy and epoxy nanocomposite systems 

with three different levels of exfoliation are shown in Fig. 5.7 and the key tensile 

properties are presented in Table 5.1. The addition of 2.0 vol% of poorly exfoliated, i.e., 

mostly intercalated, α-ZrP nanoplatelets into epoxy matrix improves only the tensile 

modulus by 8%, but reduces strength and elongation-at-break by 30% and 50%, 

respectively. These big drops in strength and elongation-at-break are possibly caused by 

the intercalated tactoids [110] which may act as defects to weaken the epoxy matrix.  
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Fig. 5.7. Tensile behavior of α-ZrP based DGEBA/DDS epoxy systems.  
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Table 5.1. Mechanical Properties and Tg of Epoxy/α-ZrP Nanocomposites 

  Neat Poor Moderate Good 

Young’s  
Modulus GPa 2.90 ±0.05 3.13 ±0.20 3.72 ±0.21 4.39 ±0.25 

Tensile  
Strength MPa 75.3 ±6.4 53.2 ±8.4 86.5 ±7.8 86.0 ±6.7 

Elongation  
at Break % 4.1 ±0.4 2.0 ±0.3 3.9 ±0.3 3.8 ±0.3 

KIC MPa⋅m1/2 0.72 ±0.02 0.64 ±0.05 0.79 ±0.04 0.76 ±0.05 

Tg °C 215 145 150 150 

 

 

On the other hand, the incorporation of the same amount of α-ZrP nanoplatelets 

with good exfoliation can significantly improve the tensile modulus by about 50%. Yet, 

the elongation-at-break is practically unaffected. The great improvement in tensile 

modulus is surely due to the presence of the well-exfoliated, high aspect ratio α-ZrP 

nanoplatelets. In the case of the moderately exfoliated system, its tensile properties fall 

in between the poorly dispersed and fully exfoliated systems.  

Fig. 5.8 shows DMA spectra of neat epoxy and epoxy nanocomposite systems 

with both poorly and well exfoliated α-ZrP nanoplatelets. Since the DMA of the 

moderately exfoliated system shows virtually the same spectrum as that of the well 

exfoliated system, it is omitted in Fig. 5.8. The Tg of the well exfoliated system is found 
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to be 150°C. As discussed previously [27], the drop in Tg is due to the reaction of 

monoamine intercalating agents with epoxy monomers. 

With the case of the Tg drop, one may be skeptical of our claim saying that all of 

the samples in this study are of chemical identity due to the added surfactants into the 

systems. In this regard, there is a chemical difference between the neat epoxy and the 

three nanocomposites, each with different levels of nanofiller dispersion. The negative 

effects by the added surfactant have been  well documented in our previous reports 

[15,27]. However, since all three nanocomposite samples used in this study contain the 

same amount of surfactant in their systems, there is no difference among the three 

samples in terms of network structure or chemical composition.  

The DMA of the poorly exfoliated system shows a similar Tg range as that of the 

well exfoliated system, but showing a slightly higher low-temperature damping 

characteristic (γ-relaxation peak) and a broader α peak. The above behavior can be 

explained by the level of nanoplatelets dispersion/exfoliation. When the nanoplatelets 

are intercalated or agglomerated, the system behaves as if it is a conventional micro-

composite. Thus, for the poorly exfoliated system, even though it has the same amount 

of nanoplatelets in the matrix, it exhibits a higher damping characteristic than the well 

exfoliated system. In terms of α peak (Tg) shape in the tan δ curve, the well exfoliated 

system has a sharper α peak than that of the poorly exfoliated system. This suggests that 

the well exfoliated system contains more homogeneous network characteristics due to a 

higher degree of exfoliation and dispersion of nanoplatelets in epoxy. 
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Fig. 5.8. DMA of α-ZrP based DGEBA/DDS epoxy systems.  

 

 

Interestingly, it should be noted that, with a careful observation, at low 

temperatures the DMA curves of the poorly exfoliated system overlap with the well 

exfoliated system in terms of storage modulus and tan δ curves. As the temperature 

increases, however, both storage modulus and tan δ curves of the poorly exfoliated 

system begin to deviate from those of the well exfoliated system, and approach those of 

the neat epoxy. As the temperature reaches above Tg, the well exfoliated system exhibits 
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a much higher rubbery plateau modulus than the poorly dispersed system. The above 

phenomenon is consistent with what was reported recently by Sue et al.19    

 

5. 3. 3. Fracture Behavior Study 

The Mode-I fracture toughness (KIC) values of neat epoxy and epoxy 

nanocomposites with three levels of exfoliation are presented in Table 5.1. There is no 

noticeable difference in KIC between the neat epoxy and epoxy/α-ZrP nanocomposites 

with moderate and good exfoliation systems.  This finding is again consistent with our 

earlier study on both clay-filled and α-ZrP-reinforced epoxy nanocomposites systems 

[15,27,72]. However, the poorly dispersed system shows a slightly lower KIC value. 

Furthermore, it is noted that the ductility of the poorly dispersed system is also 

dramatically reduced when it is compared to that of neat epoxy and well exfoliated 

system. This suggests that the presence of poorly dispersed nanoplatelets certainly act as 

defects during tensile loading and mode I fracture.  

To further investigate into the effects of degree of exfoliation of nanoplatelets on 

the fracture behavior, the DN-4PB technique is employed on epoxy nanocomposites. As 

shown in Fig. 5.9, when the matrix contains poorly dispersed nanoplatelets, the arrested 

crack tip shows that crack deflection and bifurcation have taken place.  With a careful 

observation, it is noticeable that the crack has a tendency to propagate along the weaker 

intercalated layers, which also act as stress concentration sites. Following this logic, the 

poorly dispersed nanocomposite would have shown an improved fracture toughness. As 

mentioned earlier, however, it actually has a lower KIC value than neat epoxy. Again, the 
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reason of this drop is that intercalated or agglomerated platelets act as defects, which 

weakens the epoxy, in the nanocomposite. It should be noted that crack deflection and 

bifurcation are far less effective compared to crazing or shear banding in toughening.  

 

 

 

 

(a) 

 

Fig. 5.9. TEM of DN-4PB damage zone of Epoxy/α-ZrP nanocomposite with poor 
exfoliation (2.0 vol%), showing crack bifurcation and distortion: (a) low magnification 
and (b) high magnification.  The crack propagates from left to right. 
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(b) 

Fig. 5.9. Continued. 

 

 

 In contrast, as shown in Fig. 5.10, when the nanoplatelets are highly exfoliated 

throughout the matrix, no sign of delamination or crack deflection can be observed. 

Since all the α-ZrP nanoplatelets are highly exfoliated into an individual layer, there are 

no weak intercalated layers for the crack to propagate into. As a result, the crack can 

only grow in a straight fashion. Another explanation for the straight crack propagation is 

the “size” effect. Since the nanoplatelets are exfoliated and the nanoplatelet property is 

homogenized with the surrounding epoxy matrix, the crack can only “see” a one-phase 

matrix, not a two-phase matrix. Hence, the crack propagates in a straight fashion. Fig. 
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5.9 (b) supports the above claim that (1) the crack propagates in a straight manner 

through the mid-plane of the α-ZrP nanoplatelets and (2) the KIC value of the well 

exfoliated system remains the same as that of the neat epoxy. The above finding are 

consistent with our earlier findings on epoxy nanocomposites with exfoliated α-ZrP [27]. 

Based on the above tensile, fracture, and DMA testing results, we are now able to 

understand how the different levels of exfoliation of nanoplatelets affects mechanical 

properties of epoxy/α-ZrP nanocomposites. The results clearly show that the 

nanocomposite with good exfoliation is by far superior to the nanocomposites with 

moderate or poor exfoliation. This finding is also consistent with all of the previous 

literature results.  It is worth noting that, except for the Young’s modulus, the properties 

of the nanocomposite with good exfoliation is similar to those of the nanocomposites 

with moderate exfoliation. Considering the difficulty, time, and cost involved in 

preparing a fully exfoliated nanocomposite, one may raise a question: is it worthwhile 

and necessary to achieve good exfoliation to realize the full benefits of polymer 

nanocomposites?  The present study can at least help answer one aspect of the question 

by allowing material engineers to tailor and optimize the performance of polymer 

nanocomposites at acceptable cost.  

Another important finding of the present study is the unambiguous determination 

of the fracture behavior and toughening of polymer nanocomposites. It is evident that 

nanoplatelets with aspect ratio of about 100, if exfoliated, cannot introduce crack 

deflection and crack bifurcation mechanisms to toughen the polymer matrix. Even when 

nano-tactoids are present, they cannot effectively improve fracture toughness of an 
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epoxy matrix. The present finding implies that, for epoxy nanocomposite systems that 

show greatly improved fracture toughness in the literature, it may be due to other factors, 

such as the presence of large amount of intercalating agents in their systems. The effect 

of type of intercalating agents and their amount on mechanical properties and fracture 

behavior of polymer nanocomposites will be investigated and reported in the near future. 

 

 

 

 

(a) 

 

Fig. 5.10. TEM of DN-4PB damage zone of Epoxy/α-ZrP nanocomposite with good 
exfoliation (2.0 vol%) showing straight crack propagation breaking through α-ZrP 
layers: (a) low magnification and (b) high magnification.  The crack propagates from left 
to right. 
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(b) 

Fig. 5.10. Continued. 

 

 

5. 4. Summary 

To understand how the levels of dispersion of nanoplatelets affect the mechanical 

properties of polymer nanocomposites, epoxy/α-ZrP nanocomposites with various 

degrees of exfoliation were prepared by tuning the processing conditions. Morphological 

differences among the three distinctive sets of samples with various levels of exfoliation 

of α-ZrP nanoplatelets in epoxy matrices are clearly observed using TEM and WAXD. 

The mechanical and fracture testing results show that the level of nanoplatelet exfoliation 
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can strongly influence mechanical properties of the polymer nanocomposites.  It also 

affects the fracture mechanisms of the nanocomposites. Unlike the poorly dispersed 

system, the well exfoliated system shows only straight crack propagation phenomena. 
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CHAPTER VI 

 

EFFECTS OF NANOPLATELET ASPECT RATIO ON MECHANICAL 

PROPERTIES OF EPOXY NANOCOMPOSITES† 

 

6. 1. Introduction 

Since the successful development of nylon/clay nanocomposites that showed great 

improvements in physical and mechanical properties with only a small amount of clay 

introduced into the polymer matrix [22,23,25] in the late 1980s, the pursuits for high 

performance polymer nanocomposites have swamped both the scientific community and 

the industry in the past two decades. Numerous research efforts in this field have been 

focused on the incorporation of nanoplatelet fillers to greatly enhance their physical, 

mechanical, and chemical properties in various polymer matrices, including epoxy [34-

36,40,42,47,68,78,107,108,118-121], polypropylene [114,122,123], polyethylene [113], 

polyimide [20,124], polystyrene [125-127], poly(methyl methacrylate) [26], etc. Most 

results have revealed great improvements of polymer properties by a small addition of 

nanoplatelets (< 5 wt%). Important factors that can affect the physical and mechanical 

properties of nanoplatelet-reinforced polymer nanocomposites include nanoplatelets [52-

54,56,128] type, intercalating agents [62,111,115], filler loading levels [18,19,57], and 

processing [80,129]. In particular, significant efforts have emphasized on achieving 

maximum level of exfoliation of nanoplatelets in polymer matrices.  
                                                 
† Reprinted with permission from “Effect of nanoplatelet aspect ratio on mechanical properties of epoxy 
nanocomposites” by W.-J. Boo et al., 2007. Polymer, 48, 1075-1082. ©2007 by Elsevier Ltd. 
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Recently, more emphases have been placed on investigating how the nanoplatelet 

aspect ratio, defined as the ratio of the long axis to platelet thickness, affects the physical 

and mechanical properties of polymer nanocomposites. For example, Maiti et al. [130] 

synthesized polylactide/layered silicate nanocomposites using organic phosphonium 

intercalating agents with different chain lengths to reveal the influence of nanoplatelet 

size and aspect ratio on the properties of polymer nanocomposites. To obtain exfoliated 

nanoplatelets with variations in aspect ratio in polymer matrices, they employed smectite, 

montmorillonite, and mica as nanofillers. Depending on the size of each type of layered 

silicates incorporated, the effects of dispersion, intercalation, and aspect ratio of 

nanoplatelets on mechanical and gas barrier properties of nanocomposites were 

investigated. More recently, Osman et al. [131] used n-benzyldimethyl hexadecyl 

ammonium to intercalate and exfoliate montmorillonite clay in epoxy and polyurethane 

matrices, respectively, to investigate their gas barrier properties. The aspect ratios of the 

organoclay were varied by controlling the level of intercalation and exfoliation of the clay 

in the polymer matrix.  

It should be pointed out that the above studies were performed based on the use of 

different types of natural silicates [130,132] or the use of different intercalating agents to 

obtain different filler aspect ratios in the nanocomposites. Consequently, in addition to 

the aspect ratio effect, uncertainties on the effect of different types of silicates and 

intercalating agents were introduced. Thus, it is unlikely that unambiguous results on how 

the aspect ratio of nanoplatelets affect physical and mechanical properties can be obtained. 
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Recently, alternative approaches have been undertaken to definitively investigate 

how the nanoplatelet size and aspect ratio influence the physical and mechanical 

properties of polymer nanocomposites. To avoid any possible ambiguities accompanied 

by the utilization of different fillers and surface functionalities to achieve the control of 

aspect ratios, synthetic α-zirconium phosphate (α-ZrP), Zr(HPO4)2•H2O, that possesses 

well-controlled sizes and aspect ratios was prepared. The advantages of α-ZrP over that 

of clay has been highlighted elsewhere [28,29,91,100]. They will not be elaborated here. 

Because of the unique attributes of α-ZrP, a series of fundamental studies, including (1) 

the synthesis, intercalation, and exfoliation of α-ZrP [28] in epoxy, (2) the preparation of 

exfoliated epoxy/α-ZrP nanocomposites [27], and (3) the study of fracture behaviors of 

epoxy/α-ZrP [15,82] with various degrees of exfoliation have been carried out recently.  

Insightful information has been obtained.  

In this work, fundamental study on how the nanoplatelet aspect ratio influences 

the mechanical properties of polymer nanocomposites was conducted. Considering the 

structure of nanoplatelet particles, it is expected that the higher aspect ratio of 

nanoplatelets will be more effective for the enhancement of mechanical properties due to 

the higher surface area of the nanoplatelets.  

Instead of using high molecular weights monoamines, a small amount of less 

reactive intercalating agent, tetra-n-butyl ammonium hydroxide (TBA), is utilized [98] to 

minimize unintended reaction of intercalating agent with epoxy monomer. As a result, the 

glass transition temperature (Tg) of nanoplatelet-reinforced polymer nanocomposites can 

be maintained. Furthermore, the effect of intercalating agent type on nanocomposite 
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mechanical properties can be addressed by comparing the present findings against our 

earlier results where long-chain monoamine was utilized [82]. The usefulness of high 

aspect ratio nanoplatelets in polymer nanocomposites for structural applications is also 

discussed. 

 

6. 2. Experimental 

6. 2. 1. Materials 

The materials used in this study are listed in Table 6.1. Two α-ZrP having two 

different aspect ratios, i.e., ca. 100 and 1000, were synthesized [82]. The detailed 

chemistry and procedures for the synthesis and control of aspect ratio of α-ZrP can be 

found elsewhere [28,29,91,100]. TBA (tetra-n-butyl ammonium hydroxide 

[CH3CH2CH2CH2)4N(OH), Aldrich] was used as surface modifiers to intercalate α-ZrP 

layers. The diglycidyl ether of bisphenol-A (DGEBA) epoxy resin [D.E.R.TM 332 epoxy 

resin, The Dow Chemical Company], which has a narrow monomer molecular weight 

distribution (172-176 g/mol), was used in this study. The curing agent utilized is 4,4'-

diaminodiphenylsulfone (DDS, Aldrich). All the chemicals were used as received except 

for epoxy resin, which was dried in a vacuum oven for 24 hrs prior to sample preparation.  

 

6. 2. 2. Preparation of Epoxy/α-ZrP Nanocomposites 

The interlayer d-spacing of pristine α-ZrP is known to be 7.6Å [27]. The addition 

of TBA at a 0.75:1 molar ratio in deionized water at 0 °C can lead to full exfoliation of 
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α-ZrP layers into individual nanoplatelets. Detailed sample preparation procedures for 

achieving fully exfoliated α-ZrP in water and in epoxy can be found elsewhere.    

 

 

Table 6.1. Material Specification and Source 

Material Comments / Specifications Supplier 

α-ZrP-100 3M phosphoric acid, refluxing at 100°C,  
aspect ratio 100 Synthesized in PTC* 

α-ZrP-1000 Hydrofluoric acid, hydrothermal condition,  
aspect ratio 1,000 Synthesized in PTC 

 Intercalating 
agent Tetra-n-Butyl Ammonium Hydroxide (TBA) Aldrich 

Epoxy resin D.E.R.TM332, diglycidyl ether of bisphenol-A 
(DGEBA) DOW Chemical 

Curing agent DDS, 4,4'-diamino-diphenyl sulfone Aldrich 

 * Polymer Technology Center, Texas A&M University 

 

 

After exfoliation in deionized water, α-ZrP nanoplatelets with aspect ratios of ca. 

100 and 1,000 were washed and transferred into acetone with an aid of centrifuge. 

DGEBA epoxy monomer which was pre-dissolved in acetone was added to achieve a 

final inorganic α-ZrP loading of 0.7 vol% in epoxy. After removal of solvent with 

Rotarvapor® in a water bath at about 90°C, DDS was added at stoichiometric ratio. 

After the DDS melted at 130°C, the resin mixture was cast in a preheated glass mold and 
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cured in an oven at 180 °C for 2 hrs, followed by 2 hrs of post-cure at 220 °C.  The 

epoxy/α-ZrP systems with aspect ratios of 100 and 1,000 are designated as epoxy/ZrP-

100 and epoxy/ZrP-1000, respectively. For comparison, a neat epoxy plaque (neat 

epoxy) and an epoxy plaque with only intercalating agent, i.e., TBA, addition 

(epoxy/TBA) were also prepared.   

It should be noted that attempts were made to increase the α-ZrP loading in 

epoxy.  However, when α-ZrP loading is greater than 0.7 vol% for the epoxy/α-ZrP-

1000 system, the viscosity build-up will become so high that good quality epoxy 

nanocomposite plaques cannot be prepared.  As a result, only epoxy nanocomposite 

panels with 0.7 vol% of α-ZrP were investigated. 

 

6. 2. 3. Morphology Characterization  

Scanning electron microscopy (SEM) images of α-ZrP nanoplatelets were 

acquired using a Zeiss Leo 1530 VP Field Emission-SEM (FE-SEM). The samples were 

sputter-coated with a thin layer (ca. 3 nm) of Pt/Pd (80/20) prior to SEM observation.  

For transmission electron microscopy (TEM) observation, the thin-section 

samples extracted from the core region of the specimens were prepared by microtoming 

(Ultracut E) and the thin sections (~100nm thickness) were deposited on carbon coated 

Cu grids. Sample grids were examined on a JEOL 1200 EX electron microscope operated 

at an accelerating voltage of 100 kV. TEM micrographs were printed on a calibrated 

Kodak® electron microscope film. Complete details of the microtomy and microscopy 

techniques employed here are given in prior publications [15,27].  
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6. 2. 4. Mechanical Properties and Fracture Behavior Studies 

Tensile properties of epoxy nanocomposites reinforced with α-ZrP having two 

different aspect ratios were obtained based on the ASTM D638-98 method. The tensile 

tests were performed using an MTS® servo-hydraulic test machine at a crosshead speed 

of 5.08 mm/min at ambient temperature. Young’s modulus, tensile strength, and 

elongation at break of each sample were obtained based on at least five specimens per 

sample and the average values and standard deviations were reported.   

Dynamic mechanical analysis (DMA) was conducted on a RSA III (TA 

Instruments) with a 3-point-bending mode, at a fixed frequency of 1 Hz and with a 

temperature increase of 5°C per step, ranging from -150 to 250 °C. A sinusoidal strain-

amplitude of 0.05% was chosen for the measurement. The maximum point on the Tan δ 

curve was recorded as the Tg of the samples. Multiple scans were conducted to ensure 

reproducibility. 

Fracture toughness tests were conducted based on the linear elastic fracture 

mechanics (LEFM) approach. The single-edge-notch 3-point-bending (SEN-3PB) test, 

based on ASTM D5045-96, was performed to obtain the mode-I critical stress intensity 

factor (KIC) of the neat epoxy and epoxy nanocomposites with two different aspect ratios. 

Care was taken to ensure that the initial sharp crack, generated by tapping with a fresh 

razor blade, exhibited a thumbnail shape crack front prior to testing. At least five 

specimens per sample were tested to determine KIC values of the samples.  The critical 

stress intensity factors were calculated using the following equation: 
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where PC is the load at crack initiation, S is the span width, B is the thickness of the 

specimen, W is the width of the specimen, and a is the initial crack length.  

 

The double-notch four-point-bend (DN-4PB) test was conducted to probe the 

detailed mechanisms on crack propagation phenomena in the epoxy nanocomposites 

with variation in filler aspect ratios. Detailed methods of sample preparation and testing 

can be found elsewhere [101,116]. The DN-4PB tests were performed at ambient 

temperature. The arrested sub-critical crack tip damage zone from the core region of the 

specimen was isolated, trimmed, and thin-sectioned for TEM observation. 

 

6. 3. Results and Discussion 

6. 3. 1. Morphology  

After synthesis, washing, and drying the powder of crystalline α-ZrP, SEM was 

employed to verify the size of the nanoplatelets synthesized. Fig. 6.1 displays the SEM 

micrographs of the α-ZrP nanoplatelets with their aspect ratios of (a) 100 and (b) 1,000, 

respectively.    

Since all the detailed XRD patterns of intercalated and exfoliated α-ZrP with 

various aspect ratios and those of corresponding nanocomposites can be found elsewhere 

[82], only TEM micrographs of epoxy/α-ZrP nanocomposites are reported here. 
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According to the XRD characterization in the previous reports [82], fully exfoliated α-

ZrP layer in epoxy is obtained. To directly confirm the state of exfoliation and an overall 

dispersion of exfoliated α-ZrP nanoplatelets in epoxy matrix, the samples were imaged 

by TEM. 

 

 

 
(a) 

 
Fig. 6.1.  SEM of α-ZrP nanoplatelets having aspect ratios of (a) 100 and (b) 1,000. 
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(b) 

 
Fig. 6.1.  Continued. 

 

 

Fig. 6.2(a) displays highly exfoliated and well-dispersed α-ZrP-100 nanoplatelets 

(0.7 vol%) in epoxy. The TEM image clearly shows random orientation of α-ZrP 

nanoplatelets which are completely exfoliated. This random orientation is probably due to 

the low filler loading (0.7 vol%). In contrast, locally oriented nanoplatelet morphology 

has been observed at higher α-ZrP loadings [27,82].  
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(a) 

 

 

(b)              (c) 

 
Fig. 6.2. TEM of epoxy/ZrP-100  nanocomposite: (a) low magnification, (b) high 
magnification, and (c) the corresponding schematic. 
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Furthermore, the frequency of α-ZrP oriented parallel to the thin-section direction, 

i.e., the surface of the micrograph, appears to be higher than that of the 1 and 2 vol% 

loading scenarios [82]. Fig. 6.2(b) presents a high magnification TEM image of epoxy/α-

ZrP from the same sample. As shown, the nanoplatelets show different morphology due 

to random orientation. The schematic in Fig. 6.2(c) aids to demonstrate the various 

orientations of nanoplatelets in detail: as noted a, b, and c.  The α-ZrP nanoplatelets can 

appear as straight lines, tilted surfaces, or fully exposed flat surfaces. 

In Fig. 6.3(a), high aspect ratio α-ZrP-1000 nanoplatelets also show complete 

exfoliation and random orientation in epoxy matrix. However, it is interesting to note that 

the high aspect ratio α-ZrP nanoplatelets exhibit a strong curvature instead of being 

straight. The high magnification TEM image in Fig. 6.3(b) shows a curved platelet. As 

depicted in d, e, and f (Fig. 6.3c), a single large nanoplatelet can appear as a straight line, 

a curved line in between, and a tilted surface at different locations of the TEM thin 

section. No evidence of completely flat ZrP-1000 is found in the thin section, probably 

because the TEM thin section is too thin (≈ 80 nm) to accommodate a complete curved α-

ZrP nanoplatelet (≈ 1,000 nm) in the same thin section. 

As pointed out earlier, the incorporation of 0.7 vol% of high aspect ratio α-ZrP in 

epoxy can drastically increase the viscosity of epoxy, making it extremely difficult to 

prepare void free epoxy plaques.  As a result, only 0.7 vol% was incorporated in epoxy 

for this study. 
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(a) 

 

 

(b)       (c) 

 
Fig. 6.3. TEM of epoxy/ZrP-1000 nanocomposite: (a) low magnification, (b) high 
magnification, and (c) the corresponding schematic. 
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6. 3. 2. Mechanical Property   

The tensile properties of epoxy/ZrP-100 and epoxy/ZrP-1000 are shown in Fig. 

6.4. and summarized in Table 6.2. For comparison purposes, the plaques of neat epoxy 

(DGEBA/DDS) and an intercalating agent containing neat epoxy (epoxy/TBA) were also 

tested and compared. The tensile modulus of epoxy/ZrP-100 is found to increase only by 

5% due to the low level of loading. Whereas, in the case of epoxy/ZrP-1000, an increase 

of about 12% in modulus is observed under the same condition. The larger increase in 

tensile modulus is explained from the higher aspect ratio of α-ZrP nanoplatelets.  The 

decrease in elongation-at-break is greater for the high aspect ratio case and the trends 

correspond well with the results of Ray et al. [132].   

 

 

Table 6.2. Tensile properties and fracture toughness of epoxy/α-ZrP nanocomposites 

 neat epoxy epoxy/ZrP-100 epoxy/ZrP-1000 epoxy/TBA 

Young’s Modulus 
(GPa) 2.90 ±0.05 3.04 ±0.12 3.25 ±0.19 2.89 ±0.13 

Tensile Strength 
(MPa) 75.3 ±6.4 54.7 ±4.9 46.0 ±4.4 43.2 ±4.3 

Elongation at Break 
(%) 4.1 ±0.4 2.5 ±0.4 1.9 ±0.2 2.3 ±0.5 

KIC (MPa⋅m1/2) 0.72 ±0.02 0.58 ±0.01 0.69 ±0.02 0.61 ±0.02 
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It should be noted that the tensile strength and elongation-at-break of both low and 

high aspect ratio cases are decreased due to the incorporation of the well-dispersed ZrP 

nanoplatelets.  This finding is different from our earlier finding, which indicates that both 

strength and ductility of the epoxy nanocomposite can be maintained when the 

intercalating agent utilized is long-chain monoamine-based.  This clearly suggests that the 

type of interaction agent utilized can have a significant impact on the strength and 

ductility of the polymer nanocomposites.  This point will be further discussed later. 

 

 

 

 

Fig. 6.4. Tensile behavior of neat epoxy and epoxy nanocomposites. 
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Fig. 6.5 shows DMA spectra of neat epoxy, epoxy/ZrP-100, and epoxy/ZrP-1000. 

The overall DMA behavior is consistent with our previous findings [28,82]. For 

comparison purposes, epoxy that contains intercalating agent (epoxy/TBA) was also 

tested and exhibits a Tg of 195°C (not shown). It is evident that the use of TBA as an 

intercalating agent is better for maintaining the Tg of epoxy than the long-chain 

monoamines [15,27,82]. It should be noted that the Tg of the epoxy/ZrP-100 and 

epoxy/ZrP-1000 are found to be 200 and 204°C, respectively. The above finding implies 

that the aspect ratio of the nanoplatelet does not play a significant role in affecting Tg at 

low nanoplatelet loadings. It appears that the incorporation of intercalating agent (surface 

modifier) may have a more significant effect on Tg for epoxy, simply because of the 

participation of the intercalating agent in the curing of epoxy.  

By comparing the tensile and DMA results of the current epoxy nanocomposites 

that use TBA as intercalating agent and the previous nanocomposites that use 

monoamines as intercalating agent [40-43], it is evident that the Tg, strength, and ductility 

of the epoxy nanocomposite can be greatly influenced by the type of intercalating agents 

utilized. For instance, in our previous results [15,27,82], a significant Tg drop has been 

observed due to the unintended reaction between the monoamine intercalating agent and 

epoxy monomers. However, the nanocomposites in this study utilize TBA as an 

intercalating agent and show that the Tg of the epoxy nanocomposite remains close to as 

that of the neat epoxy. 
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Fig. 6.5. DMA results of neat epoxy and epoxy nanocomposites. 

 

 

Upon the use of TBA, the tensile strength and ductility of the epoxy 

nanocomposite are decreased. These drop in strength and ductility can be attributed not 

only to a more complete curing of epoxy with DDS but also to the more rigid interface 

between the polymer and the nanoplatelets, which restricts the segmental motion near the 

organic–inorganic interfaces [82]. The above hypothesis finds supports from the work of 

Kim et al. [98] and Ha et al. [133]. When TBA and monoamine are bonded to α-ZrP, 

TBA creates less flexible interface than monoamine-terminated polyether chains on and 

around α-ZrP layers. Fig. 6.6 shows the molecular structures of the TBA utilized in this 
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study and the monoamine-terminated polyether used in our previous reports [82]. As 

shown in Fig. 6.6(a), TBA has a much shorter aliphatic chain. They can be tightly packed 

and exhibit less flexibility, as opposed to the long single-chain monoamine structure (Fig. 

6.6 (b)). 

 

 

 

 

(a) 

 

 

 

(b) 

 

 

Fig. 6.6. Molecular structure and size comparison of the intercalating agents between (a) 
tetra-n-butyl ammonium hydroxide and (b) monoamine-terminated polyether.  
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6. 3. 3. Fracture Behavior Study  

The Mode-I fracture toughness (KIC) values of epoxy/ZrP-100 and epoxy/ZrP-

1000 are measured and listed in Table 6.2. A neat epoxy and an epoxy/TBA are also 

tested as a control. As shown in Table 6.2, there is no substantial difference in KIC values 

between neat epoxy and epoxy/ZrP-100. This result is consistent with our earlier study 

on both clay-filled and ZrP-reinforced epoxy nanocomposites systems [72]. In the case 

of epoxy/ZrP-1000, KIC value is slightly higher than epoxy/ZrP-100. However, the 

difference is still limited. To investigate the fracture mechanisms in epoxy 

nanocomposites, the DN-4PB tests were carried out on epoxy/ZrP-100 and epoxy/ZrP-

1000. TEM images from the arrested crack tip and crack wake are given in Fig.s 6.7 and 

6.8, respectively. 

As shown in Fig. 6.7, when the nanoplatelets are fully exfoliated, the 

subcritically propagated crack would grow more or less in a straight fashion. No signs of 

delamination or crack deflection can be found. This explains why the fracture toughness 

(KIC) value is about the same as neat epoxy. This finding is also in good agreement with 

our previous results with various loading levels of α-ZrP in epoxy [82].  

In the case of epoxy/ZrP-1000, significant crack deflection, crack bifurcation, 

and microcracking are observed (Fig. 6.8). Fig.s 6.8(a) and (b) are TEM taken from the 

crack wake, showing significant crack deflection at low and high magnifications, 

respectively. As shown in Fig. 6.8(c), the crack appears to grow along the interface of α-

ZrP layers, suggesting a poorer interfacial adhesive strength than the cohesive strength 

of the epoxy matrix. As mentioned earlier [82], if the α-ZrP nanoplatelet aspect ratio is 
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around 100, the crack would propagate in a straight manner without sensing the presence 

of nanoplatelets. However, when the aspect ratio of the nanoplatelets becomes high, the 

crack begins to interact with the nanoplatelets to cause crack deflection, crack 

bifurcation, and even microcracking. 

It should be noted that the crack deflection, crack bifurcation, and microcracking 

observed in epoxy/ZrP-1000 are not effective toughening mechanisms. These 

mechanisms are not as effective as shear banding or crazing [72]. Furthermore, in the 

case of the highly intercalated epoxy/α-ZrP nanocomposite, modified by monoamine 

intercalating agent, the crack deflection observed does not give rise to any noticeable 

increase in KIC [15] .  This may be due to the presence of monoamine intercalating agent 

which greatly weakens the delamination strength of the intercalated ZrP. As a result, the 

toughening effect due to crack deflection mechanism is cancelled out by the weakening 

of the intercalating layers ahead of the crack tip. 
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(a) 

 

 

(b) 

Fig. 6.7. TEM of DN-4PB damage zone of Epoxy/ZrP-100: (a) the crack wake and (b) the 
crack tip region. The crack propagates from left to right. 
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(a) 

 

 

(b) 

Fig. 6.8. TEM of DN-4PB damage zone of Epoxy/ZrP-1000 nanocomposite: (a) the crack 
wake region (low mag.) (b) the crack wake region (high mag.) and (c) the crack tip region. 
The crack propagates from left to right. 
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(c) 

 

Fig. 6.8. Continued. 
 

 

The present study clearly shows that, for polymer nanocomposite systems, the 

aspect ratio as well as the physical size of nanoplatelets can play an important role on 

their mechanical performance. Another important finding of the present study is that 

intercalating agent can greatly influence the mechanical properties of the polymer 

nanocomposites. Even though aspect ratio of the nanoplatelets does not show significant 

impact on the mechanical properties of epoxy due to their low loadings, it should be 

pointed out that aspect ratio is likely to significantly influence the gas barrier properties 
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and rheological behavior of the polymer matrix. The effect of the types of intercalating 

agents and their loadings on the gas barrier properties and rheological behavior of 

polymer nanocomposites will be reported in the near future. 

 

6. 4.  Summary 

To understand how the aspect ratio of nanoplatelets affects the mechanical 

property of polymer nanocomposites, epoxy/α-ZrP nanocomposites with two different 

aspect ratios of 100 and 1,000 were prepared and characterized. Morphological 

differences between two distinctive sets of epoxy/α-ZrP nanocomposites have been 

observed. Based on the present study, while the influence of aspect ratio on the 

mechanical properties are not significant due to the low loading level of nanoplatelets, it 

has a significant effect on the operative fracture mechanisms and dynamic mechanical 

behaviors. The present study also shows that intercalating agent can greatly influence the 

tensile strength and ductility of the polymer nanocomposites. 
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CHAPTER VII 

 

CONCLUDING REMARKS AND RECOMMENDATIONS  

 

The objectives of this research effort are focused on better understanding the 

structure-property relationship of α-ZrP based nanoplatelet-reinforced polymer 

nanocomposites. In order to investigate the fundamental structure-property relationship 

between the structural parameters of nanofillers and the physical and mechanical 

properties of polymer nanocomposites, a series of experimental studies have been 

carried out. These efforts cover a wide range of structural parameter variations of 

nanofillers, including loading level, degree of exfoliation, aspect ratio and type of 

intercalating agents. 

In order to probe the structural parameters of nanofillers and morphology of 

nanocomposites, various techniques such as wide-angle X-ray diffraction (WAXD), 

optical microscopy (OM), scanning electron microscopy (SEM), transmission electron 

microscopy (TEM) and etc, have been utilized to confirm morphology. In addition, 

several mechanical tests such as tensile, fracture, and thermo-mechanical tests have been 

performed to finally evaluate the physical and mechanical properties of nanocomposites 

with the incorporation of nanofillers 
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7.1 Intercalation and Exfoliation of Nanoplatelets in Epoxy Nanocomposites   

A new surface modification approach for improving intercalation and exfoliation 

efficiency of layered nanoplatelets has been introduced based on α-ZrP nanoplatelets. 

The intercalation of α-ZrP nanoplatelets was carried out using a number of different 

organic surface modifiers and their combinations. It is found that porous pathways, 

which can be created by incorporating a combination of a linear long chain amine and a 

bulky, short chain amine as intercalating agents, can lead to speedier and more effective 

intercalation. As a result, exfoliation is enhanced and the preparation of fully exfoliated 

polymer nanocomposites can be achieved. The intercalation/exfoliation mechanisms 

accounting for the observed effectiveness have been discussed. The proposed approach 

allows for effective intercalation and exfoliation of nanoplatelets, and for practical 

manufacturing of polymer nanocomposites. 

 

7.2 Morphology and Mechanical Behavior of Exfoliated Epoxy/α-Zirconium 

Phosphate Nanocomposites 

The mechanical properties of synthetic α-ZrP based epoxy nanocomposites with 

variations in loading level and degree of exfoliation of α-ZrP have been investigated. 

The state of exfoliation and dispersion were confirmed by XRD and direct TEM imaging 

at different locations in the samples. Incorporation of fully exfoliated a-ZrP 

nanoplatelets causes significant improvements in the observed tensile properties. The 

double-notch four-point-bend (DN-4PB) technique was employed to investigate the 

fracture behavior of fully exfoliated nanoplatelet-reinforced epoxy nanocomposites. The 
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result suggests that, for a fully exfoliated epoxy nanocomposite system, the fracture 

toughness will remain comparable to that of the neat system. Based on the observations, 

the crack propagated in a straight manner, and there was no sign of crack deflection or 

debonding of nanoplatelets from the matrix. The nanoplatelets ahead of the crack were 

broken into two halves as the crack propagated through, indicating strong bonding 

between the nanoplatelet and the epoxy matrix. 

 

7.3 Effects of Nanoplatelet Dispersion on Mechanical Behavior of Polymer 

Nanocomposites 

 Through the manipulation of processing conditions, three levels of exfoliation of 

synthetic α-ZrP nanoplatelets in epoxy matrices have been achieved. TEM and WAXS 

were utilized to confirm the three different levels of exfoliation of nanoplatelets in 

epoxy/α-ZrP nanocomposites. As expected, it was found that modulus and strength of 

the nanocomposite are affected by the dispersion extent of the nanoplatelets. It was also 

found that the operative fracture mechanisms depend strongly on the state of the 

nanoplatelets dispersion. The crack deflection mechanism, which leads to a tortuous path 

crack growth, was only observed for poorly dispersed nanocomposites. Delamination of 

intercalated nanoplatelets and crack deflection were observed in a moderately dispersed 

system. In the case of fully exfoliated system, the crack only propagated in a straight 

fashion, which indicates that the fully exfoliated individual nanoplatelet have minimal 

effects on the propagation of the crack. The implication of the present findings for 

structural applications of polymer nanocomposites has been discussed in the chapter.   
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7.4 Effects of Nanoplatelet Aspect Ratio on Mechanical Properties of Epoxy 

Nanocomposites  

To study the effect of the aspect ratio of nanoplatelets on the mechanical 

properties of polymer nanocomposites, epoxy/α-zirconium phosphate nanocomposites 

with two distinctive aspect ratios of approximately 100 and 1,000 have been prepared 

and characterized. SEM and TEM were utilized to confirm the two different sizes and 

aspect ratios of nanoplatelets in epoxy. From the results, it is found that mechanical 

properties of the nanocomposite are affected by the aspect ratio of nanoplatelets in epoxy. 

That is, a higher aspect ratio renders a better improvement in modulus. It is also found 

that the interfacial characteristics between the nanoplatelets and polymer matrix are most 

critical in affecting the strength and ductility of the polymer. The operative fracture 

mechanisms depend strongly on the aspect ratio of the nanoplatelets incorporated. The 

crack deflection mechanism, which leads to a tortuous path crack growth, is only 

observed for the high aspect ratio system. The implication of the present findings for 

structural applications of polymer nanocomposites has been discussed.   

 

7.5 Recommendations for Future Work 

The fundamental structure-property relationship of nanoplatelet-reinforced 

polymer nanocomposites is a complex issue. To further investigate this complicated 

relationship between structural parameters of nanofillers and mechanical/physical 

properties of polymer nanocomposites, a great deal of effort is still needed. In order to 
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develop a more fundamental understanding of this complex issue, some 

recommendations for future work have been presented in the following. 

 

7.5.1 Intercalating Agent and Interface Study 

The dissertation addresses the mechanical properties of epoxy nanocomposites 

loaded with synthetic α-ZrP clay, specifically looking at how the degree of exfoliation or 

dispersion, and aspect ratio of the nanoplatelets impact the mechanical and physical 

properties. However, there are still some unanswered questions particularly in terms of 

the surface modifier and interface between the nanoplatelets and epoxy matrix. 

Apparently, in the monoamine-based systems, some of the unreacted monoamine 

used to intercalate the α-ZrP nanoplatelets ends up reacting with the epoxy, effectively 

reducing the cross-link density of the matrix. Therefore, there is a dramatic drop in the 

Tg of the nanocomposite for all loading levels (Chapter V).  However in the case of 

quaternary ammonium salt-based systems, the Tg of the nanocomposites are only slightly 

affected (Chapter VI).  

Therefore, it can be noticed that the type of intercalating agent (surface modifier) 

incorporated may have a more significant effect on the Tg of epoxy. Furthermore,  

considering the tensile strength and ductility of the epoxy nanocomposites, the observed 

drops in strength and ductility can be attributed not only to higher curing levels of the 

epoxy matrix but also to the more rigid interface between the polymer and the 

nanoplatelets which restricts the segmental motion near the organic–inorganic interfaces 

(Chapter VI). It has been found that the interfacial properties between dispersed 
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nanoplatelets and matrix play an important role on the structure-property relationship of 

nanocomposites.  

In this respect, further studies in terms of the types of intercalating agent and 

their effects on the matrix and the interface should be performed in a systematic fashion. 

 

7.5.2 Toughenability Study of Nanoplatelet-Dispersed Epoxy Nanocomposites 

In this study, it has been shown that, when the nanoplatelets are fully exfoliated 

and well-dispersed, and have at smaller sizes than the crack tip radius, the propagating 

crack would grow more or less in a straight fashion and no signs of crack deflection or 

bifurcation can be observed. Also, there was no increase in the observed fracture 

toughness of the model systems.  

The above finding was observed based on brittle DGEBA/DDS epoxy. A 

question may arise if such a finding can be extended to ductile epoxy matrices. Thus, if a 

more ductile epoxy system was chosen, would they show the same outcome?  If we were 

to adopt a relatively ductile epoxy system for the study, would we have a similar result?   

The toughening mechanisms and their effectiveness in fully exfoliated epoxy 

nanocomposites are not always intuitively clear due to the scale differences. Kinloch et 

al. [73] has also emphasized this issue in his reports. However, the above-mentioned 

question has not yet been completely addressed and clarified. Performing a set of 

experiments with a set of well-defined model systems with ductile epoxy matrices can 

help clarify the ambiguities. 
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In summary, the α-ZrP nanoplatelet-reinforced epoxy nanocomposites are a set 

of highly suitable model systems for studying the fundamental structure-property 

relationship of nanoplatelet-reinforced polymer nanocomposites. For a well-controlled 

experimental study, each control factor of α-ZrP-based model system can be altered 

independently with certainty. Therefore, further studies focusing on α-ZrP nanoplatelets 

with variations in intercalating agents, interface, matrix properties, and toughenability 

can be of great importance, and should be pursued.   
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APPENDIX A 

 

RHEOLOGICAL BEHAVIOR OF MODEL EPOXY NANOCOMPOSITES 

 

A1. Introduction 

Since the introduction of polymer nanocomposites which contain exfoliated 

nanoplatelets two decades ago, polymer nanocomposites research in academia and 

industry has been both intensive and extensive. When fully exfoliated, nanoplatelet-

reinforced polymer nanocomposites exhibit enhanced material properties, including 

higher modulus, better thermal stability, superior flame retardancy and improved barrier 

properties.  

Until recently, research work on polymer nanocomposites has been mainly 

focused on morphology, barrier properties, and mechanical properties. With more and 

more expected engineering applications of polymer nanocomposite in the near future, it is 

necessary that the rheological behavior of polymer nanocomposites be investigated. The 

rheological behaviors of several polymer nanocomposite systems have recently been 

reported. However, no systematic analysis or modeling was performed to establish 

structure-rheology relationship.  Thus, more work is needed to fundamentally understand 

the rheological behavior of polymer nanocomposites for engineering applications.     

It has been shown that, based on the rheological behavior studies, precious 

insights for improving processability of polymer nanocomposites can be gained. It is also 

possible that molecular scale interactions between molecules and nanoplatelets may be 

revealed. For example, Galgali et al. reported that the typical rheological responses in 



 130

nanocomposite system, such as increased viscosity and solid-like rheological response, 

were caused by the frictional interactions between the dispersed nanoplatelets, rather than 

due to the immobilization of confined polymer. Wagener et al. also found that shear 

thinning was a characteristic feature of truly nanodispersed composites. They 

demonstrated that the shear thinning exponent, n, was a semi-quantitative indicator of the 

degree of exfoliation and dispersion. Also, they claimed that shear thinning was triggered 

and prolonged by the shear-induced alignment of dispersed nanoplatelets.  

In addition to the aforementioned studies with molten-state thermoplastic-based 

nanocomposites, rheological behaviors of prepolymers, such as uncured epoxy resin, have 

also been studied. For example, Wang et al. chose diglycidyl ether of bisphenol-A 

(DGEBA) epoxy resin and organically modified montmorillonite (MMT) clay to study 

the effects of well-dispersed nanoplatelets on the rheological behavior of epoxy 

prepolymers. They proposed that a good dispersion of nanoplatelets led to high viscosity 

and strong shear thinning behavior in the uncured system due to two reasons: (1) 

increased interactions between the clay and epoxy molecules and (2) increased clay-clay 

frictional forces. They also learned that this increase in viscosity was not from the 

introduction of free amine groups, nor from the presence of water molecules in epoxy. 

After numerous research efforts, it has been accepted that the presence of 

nanoplatelets in polymers or prepolymers usually causes viscosity increase and shear 

thinning phenomenon. However, the exact reasons why the nanoplatelets bring about 

such phenomena are still unclear. Furthermore, it is still uncertain how the degree of 
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dispersion and aspect ratio of nanoplatelets influence the rheological behavior of polymer 

nanocomposites. 

To address above important issues, systematic investigations of two sets of model 

epoxy systems, i.e., epoxy/synthetic α-Zirconium phosphate (epoxy/ZrP) with variations 

in nanoplatelet degree of dispersion and changes in aspect ratio have been carried out. In 

this study, polymer nanocomposites containing three distinctive levels of dispersion and 

two different aspect ratios of ZrP nanoplatelets have been prepared. The chemical 

compositions and processing have been kept the same for samples in each set of model 

systems. Thus, these model samples are suitable for unambiguous investigations of the 

effects of nanoplatelet dispersion and aspect ratio on the rheological behaviors of epoxy 

prepolymer. Additionally, by employing an established physical model, the rheological 

behavior of the model epoxy nanocomposite systems has been modeled against surface 

area, aspect ratio, and hydrodynamic volume.  Implication of the current research for the 

processing and fabrication of polymer nanocomposites based parts for engineering 

applications are also addressed. 

 

A2. Experimental 

A2. 1.  Materials 

The ZrP crystals with two distinctively different aspect ratios of 100 (ie, ZrP-100) 

and 1000 (ie, ZrP-1000) were prepared. Detailed chemistry and procedures for the 

synthesis of α-ZrP and control of its aspect ratios can be found elsewhere. Fig. A1 

displays the SEM micrographs of the ZrP-100 and ZrP-1000 crystals, respectively. 
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Commercially available monoamine, polyoxyalkyleneamine (Jeffamine® M600, 

Huntsman Chemical) and tetra-n-butyl ammonium hydroxide (TBA) were used as 

intercalating agents for ZrP. DGEBA epoxy resin (D.E.R.™ 332 epoxy resin, The Dow 

Chemical Company) was chosen as the matrix resin for the rheology study. All the 

chemicals, except the epoxy resin which was dried in a vacuum oven for 24 hrs prior to 

sample preparation, were used as received.  

 

A2. 2.   Preparation of ZrP Dispersion in Epoxy Resin  

To systematically investigate how the degree of exfoliation and aspect ratio affect 

rheological behavior, two sets of model epoxy/ZrP systems were prepared. The detailed 

information of the samples is summarized in Table A1. 

 

Table A1. Prepared sample and loading level, level of exfoliation, and aspect ratio of α-
ZrP 

Sample  Vol % Degree of 
Exfoliation

Aspect Ratio 
of α-ZrP Intercalating agent 

Epoxy/M600 0 − − Jeffamine® M600 

Poor exfoliation 2.0 Poor 100 Jeffamine® M600 

Moderate Exfoliation 2.0 Moderate 100 Jeffamine® M600 

Good exfoliation 2.0 Good 100 Jeffamine® M600 

Epoxy/TBA 0 − − TBA 

High aspect ratio 0.7 Good 100 TBA 

Low aspect ratio 0.7 Good 1,000 TBA 
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(a) 

 

 

(b) 

Fig. A1. SEM images of α-ZrP nanoplatelets with aspect ratio of about (a) 100 and (b) 
1,000. 
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To control the degree of exfoliation of ZrP in epoxy, the intercalation processing 

conditions using Jeffamine® M600 were systematically altered to achieve various levels 

of ZrP dispersion in the epoxy resin. The detailed procedures for achieving the 

intercalation and exfoliation of ZrP in epoxy can be found elsewhere. To prepare 

epoxy/ZrP-100 and epoxy/ZrP-1000 samples, tetra-n-butyl ammonium was utilized as the 

intercalating agent to achieve exfoliation in epoxy. The detailed procedures for sample 

preparation can be found elsewhere.  

After the intercalation and exfoliation processes in epoxy, solvent was removed 

by using Rotavapor® in a water bath.  The uncured epoxy/ZrP samples were then 

prepared for rheological study.  

 

A2. 3.  Morphology Characterizations  

Wide angle X-ray diffraction (WAXD) analysis was performed on a Bruker D8 

diffractometer with Bragg-Brentano θ-2θ geometry at a set operating voltage and current 

of 40 kV and 40 mA, respectively. Diffraction patterns were obtained for 2θ in the range 

from 2° to 30° with a step size of 0.04° and a count time of 2 seconds per step.  

Scanning electron microscopy (SEM) images of α-ZrP nanoplatelets were 

acquired using a Zeiss Leo 1530 VP Field Emission-SEM (FE-SEM). The samples were 

sputter-coated with a thin layer (ca. 3 nm) of Pt/Pd (80/20) prior to SEM observation. For 

transmission electron microscopy (TEM) observation, a JEOL 1200 EX electron 

microscope operated at an accelerating voltage of 100 kV was utilized. Details of the 

microtomy and microscopy techniques employed here are given elsewhere29,30.  
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A2. 4.  Rheological Property Measurement 

Rheological behavior characterization was performed using a Brookfield (Essex, 

UK) DV-III+ rheometer equipped with Thermosel® heating chamber and a programmable 

temperature controller. An HT-2 sample chamber (10.5 mL) and an SCH-27 link hanging 

spindle with extension link were used. The testing temperatures were set at 28, 50 and 

80°C, respectively. Before testing, the system was stabilized for 30 min to equilibrate at 

the set temperature between the sample and spindle. The shear rate was set from 0.1 to 

80/s. The data acquired were recorded and processed by program Brookfield Rheocalc (v. 

2.4). 

 

A3. Results and Discussion 

The significance of this study is that three distinctive levels of exfoliation and 

two different aspect ratios of ZrP nanoplatelets in epoxy have been successfully 

achieved and characterized. No structural or compositional changes were made in each 

set of model system. As a result, the present study can unambiguously reveal how the 

level of dispersion and aspect ratio of nanoplatelets can affect rheological behavior of 

epoxy nanocomposites before curing. 

The characterization of the structure and morphology of the model epoxy/ZrP 

systems with variations in degree of dispersion and aspect ratio have presented 

elsewhere. They will not be repeated here. For convenience, the typical morphologies of 

the model epoxy/ZrP systems are shown in Figs. A2 and A3. As shown in Fig. A2, three 

different levels of dispersion of ZrP nanoplatelets in epoxy can be clearly differentiated: 
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(a) poorly exfoliated, (b) moderately exfoliated, and (c) fully exfoliated. All the samples 

contain 2.0 vol% of ZrP nanoplatelets. Fig. A3 displays the TEM images showing 

exfoliated ZrP-100 and ZrP-1000 nanoplatelets (0.7 vol%) in epoxy. Fig. A3(a) clearly 

shows random orientation of ZrP nanoplatelets. In Fig. A3(b) and A3(c), ZrP-1000 

nanoplatelets exhibit significant curvature in epoxy. It should be noted that when the 

ZrP-1000 has a concentration above 0.7 vol%, the viscosity becomes too high for 

handling and removal of trapped air.  As a result, only 0.7 vol% of ZrP is utilized for the 

investigation of aspect ratio effect on rheological behaviors. 

Once the viscosity data as a function of shear rate at three different temperatures 

are collected, the Power Law model which takes the form of:  

 

nKD=τ       (1) 

 

is utilized to fit the experimental findings; where, τ is shear stress, D is shear rate (γ& ), K 

is consistency index, and n is flow behavior index.   

In order to determine the K and n, logarithmic plots of τ vs.γ&  are constructed and 

fitted to a straight line. The n value ranges from unity to zero. As n=1, the equation 

reduces to the constitutive equation of a Newtonian fluid. When n is < 1, shear thinning 

behavior is observed.  The lower the n value, the more pronounced is the shear thinning 

behavior.  The value of the consistency index (K) is taken from the intercept from the τ 

axis and therefore represents the viscosity at unit shear rate. As has been well known, K 

is sensitive to temperature, whereas n is much less sensitive. The calculated results from 
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the rheological behavior study of various levels of exfoliation and aspect ratios of ZrP 

nanoplatelets in epoxy are presented in Tables A2 and A3, respectively. 

 

 

 

(a) 

 

 

(b) 

Fig. A2. TEM of epoxy/α-ZrP showing (a) poor exfoliation, (b) moderate exfoliation 
and (c) good exfoliation.  All samples contain the same amount of α-ZrP (2.0 vol%) and 
intercalating agent in epoxy. 



 138

 

(c) 

Fig. A2. Continued. 
 

  

Table A2. Power law factors affected by level of exfoliation of α-ZrP 

Temperature 
(°C) 

Samples /  
exfoliation level 

Consistency 
index (K) 

Flow index 
(n) 

Confident of 
Fit (%) 

Neat epoxy 3352 0.96 97.1 

Epoxy/Jeffamine 2560 0.96 98.6 

Poor  6630 0.92 99.6 
28 

Good  7209 0.91 99.1 

Neat epoxy 428 0.96 97.7 

Poor  840 0.91 99.4 50 

Good  1142 0.85 99.2 

Neat epoxy 52 0.96 98.6 

Poor  313 0.80 97.9 80 

Good  834 0.53 98.7 
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(a)      (b) 

 

 

(c) 

Fig. A3. TEM images of nanocomposites reinforced with (a) α-ZrP of aspect ratio of 
100 at high magnification, aspect ratio of 1,000 (b) at low magnification, and (c) high 
magnification. 
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Table A3. Power law factors in terms of aspect ratio of α-ZrP 

Temperature 
(°C) 

Samples / 
aspect ratio 

Consistency 
index (K) 

Flow index 
(n) 

Confident of  
Fit (%) 

Neat epoxy 3352 0.96 97.1 

Epoxy/TBA  4125 0.95 98.1 

100 8469 0.93 97.9 
28 

1,000 53928 0.37 97.5 

Neat epoxy 428 0.96 97.7 

100 1561 0.81 97.9 50 

1,000 27467 0.29 97.8 

Neat epoxy 52 0.96 98.6 

100 504 0.73 97.9 80 

1,000 11027 0.17 99.7 
 

 

Fig. A4 shows the representative plots revealing the shear viscosity dependence 

of how the level of nanoplatelet exfoliation in epoxy affects viscosity at three different 

temperatures. As shown in Fig. A4(a), there is no appreciable differences in rheological 

behavior between the exfoliated and moderately exfoliated systems. Thus, viscosity 

curves of moderately exfoliated system are omitted from Figs. A4(b) and A4(c) to 

prevent overcrowding of the Figs.  

From Fig. A4, as expected, all three epoxy nanocomposites show a strong 

dependence on temperature. The neat epoxy prepolymer can be considered a Newtonian 

fluid at all temperatures tested. The incorporation of 2.0 vol% of exfoliated ZrP 
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nanoplatelets can lead to significant shear thinning behavior of epoxy resin and reduce 

the flow behavior index from 0.96 to 0.53 (Table A2), especially at high temperature 

(80°C). When the concentration of the nanoplatelet is high, Sternstein et al. explained 

that the primary underlying mechanism for reinforcement and nonlinear behavior 

appears to be due to the filler-matrix interactions, but not because of filler agglomeration 

or percolation. However, since there is no chain entanglement in the uncured epoxy resin 

in this study, the shear thinning behavior can be attributed mainly to the shear-induced 

rotation and realignment of exfoliated individual nanoplatelet to the shear stress 

direction. This realignment reduces nanoplatelets physical networking, which serves a 

similar role as the entanglement of polymer chains. This finding is consistent with the 

results by Nguyen-Thuc et al., who reported that sphere-shaped nanoparticles dispersed 

in epoxy resin only cause an increase in viscosity but no shear thinning effect. This is 

due to the absence of molecular entanglement or physical network. Interestingly, the 

addition of the same amount of poorly dispersed ZrP nanoplatelets does not play any 

significant role in affecting the rheological behavior of epoxy prepolymer (Figs. A4). 

Thus, the significant change in shear thinning behavior in epoxy is surely because of the 

high level of exfoliation of ZrP nanoplatelets. The temperature effects will be discussed 

later. 
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Fig. A4. Viscosity of neat epoxy and α-ZrP nanoplatelet dispersed epoxy resins with 
variation in the degree of exfoliation of nanoplatelets, measured at (a) 28, (b) 50, and (c) 
80°C. 
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Fig. A4. Continued. 
 

 

Fig. A5 presents the typical viscosity curves on how the aspect ratio of exfoliated 

ZrP nanoplatelets affects the rheological behavior of epoxy prepolymer at three different 

temperatures. Unlike the 2.0 vol% loading case, the incorporation of exfoliated ZrP-100 

nanoplatelets does not induce noticeable shear thinning but only increases the shear 

viscosity at each testing temperature.  This is probably due to the low loading level (0.7 

vol%) of the dispersed nanoplatelets, which form insignificant physical networks to affect 

viscosity. Whereas, the addition of the same amount of ZrP-1000 nanoplatelets not only 

causes an increase in shear viscosity but also result in significant shear thinning behavior 

of epoxy resin. The flow indexes (n) representing the shear thinning effects are listed in 

Table A3. The strong shear thinning behavior of epoxy resin with exfoliated ZrP-1000 is 
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believed due to the high shear stress required to rotate and align dispersed ZrP layers 

along the direction of shear force.  

 

0

10000

20000

30000

40000

50000

0 20 40 60 80

Shear Rate (1/s)

Vi
sc

os
ity

 (c
p)

Aspect Ratio 1,000 (28°C)

Aspect Ratio 100 (28°C)

Epoxy/TBA (28°C)

Neat Epoxy (28°C)

 
(a) 

 

0

5000

10000

15000

20000

25000

0 20 40 60 80

Shear Rate (1/s)

Vi
sc

os
ity

 (c
p)

Aspect Ratio 1,000 (50°C)

Aspect Ratio 100 (50°C)

Neat Epoxy (50°C)

 
(b) 

 
Fig. A5. Viscosity of neat epoxy and α-ZrP nanoplatelet dispersed epoxy resins with 
variation in the aspect ratio of nanoplatelets, measured at (a) 28, (b) 50, and (c) 80°C. 
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Fig. A5. Continued. 
 

 

It is surprising that note that a mere 0.7 vol% of ZrP-1000 can create such a high 

visocosity build up at low shear rate  and exhibit significant shear thinning behavior at 

high shear rate.  To determine whether or not the observed strong shear thinning behavior 

in epoxy/ZrP-1000 is because of the possible higher surface area of the ZrP-1000 over 

that of the ZrP-100, an idealized schematics of ZrP-100 and ZrP-1000 nanoplatelets are 

drawn in Fig. A6. In Figs. A6(a) and A6(b), the ZrP layers dispersed in epoxy resin are 

simplified into square platelets with a length of L and 10L for ZrP-100 and ZrP-1000, 

respectively. Since both ZrP-100 and ZrP-1000 nanoplatelets in epoxy have been fully 

exfoliated, the thickness (t) of each nanoplatelet is the same. According to Fig. A6, it is 

evident that, at the same volume fraction of 0.7vol%, the ZrP-100 actually has a slightly 

higher surface area than ZrP-1000 simply because more nanoplatelet edges are present for 
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the epoxy/ZrP-100 system.  Thus, it is reasonable to claim that the observed strong shear 

thinning behavior of the ZrP-1000 is not because it has a higher overall surface area. The 

continuity of surface area can be considered as the same concept of the aspect ratio of the 

dispersed nanoplatelets. 

 

 

 

(a) 

 

(b) 

Fig. A6. Schematic diagram for the surface area comparison of α-ZrP nanoplatelets with 
aspect ratio of (a) 100 and (b) 1,000. A single layer structure of α-ZrP has been simplified 
as a square. 
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When considering the rotational volumes and moments of inertia of ZrP-100 and 

ZrP-1000, we can notice that, on an average, ZrP-1000 requires 10 times larger rotational 

volume and 100 times higher moment of inertia than that of 100 pieces of ZrP-100 

nanoplatelets. The moment of inertia of a surface area with respect to X axis (IX) can be 

expressed as: 

 

∫= dAyI X
2

     (2) 

 

where, y is certain distance from x axis to an element, and dA is differential element of 

area. 

Consequently, much higher resistance, or viscosity, is introduced for ZrP-1000 to 

rotate and align themselves along the shear orientation at low shear rate. When the shear 

rate is high, once the high aspect ratio nanoplatelets have aligned along the shear 

direction, significant drop in viscosity is expected.  This leads to the observed significant 

shear thinning behavior of epoxy resin.  

It is intuitively clear that temperature will have a strong effect on rheological 

behavior or polymers.  As shown in Figs. A4 and A5 and based on the power law 

parameters listed in Tables A2 and A3, the shear thinning dependency on temperature is 

evident. Generally the viscosity of non-Newtonian fluids decreases as temperature 

increases, and vice versa. Thus, at a higher temperature, intrinsic viscosity of epoxy resins 

decrease. A higher shear rate is needed to induce the rotation and alignment of dispersed 

nanoplatelets in epoxy resin at the higher temperature.  
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The viscosity data obtained is compared with the Krieger–Dougherty (KD) model, 

which has been shown to be effective for describing the rheological behavior of particle-

filled polymers. This model indicates that the viscosity of the polymer will increase if 

particles are added, and the magnitude of viscosity increase depends on the concentration 

and shape (aspect ratio) of the particles: 
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where, η is the viscosity of the suspension, η0 is the viscosity of medium (ie, epoxy resin 

in this case), φ is the volume fraction of fillers, φc is the effective maximum packing 

volume fraction when the free-rotational motion is hindered due to geometric constraint. 

The intrinsic viscosity [η] and φc can be calculated from the theory of Wang et al. Also, 

Jeon et al. has reported that the K-D model describes the nanoplatelet-dispersed 

prepolymers well. 

Fig. A7 shows the comparison between the K-D models for the viscosity profiles 

of the model epoxy/ZrP systems at 28°C. In Fig. A7(a), the degree of exfoliation of 

nanoplatelet is being expressed in terms of effective aspect ratio, meaning that the higher 

aspect ratio, the better level of exfoliation of nanoplatelets. It can be noticed that the K-D 

model predicts that the effective aspect ratios of 2.0 vol% of good and poor exfoliation 

systems are about 80 and 30, respectively. Since the aspect ratio of an individual 

nanoplatelet has been found to be about 100 and is fully exfoliated via TEM, a lower 
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number of effective aspect ratio of dispersed filler indicates either the use of surface 

modifier, monoamine, has inadvertently caused an increase in viscosity or the model has 

overestimated the particle-polymer interaction forces. Additional work may be needed to 

address this issue.   

The K-D model in Fig. A7(b) describes the relative viscosity prediction affected 

by the aspect ratio of nanoplatelets ranging from 100 to 1,000.  It shows that the higher 

aspect ratio nanoplatelets can increase the viscosity of suspension more dramatically. In 

the case of ZrP-100, the viscosity profile follows relatively well with the model. However, 

It should be noted that the K-D model is only valid for filler loading level below 0.2 vol%. 

As for ZrP-1000, the effective aspect ratio is found to be about 350. The large 

discrepancy between the effective and the actual particle aspect ratios can be explained 

with the strong curvature of high aspect ratio α-ZrP nanoplatelets shown in the TEM 

images in Fig. A3 (c) and (d).  

As stated in the experimental sections (Table A2), to observe the intercalating 

agent effects, two types of intercalating agents, i.e., Jeffamine M600 and TBA, have been 

utilized in this study. From Tables A2 and A3, the consistency index (K) of TBA 

intercalated and exfoliated ZrP dispersed epoxy is higher than that treated with Jeffamine, 

even at a lower (0.7 vol%) loading level. To make a fair comparison, neat epoxy resins 

that contain only surface modifiers (Jeffamine or TBA) were also prepared. As shown in 

Figs. A4 (a) and A5 (a), by adding Jeffamine into epoxy decreases the viscosity of epoxy 

resin, whereas incorporation of TBA into epoxy shows the opposite. Also, it can be 

noticed from Tables A2 and A3, the flow indexes have not been changed much. With this 
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trend, it is possible to explain that the higher shear viscosity values found in TBA treated 

epoxy/ZrP even at lower nanoplatelet loading level.  

 

 
(a) 

 
(b) 

Fig. A7. Constitutive model (K-D model) prediction and relative viscosity data at 28°C 
in terms of (a) degree of exfoliation (α-ZrP aspect ratio 100;  and  represent good 
and poor exfoliation, respectively.) and (b) aspect ratio(  and  represent α-ZrP aspect 
ratio 1,000 and 100, respectively). The numbers in bold font express aspect ratios of 
dispersed fillers in suspension.   
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A4.  Conclusion 

A systematic study on the rheological behavior of α-ZrP nanoplatelets dispersed 

into epoxy resins varying in the degree of exfoliation and aspect ratio has been 

performed. Neat epoxy resin exhibits Newtonian-like rheological behavior while the 

addition of exfoliated nanoplatelets into epoxy resin has shown to result in a non-

Newtonian behavior, which is characterized as shear thinning. Furthermore, the higher 

degree of exfoliation and the high aspect ratio of incorporated nanoplatelets lead to 

increased viscosity and significant shear thinning behavior of epoxy resins. By 

employing the concept of moment of inertia and surface area calculation, it has been 

explained that the increase of viscosity and shear thinning phenomena is mainly 

attributed to the high aspect ratio of dispersed nanoplatelets. Additionally by using K-D 

model, the effective aspect ratios of dispersed nanoplatelets in epoxy resin have been 

predicted and compared with the rheological data and TEM images.  
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