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ABSTRACT

Structure-Property Relationship in Core-shell Rubber Toughened

Epoxy Nanocomposites. (December 2003)

Ki Tak Gam, B.S., Pusan National University;

M.S., Pusan National University

Chair of Advisory Committee: Dr. Hung-Jue Sue

The structure-property relationships of epoxy nanocomposites with inorganic

layer-structure nanofillers have been studied to obtain the fundamental understanding of

the role of nanofillers and the physics of polymer nanocomposites in this dissertation.

Several polymer nanocomposite systems with modified montmorillonite (MMT) or α-

zirconium phosphate (ZrP) nanofillers were prepared with epoxy matrices of different

ductility and properties. The successful nanofiller's exfoliations were confirmed with X-

ray diffraction and transmision electronic microscopy (TEM). Dynamic mechanical

analysis (DMA) on the prepared epoxy nanocomposites revealed the significant increase

in rubbery plateau moduli of the epoxy nanocomposite systems above Tg, as high as 4.5

times, and tensile test results showed improved modulus by the nanofiller addition, while

the fracture toughenss was not affected or slightly decreased by nanofillers. The brittle

epoxy nanocomposite systems were toughened with core shell rubber (CSR) particles

and showed remarkable increase in fracture toughness (KIC) value up to 270%. The CSR

toughening is more effective at ductile matrices, and TEM observation indicates that
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major toughening mechanisms induced by the CSR addition involve a large scale CSR

cavitation, followed by massive shear deformation of the matrix.
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CHAPTER I

INTRODUCTION

1.1 Background

Polymer nanocomposites are composite materials that consist of a polymer

matrix with well- dispersed nanofillers, which have at least one dimension at the

nanometer scale.  Since the report on nylon-clay nanocomposites from Toyota Central

Labs was published, much research has been performed, on the syntheses,

characterization, and properties of polymer nanocomposites, to understand the

fundamentals of nanofiller effects on the matrix polymer resins [1-13]. These polymer

nanocomposites show improved properties including enhanced mechanical properties at

low loading of nanofillers, increased gas barrier properties while retaining clarity,

dimensional stability, etc. The exfoliation of the layered structure nanofillers in the

polymer matrix is very important to maximize the reinforcement by the nanofillers for

the property improvement [6]. However, many of the reported polymer nanocomposites

have not convincingly proved the complete exfoliation of layer structures in the polymer

matrix, and some intercalation and aggregated layer structures unavoidably remained

with  their  repeatable  regular  structures  in  the  composite  materials.    The exfoliation

This dissertation follows the style of Journal of Materials Science.

BDM
Line
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mechanisms of the nano-layer structure in the polymer nanocomposites are still under

investigation for many polymer nanocomposite systems.

Epoxy resins are used in many different applications in the automotive,

construction, and aerospace industries for their appropriate materials properties

including mechanical properties and thermal and chemical stability [14]. On the other

hand, because of their high crosslinking density epoxy resins are inherently brittle. This

brittleness of epoxy resin is one of the major obstacles preventing epoxy's wider

application use in industries. To overcome the lack of toughness in brittle and notch

sensitive polymers, elastomer fillers have been incorporated [15-25]. However elastomer

filler use in polymer resins reduces stiffness, strength, and creep resistance of the

toughened polymer system.   There are several available methods to toughen polymer

matrices with additives, namely rigid-rigid polymer toughening, rubber toughening, etc.

Preformed core-shell rubber (CSR) was introduced to toughen polymer matrices most

efficiently among available rubber toughening methods [26], and it was reported that

CSR particles significantly enhance the toughness of epoxy resins with only around 3

wt% addition [27, 28].  This amount of CSR does not significantly reduce the stiffness

and strength of matrix resins, however it does improve the fracture toughness of the

matrix.

Many researchers extensively studied the preparation and physical property

improvements of epoxy-clay nanocomposites with the nanofiller additions [6, 29]. But,

toughness and fracture mechanisms of polymer nanocomposites were not well

understood. It is worthwhile to study the effect of nanofiller addition in epoxy clay
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nanocomposites on strengthening mechanism and fracture behaviors and toughening

mechanisms of the nanometer scale CSR particles.

1.2 Objectives of This Research

This research is part of a large effort towards the fundamental understanding of

the physics of polymer nanocomposites, especially on the preparation of polymer

nanocomposites with layer-structure nanofillers and their effects on the mechanical

properties of polymer nanocomposites with fracture toughness and toughening

mechanisms.  To achieve these goals, several epoxy clay nanocomposite systems are

carefully prepared with different nanofillers and matrices of different ductility, and

characterized to confirm the nanolayer's exfoliation. Dynamic mechanical analysis and

tensile tests were performed with microscopy to understand the effects of

nanocomposites morphology on their mechanical properties. The extensive

investigations of fracture toughness and toughening mechanisms of the prepared

polymer nanocomposites and toughened systems are involved with a variety of

microscopy techniques. The present work is expected to significantly contribute to the

fundamental understanding of the role of nanofillers in polymer nanocomposites and to

the fracture behavior and toughening mechanisms of polymer nanocomposites with CSR

fillers.
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1.3 Overview of This Research

As part of a large effort to understand the fundamental physics of polymer

nanocomposites, current research covers preparations of several different epoxy

nanocomposite systems, characterizations, mechanical property evaluation and

toughness, and investigation of toughening mechanisms of toughened polymer

nanocomposite systems.

In Chapter II, background knowledge relevant to polymer nanocomposite

research and general review of related literature is provided. Chapter III addresses the

preparation, characterization, and the mechanical properties and toughening mechanisms

of epoxy-clay nanocomposites with CSR of different ductility.

The preparation of epoxy nanocomposites based on the intercalated α-Zirconium

Phosphate (α-ZrP) and their mechanical properties are discussed in Chapter IV. Chapter

V reports that the effects on the mechanical properties of the α-ZrP-epoxy

nanocomposites by the different amount of surface modifier for the intercalated α-ZrP,

and the toughening mechanisms of the CSR resulted in toughened α-ZrP-epoxy

nanocomposites. In Chapter VI, an overall summary of present research is given with

some recommendations for future research. General conclusions of the work

accomplished in this thesis are drawn in this chapter.
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CHAPTER II

BACKGROUND AND LITERATURE REVIEW

2.1. Introduction

Polymer nanocomposites with well-dispersed inorganic nanometer-scale

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

extensively.  For example, clay-epoxy nanocomposites have been shown to exhibit

remarkably improved mechanical and gas barrier properties.[4~9] Clay-nylon 6

nanocomposite was also reported to possess greatly improved tensile strength, modulus,

and heat distortion temperature.[1~3, 10~13] At present, despite the concept of polymer

nanocomposites being in existence for almost two decades, there are still considerable

efforts to be carried out which includes effective toughening of polymer

nanocomposites.

There are several ways to define nanocomposites. First of all, many different

nano-fillers can be found including zero-dimensional nano-particles, one-dimensional

linear chain structure nano-materials (e.g., nanofibers), two-dimensional layered

structures (e.g., exfoliated layer-structure montmorillonite (MMT) clay), and three-

dimensional network structures with nanometer-scale channels (e.g., zeolite). In general,

these nanofillers have sizes in the range of 1~100 nm, and they are well-dispersed in
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matrix materials to create nanocomposites. When polymer materials are used in the

matrix, the composites are named polymer nanocomposites.

In current papers, the terminology for nanocomposites can be defined as follows.

If the layer-structure filler is not intercalated nor exfoliated, the nanocomposite can be

designated a conventional composite material. If the layer-structure fillers are partially

intercalated or exfoliated in the matrix, but not completely exfoliated or shows some

aggregated layer structure in the matrix, the nanocomposite can be called an intercalated

nanocomposite. If the layer-structure of the nanofillers is well delaminated, randomly

oriented and homogeneously dispersed layer-by-layer without remaining repeated layer

structures detected by X-ray diffraction or transmission electronic microscopy, the

nanocomposite is referred as an exfoliated nanocomposite.

Two main applications of polymer nanocomposites are engineering polymers and

packaging materials. Because of the increase in modulus, tensile strength, heat distortion

temperature and retention of impact strength, polymer nanocomposites have many

possibilities for engineering polymers applications, e.g., automobile parts (especially

under-the-hood applications). The packaging materials application, such as food,

beverage, and pharmaceutical packaging, is also a good area for nanocomposite use due

to increased gas barrier properties against O2, CO2, and water vapor while retaining

clarity. Material properties serve as a foundation of practical engineering applications of

nanocomposites including these two major applications. They also are pivotal for further

research and development of polymer nanocomposite materials. Thus, materials
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properties need to be explained alongside the fundamental understanding of the role of

nanofillers in nanocomposites.

In this chapter, background knowledge relevant to polymer nanocomposites and

a general review of related literature is provided. Nanofillers for polymer

nanocomposites and their purification, surface modification, and preparation of polymer

nanocomposites is discussed, and mechanical properties and rubber toughening for

polymer materials will be reviewed.

2.2. Nanofillers for Polymer Nanocomposites

Polymer nanocomposites with matrices based on epoxy [4~9, 30~32],

polyamide-6 [1~3, 10~13], polypropylene (PP) [11, 33], polystyrene [34], and

nanofillers based on montmorillonite clay, TiO2, CaCO3, SiO2 [35~37], have been

extensively studied.  Significant efforts have been paid to achieve maximum dispersion

of nanofillers in polymer matrices.  However, aggregation of nanofillers, to various

degrees, is unavoidable.  As a result, the cause(s) for the significant drops in ductility

and toughness found in polymer nanocomposites cannot be unambiguously determined

due to the constraining effect of the nanofiller particles or to the presence of the

detrimental aggregates in the polymer matrix, or both.

Montmorillonite clay is among the most widely chosen nanofiller for polymer

nanocomposites because of its several advantages.  Clays have high ion exchange

capacity, which allows modification of the interlayer spacing to achieve better
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compatibility with host polymer matrices.  It also exhibits high aspect ratio to give better

reinforcement effect [38].  Most importantly, clay is abundant and inexpensive.  Its

potential for large-scale commercial uses is high.

Clay is mined naturally and then purified for filler applications. Therefore the

particle size distribution and aspect ratio of clay can be limitedly controlled for specific

research purposes to understand the fundamental physics of the polymer nanocomposite.

With the exception of nylon 6/clay nanocomposites [39], most of published results on

clay-based polymer nanocomposites only exhibit incomplete exfoliation of the clay

[40~42].  Many of the inconsistent claims on how nanofillers influence properties, such

as Tg, toughness, ductility and strength, may partially be due to imperfect exfoliation or

presence of aggregation of clay in the polymer matrix, or some unknown nanofiller

surface chemistry and reactions.

For these concerns, synthetic α-zirconium phosphate (α-ZrP), Zr(HPO4)2•H2O is

used as a layer-structure nanofiller in the latter part of this study. Because of the higher

ion exchange capacity of α-ZrP as compared to montmorillonite clays, the controllable

size and aspect ratio of α-ZrP particles, and the narrow particle size distribution of α-

ZrP, we can investigate the fundamental nanofiller effects on the properties of the host

polymers.

Crystalline α-ZrP was first prepared in 1964 by Clearfield and Stynes [43].  The

crystal structure has been determined to be a layer structure in both P21/n and P21/c

space groups [44].  This layer structure is similar to montmorillonite clay.  However, the

layers are formed by zirconium atoms connected between them by the oxygen atoms of
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the phosphate groups.  Each phosphate contributes three of its oxygen atoms to the

formation of these layers, leaving one OH group pointing into the interlayer space.

Earlier studies have shown that α-ZrP is capable of incorporating 2 moles of n-

alkylamines with the formation of a bilayer in the interlayer space [45].  This occurs

through an acid-base reaction, where the proton is transferred from the -POH group to

the nitrogen or by hydrogen bonding.

So far, only two related research papers were found focusing on the intercalation

of α−ZrP particles using amino acids [46] and on α-ZrP modification using equimolar

tetra-n-butyl ammonium hydroxide to prepare thin films of α-ZrP [47].  No known effort

has been focused on the utilization of α-ZrP to prepare polymer nanocomposites.

2.3. Clay Purification and Nanofiller Surface Modification

There are a few requirements for clay to be used as a nanofiller. First, the

purification to remove the 5~35% impurity from the natural montmorillonite is

necessary. If these impurities are not removed from the clay, they may act as stress

concentrators or increase haze in the final composites. The purification is composed of

two steps.[48] The first step is to remove carbonate. Carbonate in gallery of

montmorillonite from nature, causes floccuation of phyllosilicate layers, and must be

replaced with Na+, which tends to disperse soil particles. This process can be achieved

with NaOAc. The second step is to remove organic matter and MnO2. The organic
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matter in the Na+ saturated samples obtained from the first step aggregate in the soil, so

it needs to be removed with an oxidizing agent, such as H2O2.

The purified montmorillonite needs to be surface-modified for exfoliation in the

polymer matrix. The Na+ saturated, pure montmorillonite surface needs to be modified

with appropriate surface modifiers to achieve the compatibility with polymer matrices by

changing the hydrophilic clay surface to a hydrophobic modifier. The modifier is

composed of a non-polar tail on one end and a positive group on the other end. After

surface modification, it can be compatible with a non-polar polymer matrix and also this

can replace the Na+ on the negatively charged phyllosilicate surface. There are several

available methods to modify the clay surface. Cation exchange is a traditional method

since 1949 [49]. This method substitutes onium ions (contain amine functionality) for

the exchangeable cations. It is used for Cloisite particles (modified clay products of SCP

Inc.), I.24T, I.30TC (products of Nanocor), and usually a reversible chemical reaction

takes place in which positive ions in a solution are exchanged for the equivalent ions in a

clay solid surface. For example, in the surface treatment of montmorillonite with

octadecyl amine, the reaction occurs between the Na+ ions binding on negatively

charged montmorillonite surfaces and the positively charged ammonium (NH3
+) groups

from octadecyl amines. Ion dipole interaction is another method. It is a relatively new

method, involving attaching organic molecules (containing alcohol, carbonyl, ether

groups) to the exchangeable cations. The modified clay product from Nanocor, I.35K

and I.46D is prepared with this method [50]. Several reports on the study of the effects

of surface modification to prepare nanocomposites reveals that the exfoliation of layer
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structures need enough length of the surface modifier to avoid restrictive diffusion of

layer structures, and prefer more acidic ammonium exchange ions.[29, 51]

Synthesized α-ZrP is dried and powdered for surface modification without

further purification. Monoamine surface modifier, Jeffamine M-715 is used for surface

modification of synthesized α-ZrP particles. [43, 52]

2.4. Preparation of Polymer Nanocomposites

In-situ intercalative polymerization is a common way for preparing epoxy-clay

nanocomposites with intercalated organic monomers in the inorganic layered host

undergoing polymerization. The in-situ intercalative polymerization is typically

performed from the start with the mixing of modified clay with liquid epoxy resin,

sonication of the mixture, addition of a curing agent to the mixture and degassing,

followed by two-step curing at elevated temperatures. Another way to prepare

nanocomposites is melt blending the polymer resin with modified inorganic fillers and

compatibilizers, as in the PP-clay nanocomposites with PP and maleic anhydride

modified PP as compatibilizer [33].  The procedure is started by dry mixing the three

components, which are modified clay, maleic anhydride modified PP oligomer, and PP

matrix resin. Then, they are melt blended at 210 oC using twin screw extruders to make

the nanocomposites.

Many researchers study the polymer nanocomposites report on the major factors

affecting the exfoliation of the layer-structure nanofillers in polymer matrices. Ion
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exchange capacity of the silicate layers, chemical nature of interlayer cations, polarity of

the organic cations, polarity of medium and polarity of the monomer are among the

important factors they investigate.[29, 53] Also, the curing agents, the diffusion of

monomers and curing agents, the preparation conditions, such as temperature, mixing or

stirring conditions, sonication, etc, can affect the successful exfoliation of the nano-

layers in polymer nanocomposites.[29, 54, 55]

2.5. Mechanical Properties and Fracture Toughness of Polymer

Nanocomposites

Improvement in various mechanical properties is one of most interesting aspects

of polymer nanocomposites. The reinforcement of tensile modulus by addition of layer-

structure nanofiller was broadly investigated by researchers with many different polymer

matrices including poly(amide-6) [1~3, 10~13], PP [33], poly(amide-6)/PP [11],

polysulfone [56], polystyrene[11, 34], poly (ethylene terephthalate-co-ethylene

naphthalate)(PETN) [57], poly (vinylalcohol)(PVA) [58], epoxy resin [4, 6, 29, 51],

polyimide film [35, 59~62], and polyurethane [63~65].

 The most significant enhancements of the moduli were found in the MMT -

PETN nanocomposite and MMT-PVA nanocomposite. The MMT-PETN nanocomposite

with 4wt% MMT showed improved modulus of 4.34 GPa from 1.57 GPa of neat PETN,

and MMT-PVA nanocomposite with 2.11 wt% of MMT yielded modulus of 212 MPa

whereas neat PVA has a modulus of 69 MPa. Many other prepared nanocomposites
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show moderately improved tensile moduli with the addition of the nanofillers, however

they are not so significant as these two systems. It is possibly due to the incomplete

exfoliation of the nanofillers in polymer resins as clearly found in several reports [10,

61] and supported with micro-mechanics view point with model system [66], and the

matrix rigidity also may affect this not-significant improvement of the tensile modulus

of matrix.

The most common approach to investigate the fracture toughness of polymer

materials are Single-edge notch 3 point bending (SEN-3PB) tests as described in ASTM

D5045-96 method to acquire the mode I critical stress intensity factor, KIC. The sequence

of damage or events leading to the toughening of the polymer is crucial in understanding

the role the toughener plays. Values alone do not allow observation of damage zones or

toughening mechanisms. The double-notch 4 point bending (DN-4PB) test studies the

crack tip damage zone. From this morphology study at the damage zone the information

of the fracture behavior of the materials can be obtained. It is imperative that this method

is utilized to validate the values obtained from other mechanical tests.

For the fracture toughness of the polymer nanocomposites, only a few studies

exist [32, 67]. A report on the clay nanocomposites with nylon6 and PP matrices

addressed fracture behavior [67]. The extensive cavitational behavior was found at the

temperature above its Tg and for nylon6 the typical shear banding deformation is

changed at least in the initial stage, and localized interfacial damage provokes significant

matrix fibrillation and failures were mainly found where the clay exfoliation was not

completely achieved. However, not many studies were performed to understand the
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fracture behaviors of polymer nanocomposites, and the fundamental understanding of

the role of nanofillers in fracture and toughening mechanisms of polymer

nanocomposites is not yet established.

2.6. Rubber Toughening of Polymers

Several methods have been employed in past research to toughen different

material systems. These methods have led to different toughening mechanisms that can

be evaluated and shown to improve properties significantly. As mentioned before, the

rigid-rigid polymer toughening method has proven advantageous in improving properties

in different material systems including bismaleimide(BMI) resin toughened with

preformed polyphenylene oxide (PPO) particles and isotactic polypropylene toughened

with Noryl (a mixture of PPO and high impact polystyrene) particles.  It was found that

PPO could be utilized to greatly increase the toughness of BMI without compromising

its stiffness [68].  This has been evidenced by dilatation band formation and crack tip

blunting [69, 70].  This concept is actually derived from the rubber toughening approach.

This method suggests that a second-phase rigid polymer can help relieve tension and can

generate stress concentration sites, similarly as rubber-toughened epoxy systems do to

toughen a rigid polymer matrix [69]. Other techniques for toughening brittle epoxies

include making a chemical modification of a given epoxy backbone to a more flexible

backbone structure, an increase of epoxy monomer molecular weight, and lowering of
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the cross-link density [71].  Each toughening approach exhibits unique advantages over

the others.

Rubber is typically used as a toughening agent. For the rubber modified epoxies,

Garg and Mai [72] found more than 14 toughening mechanisms available around

developing cracks.  Shear-banding, crazing, crack bridging, micro-cracking, crack-

bifurcation, crack deflection, and crack pinning are the important toughening

mechanisms. The particle size is another other important factor in generating effective

toughening mechanisms such as massive crazing and shear banding. As demonstrated by

both Kramer [73] and Bucknall [16], the optimum toughness of PS was achieved at the

size of rubber particles about 0.5 ~2 µm. Jang [74] also demonstrated that larger rubber

particles mainly led to massive crazing while smaller rubber particles caused matrix

shear yielding.

A study using an epoxy resin showed that the CSR modified system exhibited the

most effective toughening among all available rubber tougheners [27].  The preliminary

work has also shown significant increase in fracture toughness [75].  The significant

improvements in toughness (GIC) by CSR addition (490~640 J/m2) compared with DAR

(Dispersed Acrylic Rubber) addition (420 J/m2) in the Diglycidyl ether bisphenol-A/4,4'-

diamino diphenylsulfone(DGEBA/DDS) epoxy system, which has GIC value of 180 J/m2

was reported [27].

It was found that between three to five percent of CSR had the greatest effect on

the epoxy matrix [27, 28].  Studies compared the effect of the variation of particle size,

particle size distributions and particle distribution [27, 28].  It was found that smaller
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particles provided a greater increase in toughness by cavitation-induced shear banding.

It has also been found that it is preferable to obtain a globally, randomly dispersed

system of particles that may be locally clustered in order to obtain higher toughness [27].

Because of this promising work of using CSR to toughen epoxy-based resin systems, it

is believed that this same technology can be applied to the clay-polymer nanocomposites

as a toughening agent.

To strengthen polymer matrices, we can apply the nanocomposite technology via

the surface modified montmorillonite clay particles, which have proven to effectively

increase modulus and strength of the epoxy resin [5, 6, 29].  Also, if combined with the

CSR particles, the material can have an increased modulus with improved toughness.

From this finding, it is possible that the toughness of polymer matrices can be further

improved while maintaining, not compromising, the modulus of the material.

In summary, the study up to date still does not allow for establishment of the

mechanical behavior and toughening mechanisms of polymer nanocomposites. There is

much work to be done to gain knowledge of the unambiguous fundamental structure-

properties relationship of polymer nanocomposites and the understanding of the role of

nanofillers in the nanocomposite materials.
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 CHAPTER III

FRACTURE BEHAVIOR OF CORE-SHELL RUBBER-MODIFIED

CLAY-EPOXY NANOCOMPOSITES*

3.1 Introduction

Toughness is one of the most important material properties to be considered for

engineering applications.  Unfortunately, fracture toughness and ductility of

nanocomposites usually are known to deteriorate due to the presence of the rigid,

inorganic nanofillers.  It is not yet known the exact fundamental causes for such

significant drops in fracture toughness and ductility.  It is possible that either polymer

nanocomposites inherently contain incomplete dispersion of nanoparticles, which form

aggregates, that cause premature crack formation or the presence of exfoliated

nanoparticles restricts molecular mobility of the surrounding matrix material, which lead

to embrittlement, or both.

Many researchers have reported that polymer nanocomposites exhibit improved

modulus and strength.  However, toughness and fracture mechanisms of polymer

nanocomposites have not been systematically investigated.[10, 29, 76]  Several methods

* Reprinted from accepted paper for Polymer Engineering & Science, SPE as "Fracture
Behavior of Core-Shell Rubber-Modified Clay-Epoxy Nanocomposites" by K. T. Gam,
M. Miyamoto, R. Nishimura and H.-J. Sue.

BDM
Line
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have been successfully employed in the past to toughen different polymeric

systems.[68~72] A study using an epoxy resin has shown that among all the available

rubber tougheners, preformed core-shell rubber (CSR) particles are most effective in

toughening epoxy.[26]  As a result, CSR is chosen for this work to toughen epoxy

nanocomposites.

In this study the mechanical properties of two model clay-modified epoxy

nanocomposites and the toughening effects of CSR on epoxy nanocomposites were

investigated.  The tools utilized for characterizing the state of clay dispersion of the two

model epoxy nanocomposites include wide angle X-ray diffraction (XRD), and

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

the model epoxy nanocomposites were studied.  Fracture toughness and failure

mechanisms of the clay-epoxy nanocomposites at different temperatures were also

investigated.  The fracture and toughening mechanisms of the clay-epoxy nanocomposite

with and without the addition of CSR particles were investigated by probing the crack

tip damage zones of the double-notch four-point-bend (DN-4PB) specimens [26], using

transmitted light optical microscopy (TOM) and TEM. The effectiveness of CSR on

epoxy nanocomposite toughening is investigated.  The physics of why and how epoxy

nanocomposites become brittle is also discussed.
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3.2 Experimental

3.2.1 Materials

Two epoxy systems, having two distinctively different glass transition

temperatures (Tg) and ductilities, were chosen to study how the nanoclay and CSR affect

the mechanical properties of epoxy.  The first epoxy resin (System-1) used for the

epoxy-clay nanocomposite preparation was diglycidyl ether of bisphenol-A (DGEBA)

epoxy resin (DER332®, Dow Chemical).  Diamine terminated polyether (Jeffamine D-

400®, Huntsman Performance Chemicals) was used as the curing agent for System-1.

For the 2nd epoxy matrix resin (System-2), a mixture of DGEBA based epoxy and

cycloaliphatic epoxy was used.  A mixture of substituted phthalic anhydride curing

agents with substituted amine catalyst was used to cure epoxy for the 2nd model epoxy

system.

Montmorillonite clay particles having surface modification with octadecyl amine

(Nanomer I.30E®, Nanocore) were used as the nanofiller of System-1.  The pure

montmorillonite clay particle before surface treatment (PGW®, Nanocor) was used as a

reference.  Since the I.30.E nanoclay particles cannot withstand high temperature curing

steps, the more heat-stable montmorillonite, modified with a ternary ammonium salt

(Cloisite 30B®, Southern Clay Product Inc.), was used as the nanoclay filler for System-

2.

Preformed CSR particles from KANEKA Corporation were used to investigate

the toughenability of clay-epoxy nanocomposites.  These CSR particles have a rubber
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core size of 80~90 nm in diameter, and is covered with a compatibilizer copolymer shell

of 10~20 nm in thickness [26].

3.2.2 Preparation of Nanocomposites

After mixing System-1 epoxy resin with I.30E® clay particles at 60°C, the

mixture was sonicated and degassed under vacuum.  Curing agent was then added to the

mixture with stoichiometric ratio at ambient temperature and stirred and degassed again

before pouring into a glass mold.  To prepare nanocomposite plaques, pre-curing of the

resin mixture was performed at ambient temperature for 2 hrs to avoid precipitation of

the surface-treated clay particles in the epoxy matrix.  After pre-curing, the resin mixture

was cured in an oven at 75°C for 2 hrs, followed by 3 hrs post-cure at 120°C.

System-2 epoxy resin, which has a higher Tg than System-1 epoxy resin, was

prepared using the same procedure as System-1, but with different curing schedule, i.e.,

at 125°C for 30 minutes followed by 165°C for 1.5 hrs.

Preformed CSR particles were extracted from aqueous emulsion of CSR using

methyl ethyl ketone (MEK) to remove water and surfactant.  Both System-1 and System-

2 epoxy resins were mixed with CSR in MEK at ambient temperature.  Afterwards the

solvent was removed with a rotavapor (Buchi R-114®) in water bath at 90oC under

vacuum.  The epoxy-CSR mixture was later used to make CSR-toughened epoxy

nanocomposites.
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Specimens having thicknesses of 6.35 mm (0.25 inch) and 3.12 mm (0.125 inch)

were cast for clay-epoxy nanocomposites with CSR, which are designated as System-

1NR and System-2NR, respectively.

 Table 3-1. Compositions of Clay-Epoxy Nanocomposites.

                                                            Clay (wt% of Inorganic part)     CSR (wt%)

 System-1           [Neat resin Epoxy1]                 None                               None

 System-1N            [Epoxy1/clay]                        5.4                                  None

 System-1NR    [Epoxy1/clay & CSR]                 5.4                                   3.0

 System-1C            [Epoxy1/PGW]                      5.0                                  None

 System-2           [Neat resin Epoxy2]                 None                               None

 System-2NR    [Epoxy2/clay & CSR]                 2.0                                   3.0

 System-2R             [Epoxy2/CSR]                     None                                 3.0
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The as-received nanoclay particles from Nanocor have 28 wt% of organic surface

modifier, i.e., octadecyl amine.  Consequently, a composite with 7.5 wt% of nanoclay

particles (System-1N and System-1NR) has only 5.4 wt% of inorganic clay particles.

System-1C, which contains untreated montmorillonite clay particles, was prepared as a

reference.  The compositions of all the clay-epoxy nanocomposites investigated are

summarized in Table 3-1.

3.2.3 X-Ray Scattering Study

The nanofiller dispersion in clay-epoxy nanocomposites was investigated using

XRD.  The Seifert Scintag PAD-V with Cu-Kα radiation was used for XRD to verify the

exfoliation of clay layers in polymer matrices.  The WAXD was performed with 2θ

ranging from 2 to 10 degrees, which corresponds to the d-spacing ranging from 44.2Å to

8.8Å.

3.2.4 Mechanical Properties

Dynamic mechanical analysis (DMA) was performed using Rheometrics (RDS-

II®) with a temperature sweep from –150°C to 200°C at 5°C per step and a frequency of

1 Hz.  A sinusoidal strain amplitude of 0.225 % was chosen for the analysis.  The

dynamic storage modulus (G’) profiles were recorded against temperature.  Tensile test

(ASTM D 638-98) was performed using a screw-driven mechanical testing machine

(Sintech-2®) at a cross-head speed of 0.508 mm/min (0.2” /min) at room temperature.
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Single-Edge-Notch 3-Point-Bending (SEN-3PB) test (ASTM D5045-96) was

conducted to obtain the mode-I critical stress intensity factor fracture toughness (KIC) of

the neat epoxy and clay-epoxy nanocomposite systems.  Measurements of KIC at low

temperatures (i.e., 0°C and –20°C) were performed using SEN-3PB test in an

environmental chamber attached to Sintech-2® machine to investigate the toughening

effects of epoxy matrices with low ductility.

3.2.5 Morphology and Fracture Mechanisms

The DN-4PB test was performed to investigate the subcritically propagated crack

tip damage zone using both TOM and TEM.[27]  TOM investigations of nanocomposite

fracture damage zones were performed on thin sections having a thickness of about

40µm.  The specimens were prepared following the procedures described by Holik et

al.[77]  These thin sections were observed with an Olympus BX60 optical microscope

under both bright field and cross-polarization conditions to observe the overall damage

zone size and feature.

TEM (JEOL JEM-2010A) was utilized to investigate detailed deformation and

fracture mechanisms, such as signs of shear yielding and crazing, operated at an

accelerating voltage of 200kV.  The crack tip damage zone from DN-4PB test was

embedded in an epoxy mount and stained with osmium tetroxide (OsO4) to harden the

rubber phase in epoxy and to obtain sufficient contrast between CSR and epoxy matrix.

Thin sections of 70 ~ 100 nm in thickness were prepared for TEM observation.
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3.3 Results and Discussion

To study the effect of exfoliated clay particles on the properties of epoxy matrix,

System-1 and System-2 series were prepared with the compositions shown in Table 3-1.

It should be noted that only 2wt% of clay was incorporated in System-2NR, instead of

5wt% of clay as in System-1 epoxy, because of the difficulty in the sample preparation

of System-2.

3.3.1 Morphology Characterization

To characterize the state of clay exfoliation in epoxy matrix, both XRD and TEM

were used.  The XRD results suggest that the clay particles in both System-1 [Fig. 3-1]

and System-2 epoxy nanocomposites have exfoliated.

The XRD patterns of System-1N and the pure clay particles are shown in Fig. 3-

1.  The original clay has a sharp peak at 7.2°, which corresponds to a d-spacing of 12 Å

[Fig. 3-1a].  This peak was shifted to about 3.8° (23Å) after surface treatment of the clay

[Fig. 3-1b].  The nanoclay becomes intercalated with a bigger d-spacing (36Å) after

sequentially being immersed into epoxy resin, high shear mixing, and sonication steps

[Figs. 3-1c, 1d, and 1e].  After 2 hrs of pre-curing at ambient temperature the sharp

diffraction peak from the clay is significantly shifted to the left and broadened [Fig. 3-

1f], and finally exfoliation occurs after 2 hrs of curing at 75oC [Figs. 3-1g and 1h]. These

XRD patterns indicate that the clay particles have either highly intercalated or exfoliated
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in epoxy nanocomposites to greater than 44Å (2θ = 2o, the WAXD detection limit) of d-

spacing.  This finding is further supported by TEM observations, to be shown below.

Figure 3-1. WAXS of System-1 Nanocomposites.
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TEM micrographs of System-1N, System-1NR, and System-2NR give direct evidence of

the exfoliation of nanoclay in the clay-epoxy nanocomposites investigated [Figs. 3-2~3].

These TEM micrographs show that the surface-modified clay is well-dispersed in epoxy

matrices with the presence of occasional assembly of wide, loosely spaced intercalated

clay particles.  Typical clay exfoliation in System-1 epoxy resin is shown in Fig. 3-2.

The modified clay is exfoliated layer by layer and clearly appeared as straight or curved

lines in the matrix.  As shown in Fig. 3-3 for System-1, the good dispersion of exfoliated

clay layers or widely spaced intercalated clay particles is not affected by the presence of

CSR (shown as dark round phases in the micrographs) in the matrix.

3.3.2 Mechanical Properties and Fracture Toughness

3.3.2.1 System-1 Epoxy System

The storage moduli (G’) of the clay-epoxy nanocomposites were studied using

DMA.  As shown in Table 3-2 and Fig. 3-4, the rubbery plateau modulus of System-1 is

significantly increased by 132 % with an addition of 5.4 wt% (3vol.%) of nanoclay.

System-1NR shows a moderate rubbery plateau modulus increase by about 50 % of that

of  the  neat  resin.  This  significant  increase  in  rubbery  plateau  modulus is due to the

presence of the exfoliated high surface area, high aspect ratio clay particles, which act as

effective physical crosslinkers.
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Figure 3-2.TEM of System-1N Nanocomposite.
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Figure 3-3. TEM of System-1NR Nanocomposite.
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Table 3-2. Mechanical Properties of System-1 Nanocomposites.

                                              System-1   System-1N   System-1NR   System-1C

 Tensile Modulus (GPa)     2.38          3.69                 3.00                2.52

 Yield stress  (MPa)           39.9          46.6                 38.2                 37.9

 Flexural modulus [0°C]    3190         3620               3410                  -

         (MPa)        [-20°C]   3540          3860               3650                  -

 G' from DMA  [25°C]     1.15E+09   1.24E+09     1.24E+09               -

                  (Pa)       [120°C]   5.70E+06   1.32E+07      8.72E+06              -

 *PGW: montmorillonite clay before surface modification.
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Figure 3-4. DMA of System-1 Nanocomposites.
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Based on the DMA analysis, no significant change in Tg is observed by the

addition of nanoclay particles to epoxy matrix.  Similar findings were also reported by

Chen and Curliss.[76]  It is worth noting that only ordered intercalated nanocomposites

systems are found to be more effective in causing an increase in Tg of epoxy matrices.  A

higher Tg increase can be obtained if the clay content is increased.  However, no

significant change in Tg is observed when the clay is exfoliated, at least at low levels of

clay loadings.[76]  Fully exfoliated nanoclay layers possibly do not effectively hinder

the segmental motions of the epoxy matrix, which are known to affect Tg.[78]

The tensile properties of System-1 series are shown in Table 3-2 and Fig. 3-5.  It

can be seen that, with an addition of only 5.4 wt% (3vol.%) of inorganic nanoclay, the

tensile modulus and yield stress of the epoxy are increased from 2.38 GPa to 3.69 GPa

and from 39.9 MPa to 46.6 MPa, respectively.  These increases are significant when we

consider the modulus and yield stress of the reference clay-epoxy system, i.e., System-

1C, which gives only slight increase in tensile modulus and a small reduction in yield

stress.

The KIC of System-1N is 0.91 MPa⋅m1/2, which is lower than the value of the neat

epoxy system (1.12 MPa⋅m1/2) [Table 3-3].  The investigation of fracture mechanisms on

the clay-epoxy nanocomposite (System-1N) using TOM reveals that the clay addition

does not trigger any effective toughening mechanisms, such as shear bands or crazes.

The crack propagates in a straight and brittle manner.  These  results  are  consistent with
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Figure 3-5.  Tensile Properties of System-1 Nanocomposites.
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Table 3-3. Fracture Toughness (KIC) of System-1 Nanocomposites.

                                       System-1   System-1N   System-1NR   System-1C

 KIC (MPa⋅m1/2) [25°C]       1.12           0.91                3.05                 1.51

                        [ 0°C]          1.19           0.88                1.80                   -

                        [-20°C]       1.07           0.95                 1.23                   -
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the literature finding.[76]  The above study indicates that the addition of exfoliated clay

in epoxy leads to embrittlement of the ductile epoxy matrix.  The main cause for such a

disappointing result may be because of the significant increase of the effective rubbery

plateau modulus, i.e., high crosslink density.  As a result, the ability for the epoxy

network structure to undergo plastic deformation is greatly limited.  This implies that the

presence of exfoliated nanoclay particles can effectively restrict large-scale molecular

motions of epoxy molecules, thus leading to embrittlement of the epoxy matrix.

3.3.2.2 System-2 Epoxy System

Although System-1 is good for fundamental study on the effect of nanoclay

addition on the modulus and strength of epoxy resin matrices, it has a relatively low Tg

(i.e., 50oC), which is not high enough for engineering applications.  For high

performance structural applications, the material needs to have a higher Tg.  This is the

reason why System-2 nanocomposites were prepared and their mechanical properties

were evaluated.

The DMA result shown in Fig. 3-6 is based on System-2 nanocomposites.  The

storage modulus (G’) and Tg were not changed significantly by adding CSR particles and

nanoclay particles.  However, the plots show a clear increase of the magnitude of tanδ at

temperatures from 0 to 150oC after the CSR addition.  Although the hump of tanδ curve

found around 100oC is due to the copolymer shell of the CSR particles, the overall

increases in tanδ values implies that increased damping is introduced by addition of

CSR.
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Figure 3-6. DMA of System-2 Nanocomposites.
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3.3.3 Toughening Using CSR Particles

When the nanoclay-reinforced System-1 epoxy is toughened using CSR (System-

1NR), the tensile modulus is reduced from 3.69 GPa to 3.00 GPa, which is still higher

than that of the neat epoxy.  The yield stress of System-1NR stays almost the same as

that of the neat epoxy [Table 3-2].  However, the KIC of System-1NR is significantly

improved by 172 % [Table 3-3].

The System-1N shows only brittle, featureless crack tip damage zone.  In

comparison, System-1NR shows a much bigger crack tip damage zone [Fig. 3-7].  It is

evident that significant plastic deformation has occurred due to the incorporation of

CSR.  Interestingly, no signs of CSR particle cavitation are found using TEM [Figs. 3-

8~10].   We surmise that the low Tg (50°C) of the epoxy matrix may have led to a quick

recovery of the dilatational plasticity of matrix, which prevented the cavitated CSR from

being observed under TEM.  It is noted that many small cavities in the inter-laminar

region of the clay layers are still found [Figs. 3-8~10].  These cavities may be formed

due either to the weak inter-laminar bonding between clay layers or to the artifact

induced from the thin-sectioning process.  The TOM micrograph in Fig. 3-7 clearly

suggests that massive dilatational process, which scatters light effectively, has taken

place in the crack tip region.   It  is still  unclear  if  such  a  dilatational zone is formed

mainly because of CSR cavitation or clay inter-laminar debonding, or both.  Crack

bifurcation  and  crack  deflection  are  also  observed  from  TEM  of the

nanocompositeSystem-1NR [Fig. 3-10].
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Figure 3-7. Optical Microscopy of System-1NR Nanocomposite with a Crack.
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Figure 3-8.  TEM of System-1NR Nanocomposite Showing Delamination of Nanofillers

with 1 µm Scale Bar.
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Figure 3-9.  TEM of System-1NR Nanocomposite Showing Delamination of

Nanofillers with 100 nm Scale Bar.
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Figure 3-10. TEM of System-1NR Nanocomposite Showing Crack Bifurcation and

Crack Deflection.
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To assess the toughening effect of CSR for less ductile systems, the SEN-3PB

test was performed to evaluate the KIC of System-1 at low temperatures, i.e., 0°C and –

20°C.  The KIC improvements in System-1NR by addition of CSR at 0 and –20oC are

shown in Table 3-3.  The toughening effect is significantly reduced upon testing at low

temperatures.  The above findings suggest that, as expected, the ductility of polymer

matrix influences the toughening effect of CSR, which is consistent with literature

finding.[79]

Similar findings are observed from the toughness measurement of System-2,

which has a lower ductility (higher crosslink density) than System-1.  System-2 has a

higher Tg and can be considered as a more rigid system than System-1 epoxy at ambient

temperature.  The addition of the same amount of CSR (3 wt%) to System-2 produces a

relatively  small  increase  of  KIC from  0.53  to  0.81  MPa⋅m1/2  [Table 3-4].   The big

increase in toughness of System-1NR is most likely due to the large scale plastic

deformation System-1NR introduced [Fig. 3-7].  This phenomenon is not observed in

System-2NR.

The toughening of System-2NR can be attributed to several fracture mechanisms,

such as cavitation of CSR, followed by limited shear yielding of the matrix [Figs. 3-11

and 12].  TEM micrographs in Figs. 3-11 and 12 also show that crack bifurcation,

deflection, CSR cavitations, and bridging of CSR particles are among the operative

toughening mechanisms.
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Table 3-4. Mechanical Properties & Fracture Toughness (KIC) of System-2

Nanocomposites.

                                              System-2     System-2R     System-2NR

 Tensile Modulus (GPa)      3.02 ± 0.11     2.70 ± 0.07     3.29 ± 0.09

 Bending Modulus (GPa)   2.85 ± 0.02     2.68 ± 0.03              -

 KIC (MPa*m1/2) [25°C]      0.53 ± 0.06     0.83 ± 0.11     0.81 ± 0.03

 Tg from DSC (°C)                   163.3             171.7             170.9
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Figure 3-11. TEM of System-2NR Nanocomposite Showing Crack Bifurcation and

Bridging of CSR.
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Figure 3-12. TEM of System-2NR Nanocomposite Showing CSR Cavitation.
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3.4 Conclusions

To investigate mechanical properties and toughening mechanisms of clay-epoxy

nanocomposites by addition of CSR, two model epoxy systems with different Tg (50 and

170oC) were prepared and characterized using XRD and TEM.  The Tg of the epoxy

nanocomposites based on DMA were nearly identical to that of neat epoxy.  The rubbery

plateau moduli of the nanocomposites were increased with an addition of nanofiller.

The tensile moduli of both System-1N and System-1NR were significantly higher than

that of neat resin.  The additions of both clay and CSR have improved not only modulus

but also fracture toughness.  The toughening mechanisms in System-2NR include

cavitation of CSR, followed by limited shear yielding of the matrix.  Crack bifurcation,

deflection, and crack bridging are also observed.  In the more ductile System-1NR

system, the major toughening mechanisms involve a large scale CSR particle cavitation

and/or debonding between the intercalated clay layers, followed by massive shear

banding of the matrix.  The present study has shown that the ductility of polymer matrix

can significantly influence the toughening effect using CSR.  CSR is effective in

improving the fracture toughness of epoxy nanocomposites.
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CHAPTER IV

EPOXY NANOCOMPOSITES BASED ON THE SYNTHETIC α-ZIRCONIUM

PHOSPHATE LAYER STRUCTURE

4.1 Introduction

Polymer nanocomposites exhibit significantly better physical and mechanical

properties than conventional micrometer scale inorganic filler reinforced polymer

composites [1~13, 32~37]. In general, clay-based nanocomposites exhibit greatly

enhanced modulus and gas barrier properties of the host polymers [1-13, 32], but cause

significant reduction in ductility and toughness.

The main drawback of montmorillonite clay is that it is produced via purification

and modification of the mined clay.  It is extremely difficult, if not impossible, to

achieve 100% purity, narrow particle size distribution, and controlled aspect ratio of the

clay nanofiller. Consequently, despite the significant research efforts in the past two

decades, fundamental knowledge on exactly how the degree of dispersion, aspect ratio

and particle size of nanoparticles influence the physical and mechanical properties of

polymers is still lacking.  It is imperative to prepare model polymer nanocomposites that

contain nanofillers with controlled surface functionalities, particle sizes and aspect ratios

to gain unambiguous fundamental understanding of mechanical behavior of polymer

nanocomposites.
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Stemming from the above concerns, as a part of a larger effort to gain

fundamental structure-property relationship in polymer nanocomposites, we used α-

zirconium phosphate (α-ZrP), Zr(HPO4)2•H2O, as a nanofiller in this study. α-ZrP has a

much higher ion exchange capacity than montmorillonite clays, and the size and aspect

ratio of the α-ZrP particles can be controlled by varying reaction time and reactant

concentrations [52]. Also, the particle size distribution of α-ZrP has been found to be

quite narrow, thus suitable for fundamental study of nanofiller effect on the properties of

the host polymers.

In this study, α-ZrP with a large interlayer spacing was synthesized to make α-

ZrP/Epoxy nanocomposites.  For this purpose α-ZrP was intercalated using a

commercially available monoamine-terminated polyether, Jeffamine M715 (M715) with

the formula CH3O(CH2CH2O)14CH2CH2NH2. The resulting material is then incorporated

into an epoxy polymer. The morphology and mechanical properties of the α-ZrP-

reinforced epoxy nanocomposites are studied.  The influence of α-ZrP nanoparticles on

physical and mechanical properties enhancement of epoxy matrix is investigated.  The

implication of this research on fundamental understanding of physical, mechanical, and

functional properties of polymer nanocomposites is also discussed.  A preliminary report

as a proceedings account is available [80].
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4.2 EXPERIMENTAL

4.2.1 Materials

The reagents were used as received: Zirconium oxychloride octahydrate

(ZrOCl2•8H2O), 98% (Aldrich), Phosphoric Acid (EM), Jeffamine M715 (Huntsman

Chemical) and Methyl ethyl ketone (Merck). Diglycidyl ether of bisphenol-A (DGEBA)

epoxy resin (DER 332®, Dow Chemical) was mixed with 4,4'-diamino-diphenyl sulfone

(DDS, Aldrich), which is a curing agent, as the epoxy matrix for this study.  The

DGEBA epoxy monomer has a narrow monomer molecular weight distribution of 172-

176 g/mole.

4.2.2 Synthesis

4.2.2.1 Preparation of ZrP

The detailed chemistry and procedures for the preparation for α-ZrP can be

found elsewhere [81, 82].  Only a brief summary of the α-ZrP preparation is given here.

A gel was prepared by addition of ZrOCl2•8H2O to phosphoric acid and then refluxed 24

hours in 3M phosphoric acid solution.  The X-ray powder pattern of this compound is

presented in Figure 4-1.  The broadened peaks show that the compound is not perfectly

crystallized because the acid used is dilute.  The interlayer spacing of this compound is

about 7.6 Å.  The scanning electron micrograph [Figure 4-2] shows the formation of

aggregates, which consist of many irregular small particles.  The sizes of the aggregated

particles vary between 0.3 µm and 2 µm.
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Figure 4-1. X-ray Powder Pattern of α-Zirconium Phosphate.
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Figure 4-2. Scanning Electron Micrographs of α-Zirconium Phosphate.

4.2.2.2 Intercalation of ZrP with Jeffamine M715

The intercalation reaction [83] of α-ZrP was carried out at room temperature.

Twenty mmol of α-ZrP powder was dispersed in 100 ml of methyl ethyl ketone (MEK)

for six hours.  Forty mmol of monoamine surface modifier (M715) was first dissolved in

100 ml MEK, and then added dropwise into the α-ZrP/MEK mixture. A transparent

yellowish ‘gel’ was obtained.  It was not possible to wash off the excess monoamine

modifier and to dry the resulting compound completely due to its gelatinous nature.  The

10µm
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X-ray diffraction powder pattern of the intercalated α-ZrP (M-α-ZrP) is presented in

Figure 4-3.

Figure 4-3. X-ray Powder Pattern of α-Zirconium Phosphate Intercalated with Jeffamine

M715.

4.2.2.3 Preparation of ZrP-Based Epoxy Nanocomposites

The M-α-ZrP was poured into the epoxy to achieve 1.9 vol. % (5.2 wt %) of α-

ZrP in epoxy (M-α-ZrP/Epoxy).  After removing MEK with a Rotavapor® in a water

bath at about 90oC under vacuum, no aggregation or precipitation was found in the
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viscous mixture.  The mixture was then heated at 130oC, and the curing agent, DDS

added at stoichiometric ratio. This mixture was stirred until a transparent yellowish

solution was obtained. The mixture was degassed under vacuum and poured into a

preheated glass mold. A plaque with dimensions 200 mm (8”) x 200 mm (8”) x 3.12 mm

(0.125”) was cast. The resin mixture was cured in an oven at 180°C for 2 hours,

followed by 2 hour of post-cure at 220°C.

Table 4-1. Compositions of α-ZrP-Epoxy Nanocomposites (Vol.%)

                                              α-zirconium phosphate    Jeffamine M715

        Neat (DGEBA/DDS)               None                              None
        M/Epoxy                                  None                               18.7
        α-ZrP/Epoxy                              1.9                                None
        M-α-ZrP/Epoxy                          1.9                                18.7

For comparison, a neat epoxy panel (Neat/Epoxy), an epoxy panel with only the

Jeffamine (M/Epoxy) and an epoxy panel (α-ZrP/Epoxy) with 1.9 vol. % of α-ZrP were

prepared.   The density of α-ZrP is much higher than DGEBA epoxy; the α-ZrP particles

were dispersed in MEK and stirred overnight to achieve good dispersion in the resin
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matrix.  Then, the mixture was blended with DGEBA and the same procedure as above

was followed. Table 4-1 presents the composition in vol. % of the different panels.

4.2.3 Characterization

X-Ray diffraction powder patterns were recorded using a Bruker D8

diffractometer with Bragg-Brentano θ-2θ geometry (40 kV and 40 mA) and a graphite

monochromator.  The data were recorded between 1o and 30o in 2θ, with a step

increment of 0.04o and a count time of 2s per step for the intercalated compound and the

polymers. For the M-α-ZrP, the samples were prepared by putting a drop of the mixture

on the surface of a flat holder. By slow evaporation of the solvent, a thin film was

formed on the surface of the holder for analysis. For α-ZrP the data were taken between

5 and 75o in 2θ, with a step size of 0.04o and a count time of 2s per step. The powder

was packed into plastic holder.

The Solid-state NMR was performed with magic angle spinning (MAS) on a

modified Bruker MSL-300 MHz machine, operating at 121.5 MHz for 31P.  Eighty five

percent H3PO4 (0 ppm) was used as an external standard.

The infrared spectra were recorded on a Nicolet Nexus 470 FTIR spectrometer

with a spectral resolution of 2.000 cm-1.  A small amount of the sample was put between

two blocks of KBr for analysis. Optical microscopy (OM) was performed using an

Olympus optical microscope (model BX60) under both bright field and crossed-

polarized fields. Scanning electron microscopy (SEM) investigations were performed

(on the fracture surface of the SEN-3PB specimen) using a JEOL JSM-6400, operated at
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20 kV, (to observe the overall α-ZrP particle distribution and the homogeneity of the

dispersion in epoxy). Transmission Electron Microscopy (TEM) was performed on a

JEOL JEM-2010A, operated at 200 kV.  A Reichert-Jung Ultracut-E microtome was

utilized to prepare thin-sections with 70 ~ 100 nm in thickness for TEM observation.

4.2.4 Mechanical Property Characterization

Dynamic mechanical analysis (DMA) was performed using a Rheometrics®

(RDS-II) at a fixed frequency of 1 Hz and a temperature sweep of 5°C per step, ranging

from -150°C to 250°C.  A sinusoidal strain-amplitude of 0.10 % was chosen for the

analysis.  The dynamic storage modulus (G’) and Tanδ against temperature curves were

recorded and plotted.  The temperature at which the tanδ curve shows a maximum peak

is recorded as the glass transition temperature (Tg).

Tensile test (ASTM D638-98) was performed using a screw-driven mechanical

testing machine (Sintech®-2) at a crosshead speed of 0.508 mm/min (0.2''/min) at room

temperature.  An average of at least five tests per sample was performed to report

modulus, yield stress, and elongation at break. The fracture toughness measurements of

the α-ZrP-based epoxy nanocomposites were conducted based on the linear elastic

fracture mechanics (LEFM) approach. Single-edge-notch 3-point-bending (SEN-3PB)

test, following the ASTM D5045-96 method, was used to obtain mode-I critical stress

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

was taken to make sure the starter crack exhibits a thumbnail shape crack front before

testing.  An average of at least five specimens was used to determine KIC of the samples.
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4.3 RESULTS AND DISCUSSION

4.3.1 Characterization of M-ZrP

The X-ray powder pattern of the Jeffamine intercalate shown in Figure 4-3

present only the 00ℓ reflections due to the severe preferred orientation exhibited by the

Jeffamine intercalate resulting from its layered structure. Ten orders of 00ℓ were present

and these were averaged to obtain the basal spacing of 73.27 Å. This value is almost ten

times the value of α-ZrP interlayer spacing (7.6 Å).

The intercalate, being a ‘gel’, where the excess Jeffamine was not able to be

washed out, made it very difficult to analyze. In a previous paper, we studied the

intercalation of different Jeffamines in α-ZrP [83]. For example, thermogravimetric

analysis and elemental analyses on the α-zirconium phosphate intercalated with

Jeffamine M300 (this compound formula is C7H15O(CH3CH(CH3)O)2CH2CH2NH2),

allowed us to conclude that only one mole of the Jeffamine M300 was intercalated into

one mole of α-zirconium phosphate. Structural evidence confirms this hypothesis. It is

well known that even when as little as one mole of amine is intercalated into α-ZrP a

bilayer is formed [45]. Presumably only every other –POH group interacts with an amine

molecule. However, no interpenetration occurs but rather the angle at which the amine is

inclined to the layers is smaller decreasing the interlayer distance. In the case of M715

intercalation the very large interlayer spacing also indicates the presence of a bilayer

with no interpenetration.
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The 31P NMR spectra of the M-α-ZrP intercalate [Figure 4-4] shows two peaks at

-18 and -16 ppm against the -18.9 ppm before the intercalation, which suggests that only

a portion of the phosphate group is reacted with the amine (a shift of 2 ppm). Similar

shifts have been observed on intercalation of n-alkyl amines [84, 85]. This supports the

previous conjecture of the bilayer structure formation with every other –POH groups.

The infrared spectra shown in Figure 5 present the following bands: 3448 cm-1,

2873 cm-1, 1710 cm-1, 1639 cm-1, 1456 cm-1, 1106 cm-1 and 971 cm-1, which are

assigned as water (O-H stretching), C-H stretching, C=O stretching due to the remaining

MEK trapped in the gel, water bending motion, -CH2, C-O stretching from the ether and

P-O stretching, respectively. Bands corresponding to protonated nitrogen were not

detected. These bands are located at 3400-3100 cm-1 for stretch and 1520 cm-1 for bend

and are difficult to detect.  Thus, it can be assumed that the amine is hydrogen-bonded to

the free hydroxide of the phosphate group. 
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(a)

 (b)

Figure 4-4. (a) 31P NMR of α-Zirconium Phosphate. (b) 31P NMR of a-Zirconium

Phosphate Intercalated with M715.
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Figure 4-5. Infrared Spectrum of Jeffamine M715 and α-Zirconium Phosphate

Intercalated with Jeffamine M715
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4.3.2 Characterization of M-ZrP/Epoxy Nanocomposites

Figure 4-6 presents respectively the powder patterns of M-α-ZrP/Epoxy,

Neat/Epoxy and α-ZrP/Epoxy.  The X-Ray diffraction powder pattern of the M-α-

ZrP/Epoxy nanocomposite shows broad humps around 2o, 10o and 20o in 2θ which is

different from M-α-ZrP.  This powder pattern exhibits the amorphous nature of the

nanocomposite material. The first two humps can be assigned to the inorganic matrix,

while the third large broad hump is assigned to the epoxy matrix. In the case of α-

ZrP/Epoxy the powder pattern shows a peak at 7.34 Å, this value was 7.58 Å in the

starting α-ZrP. This change in the interlayer spacing is probably due to the loss of the

water molecule, induced by the heating during the polymerization process, and shows

that the layer structure has not been disturbed by the epoxy.

To directly investigate the dispersion and the state of intercalation/exfoliation of

α-ZrP in the epoxy matrix, OM, SEM, and TEM observations were performed. The

SEM images of α-ZrP powder before intercalation are shown in Figure 4-2 and showed

aggregated primary particles having sizes in sub-micrometers range.  After intercalation

α-ZrP particles with the monoamine and dispersed in epoxy, the nanocomposite panel

becomes transparent with a slight yellowish color induced by surface oxidation, which is

commonly found in cured epoxies. M-α-ZrP/Epoxy panel showed no visible aggregation

[Figure 4-7a].  In comparison, the composite α-ZrP/Epoxy is opaque and dark-brown in

color, indicating the existence of sub-micron size α-ZrP aggregates [Figure 4-7b].
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Figure 4-6. X-ray Powder Pattern of (a) α-ZrP/Epoxy (b) Neat/Epoxy (c) M-α-

ZrP/Epoxy
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Figure 4-7. Photographs of (a) Transparent M-α-ZrP/Epoxy and (b) Opaque α-

ZrP/Epoxy Samples

To make sure that no M-α-ZrP aggregates are present and the overall dispersion

of M-α-ZrP in epoxy is uniform, additional OM and SEM investigations were

performed.  Even after exhaustive examination at high magnifications, no signs of α-ZrP

aggregates were found in the matrix.  Therefore, no OM and SEM micrographs are

presented here since their morphologies investigated are simply featureless.

(a)

(b)
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TEM observation of M-α-ZrP/Epoxy shows widespread exfoliated α-ZrP

particles in the epoxy [Figure 4-8].  The state of dispersion and exfoliation of α-ZrP

particles in the epoxy matrix is uniform throughout the sample.  It is noted that the plane

view images of the α-ZrP particles, i.e., the TEM thin section is parallel to the α-ZrP

platelet surface, are observed (see arrows in Figure 4-8).  It is also noted that, with only

1.9 vol. % of α-ZrP inorganic loading, the area fraction of α-ZrP in epoxy appears to be

much higher than 1.9 vol. %.  This apparent higher percentage of α-ZrP particles in the

micrograph is due to the tilting of the α-ZrP platelets from the plane of the TEM thin

section, and to the good dispersion and exfoliation of the α-ZrP in epoxy.  In contrast,

the TEM micrograph of α-ZrP/Epoxy clearly shows aggregated α-ZrP layer structures,

exhibiting much lower apparent area fraction than that of the M-α-ZrP/Epoxy system

[Figure 4-9].

The aspect ratio of the α-ZrP layer can be also obtained by dividing the observed

length of each α-ZrP layer by the thickness of α-ZrP layer (0.75nm). The estimated

aspect ratio of the α-ZrP ranges from about 100 to 200.  Another interesting finding of

the exfoliated α-ZrP is that α-ZrP platelet structure does not bend or curve [Figure 4-8],

as opposed to the curved clay structure frequently observed in epoxy nanocomposites

[32]. This implies that the α-ZrP structure is more rigid than clay since they both have

approximately the same thickness and aspect ratio.
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(a)

(b)

Figure 4-8. TEM of M-α-ZrP/Epoxy Showing (a) Low Magnification and (b) High

Magnification of Uniform Dispersion and Exfoliation of α-ZrP Layers.
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(a)

(b)

Figure 4-9. TEM of α-ZrP/Epoxy (a) Low Magnification and (b) High Magnification

40 nm
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4.3.3 Dynamic Mechanical Behavior

The glass transition temperature (Tg) of the DGEBA/DDS epoxy system is

significantly decreased by addition of M-α-ZrP. This value drops from 227oC in the case

of neat epoxy to 90oC for the M-α-ZrP/Epoxy [Figure 4-10].  C. S. Trianfillidis et

al.[86], also observed a drop in Tg when they used Jeffamine D2000 as surface modifier

for an epoxy-clay nanocomposite; this drop was attributed to the large number of

propylene oxide segments in D2000. The drastic difference observed in M-α-ZrP/Epoxy

is likely due to the unintended reactions between the excess amount of monoamine and

DGEBA epoxy. This excess monoamine M715 renders the formation of many dangling

chain ends in the cured epoxy network.  This speculation is supported by directly adding

monoamine M715 to DGEBA/DDS system before curing.   Upon curing, the

monoamine-modified DGEBA/DDS (M/Epoxy) shows a significant drop in Tg, from

227oC down to 68oC.  To make a more fair comparison, the properties of M/Epoxy are

compared to those of M-α-ZrP/Epoxy nanocomposite system.  In this case, the Tg of

M/Epoxy is significantly increased from 68oC to 90oC after the addition of M-α-ZrP.

However, the quantity of the monoamine M715 involved in the M-α-ZrP/Epoxy curing

process responsible for the significant drop in Tg, is still uncertain.  Therefore, it is

unclear if indeed the presence of exfoliated α-ZrP actually leads to a greatly enhanced Tg

in the nanocomposite, as compared to M/Epoxy.  This issue is currently being addressed

by altering the level of monoamine and the type of surface modifiers utilized.  The

results will be published in a separate paper.
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In the case of using unmodified α-ZrP for reinforcement, the DMA plot shows

that there is no shift in Tg for the α-ZrP/Epoxy system.  The storage moduli of α-

ZrP/Epoxy system are only slightly higher than those of DGEBA/DDS throughout the

temperature range studied [Figure 4-10].   This suggests that without surface

modification, α-ZrP would act as an ordinary filler.

It is interesting that the storage modulus, G’, increases more significantly at a

temperature above Tg than at temperatures below Tg.  In comparison to M/Epoxy, the

addition of M-α-ZrP to epoxy, the storage modulus, G', of the M/Epoxy matrix at 25°C

is only increased from 1.03 GPa to 1.38 GPa.  However, a significant increase of the

rubbery plateau modulus from 2.90 MPa to 15.8 MPa is observed at temperatures above

their respective Tg values.  The 4.5 times increase in rubbery plateau modulus [Table 4-

2] is probably because the rigid α-ZrP particles serves as physical cross linkers to

elevate the rubbery plateau modulus of the epoxy [5, 32].  It is also possible that the

significant increase in rubbery plateau modulus is due to the decreased amount of free

monoamine in the epoxy matrix due to the adsorbed, immobile monoamine molecules on

the α-ZrP surfaces.

Table 4-2. DMA Results of α-ZrP-Epoxy Nanocomposites

                                                        Neat          M/Epoxy      M-α-ZrP/Epoxy         α-ZrP/Epoxy

Tg (oC)                                              227              68                    90                           227
G’ at 25 oC   (Pa)                         9.69E+08     1.03E+9         1.38E+09                  1.17E+9
Rubbery plateau modulus (Pa)    1.55E+07     2.90E+6         1.58E+07                  1.99E+7
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(a)

(b)

Figure 4-10. . DMA of (a) Neat and α-ZrP/Epoxy (b) M/Epoxy and M-α-ZrP/Epoxy

Systems.
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Most interestingly, the increase in G’ due to the presence of α-ZrP diminishes as

the temperature decreases and becomes non-distinguishable with the neat epoxy when

the temperature approaches the γ-relaxation peak of the epoxy, i.e., about –80°C.  The

recent molecular dynamics modeling work of Gersappe [87] suggests that the above

phenomenon can be explained based on the comparable sizes and mobility between the

matrix molecule and the nanofiller.  The ability of the nanofiller to carry and redistribute

the applied stress field depends strongly on the mobility and the size of the nanofiller.

As a result, the more mobile the nanofiller is, the easier for the nanofiller to contribute to

the stiffening of the matrix.  Since the nanofiller is small and can be easily mobilized by

the surrounding mobile molecules, the stiffening effect would be maximized when the

temperature is above Tg and minimized when the temperature is below the γ-relaxation

peak.

The above argument seems reasonable since the molecular size of the epoxy, i.e.,

the distance between crosslinks in this case, is about 10-20 nm.  When the filler size is

far greater than the molecular size, the conventional composite principle would take

effect, as in the case of the α-ZrP/Epoxy system.  Nevertheless, the actual physical

origin of such unusual behavior is still not known, which warrants further research in the

future. Additional designed experiments are underway to validate the above conjecture.

4.3.4 Mechanical Property Characterization

By adding the monoamine surface modifier to DGEBA/DDS neat resin, the

tensile modulus is decreased by about 10 %, and yield stress decreased by 30%.  After



69

the addition of 1.9 vol. % M-α-ZrP to the epoxy, the corresponding properties are

increased by 50% and by 10%, respectively [Table 4-3].  The addition of M-α-ZrP to

epoxy substantially increases the tensile modulus, while the elongation at break

decreases significantly [Figure 4-11].  This big drop in elongation-at-break is possibly

caused by the low molecular mobility of the epoxy network structure induced by the

presence of the rigid, immobile α-ZrP platelet structure, as evidenced by the

significantly suppressed damping behavior in the nanocomposite [Figure 4-11].  This is

also why α-ZrP is effective in stiffening the epoxy matrix.

Table 4-3. Mechanical Properties and Fracture Toughness

                                           Neat           M/Epoxy       M-α-ZrP/Epoxy        α-ZrP/Epoxy

Modulus (GPa)                     2.9                2.6                   3.9                          3.2
Yield strength (MPa)         77.6              54.0                 61.0                        65.9
Elongation at Break (%)      4.8              13.5                   1.8                          2.6

KIC (MPa*m1/2)                              0.80              0.83                0.77                         0.79
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Figure 4-11. Tensile Behavior of Neat and α-ZrP-Modified DGEBA/DDS Epoxy

Systems .

Mode-I critical stress intensity factor, KIC, values from the SEN-3PB tests show

that the fracture toughness is not significantly changed by the addition of either the

monoamine modifier or M-α-ZrP [Table 4-3] since epoxy resin is inherently brittle

and/or notch-sensitive.  This finding is consistent with our earlier study on clay-filled
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dispersed and in small quantities, it would not act as defects to cause premature failure

of the epoxy matrix.

The present research clearly shows that α-ZrP-based epoxy nanocomposites are

ideal for gaining fundamental knowledge on the physics of how and why nanoparticles

alter the physical and mechanical properties of polymer matrices.  The versatility and

simplicity of α-ZrP synthesis to control the surface functionality, size and aspect ratio of

α-ZrP particles would allow the establishment of unambiguous fundamental

relationships between nanoparticle material parameters and the physical and mechanical

properties of polymer nanocomposites.   We are currently working on altering the aspect

ratios, sizes, and surface functionalities of α-ZrP to further investigate how and why

nanofiller change the properties of polymers.

4.4 CONCLUSIONS

M-α-ZrP with wide interlayer spacing has been successfully prepared using

commercially available monoamines intercalate. The intercalate is hydrogen bonded to

the host and exhibits a bilayer structure into the interlayer spacing.  Uniformly dispersed

and exfoliated α-ZrP-based epoxy nanocomposites were prepared.  The mechanical

property study of M-α-ZrP/Epoxy nanocomposites shows that rubbery plateau modulus

of the M-α-ZrP/Epoxy nanocomposite is about 4.5 times higher than that of the

M/Epoxy.  The tensile modulus of the M-α-ZrP/Epoxy nanocomposites is increased by

50 % of the reference epoxy, while the ductility is decreased drastically.  The
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fundamental physics behind the change in mechanical property of the nanocomposite

was discussed.
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CHAPTER V

MECHANICAL PROPERTY OF α-ZIRCONIUM PHOSPHATE-EPOXY

NANOCOMPOSITES AND THEIR TOUGHENING MECHANISMS

5.1 INTRODUCTION

Montmorillonite clay is widely used for polymer nanocomposite preparation with

nanolayer exfoliation to study the fundamentals of polymer nanocomposite and to

achieve many enhanced materials properties of polymers [1-13]. The possibility of the

delamination of layer structure of the montmorillonite clay allows the intercalated or

exfoliated polymer nanocomposite with proper surface treatment or with appropriate

process to disperse the nanolayer in polymer matrix. By the intercalation or especially

the exfoliation of the nanolayers in polymer matrices reported that they are efficiently

improve many materials physical or mechanical properties at relatively small amount of

addition of the nanofillers [6]. However there are several limits to perform fundamental

researches on polymer nanocomposite with montmorillonite clay particles. A few major

obstacles for the fundamental nanocomposite research with montmorillonite include the

wide size and shape distribution of the particles and the impurity in the clay particles.

The montmorillonite clay is obtained from nature with purification and further treatment

for commercial applications. Therefore the impurity in the montmorillonite clay is



74

always involved some extent, and the exact composition, the shape and size, and its

distribution can hardly be characterized accurately.

To overcome these obstacles while retaining the layer structure to be exfoliated,

the synthesized α-zirconium phosphate (ZrP) particles can be a good candidate

nanofillers for polymer nanocomposite preparation. It was first synthesized and

characterized by Clearfield at 1964, and its crystal structure is extensively studied, and

the size and shape can be controlled by the reaction condition [43, 44]. Therefore, with

ZrP particle, the study of the fundamental nanofiller effects on the nanocomposite

properties can be systematically investigated including the effects of the aspect ratio, the

size, and the size distribution of the nanofillers.

Previous reports on epoxy nanocomposites with synthetic ZrP [88] addressed the

intercalation of ZrP particles and the preparation of ZrP epoxy nanocomposites with

fully exfoliated ZrP. The improved tensile modulus and yield strength of ZrP epoxy

nanocomposites was discussed with a fundamental structure-property relationship of

ZrP-based epoxy nanocomposites. But the drastic decrease of the glass transition

temperature of ZrP epoxy nanocomposites needs to be further investigated to understand

the effects of the surface modifiers on the material properties of this nanocomposite

system.

In this study, the mechanical properties and toughening mechanisms of synthetic

ZrP - epoxy nanocomposites with different amounts of surface modifiers are studied. To

achieve this purpose, two different systems of ZrP - epoxy nanocomposites were

prepared with a commercially available monoamine-terminated polyether as a surface
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modifier. The influences of the surface modifier on the morphology and mechanical

properties of the ZrP - epoxy nanocomposites are studied. A ZrP - epoxy nanocomposite

system with CSR particles is also investigated for its mechanical property changes and

toughening mechanisms.

5.2 EXPERIMENTAL

5.2.1 Materials

Diglycidyl ether of bisphenol-A (DGEBA) epoxy resin (DER332®, Dow

Chemical) was mixed with 4,4'-diamino-diphenyl sulfone (DDS, Aldrich), which is a

curing agent, to prepare the epoxy matrix for this study. The DGEBA epoxy monomer

has a narrow monomer molecular weight distribution of about 172~176 g/mole.

The reagents were used to prepare ZrP as received: Zirconium oxychloride

octahydrate (ZrOCl2•8H2O), 98% (Aldrich), Phosphoric Acid (EM), Jeffamine M715

(Huntsman Chemical) and Methyl ethyl ketone (Merck).

Preformed CSR particles from KANEKA Corporation were used to investigate

the toughening ability of clay-epoxy nanocomposites. These CSR particles have a rubber

core size of 80~90 nm in diameter and are covered with a compatibilizer copolymer shell

of 10~20 nm in thickness [26]
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5.2.2 Surface Modification of α-ZrP.

The detailed chemistry and preparation of ZrP followed procedures described

elsewhere [47, 81, 82]. The interlayer spacing of a α-ZrP crystal is 7.6 Å. The prepared

ZrP particles' characterization and their intercalation was investigated and reported in a

previous article [88]. Monoamine-terminated polyether amine, Jeffamine M 715 is used

for surface modification of prepared ZrP particles.

5.2.3 Preparation of α-ZrP-Based Epoxy Nanocomposites

The procedure for preparation of M1-α-ZrP/Epoxy nanocomposite is the same as

the procedure to prepare the M2-α-ZrP/Epoxy nanocomposite system, described in

detail in the previous report. [88] Only a brief explanation is given here as follows. The

M1-α-ZrP in solvent MEK was poured into the liquid epoxy to prepare panel with 1.9

vol. % (5.2 wt %) of α-ZrP in epoxy (M1-α-ZrP/Epoxy). After removing MEK with a

Rotavapor® in a water bath at about 90oC, under vacuum, no aggregation or precipitation

was found in the viscous mixture. When the mixture was ready, it was heated at 130oC,

and the curing agent, DDS powder was added at a stoichiometric ratio. This mixture was

stirred until a transparent yellowish solution was obtained. After degassing the prepared

mixture under vacuum, it was poured into a preheated glass mold to make a plaque with

dimensions of 200 mm (8”) x 200 mm (8”) x 3.12 mm (0.125”). The resin mixture was

cured in an oven at 180°C for 2 hours, followed by 2 hours of post-cure at 220°C. For

the Epoxy-II system, the curing schedule was 130oC for 3 hours, 180oC for 2hours, then

followed by 2 hours of post-cure at 220oC. For epoxy panels of the second system
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(Epoxy-II) the surface modifier amounts of 1 to 1 mole ratio is used rather than 2-to-1

mole ratio.

For the preparation of toughened nanocomposites with CSR, the liquid epoxy

with well-dispersed CSR from Kaneka-Texas was added into the mixture of liquid epoxy

with M1-α-ZrP or α-ZrP to make CZE or CMZE nanocomposites, respectively. Two

neat epoxy panels (Neat, Neat-II), two epoxy panels with only the Jeffamine (M1/Epoxy

and ME), two epoxy panels (M1-ZrP/Epoxy and MZE) with 1.9 % vol. of modified α-

ZrP, and a toughened epoxy panel with only CSR with Epoxy-II (CSR/Epoxy-II) were

prepared. The compositions of the prepared nanocomposite panels are shown in Table 5-

1a and b.

5.2.4 Characterization

X-ray diffraction (XRD) powder patterns for the prepared nanocomposite panels

were staken between 1 and 30o in 2θ, with a step size of 0.04o and a count time of 2s per

step. with a Bruker D8 diffractometer with Bragg-Brentano θ-2θ geometry (40 kV and

40 mA) and a graphite monochromator. Optical microscopy (OM) was performed using

an Olympus optical microscope (model BX60) under both bright field and crossed-

polars. Scanning electron microscopy (SEM) investigations were performed to observe

the overall α-ZrP particle distribution and the homogeneity of the dispersion in epoxy on

the fracture surface of the SEN-3PB specimen using a JEOL JSM-6400, operated at 20

kV.   TEM with a JEOL JEM-2010A,  operated at 200 kV  were used to characterize the
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Table 5-1 Compositions of ZrP-Epoxy System-1, -2

a) Compositions of ZrP-Epoxy System-1 [Vol.%]

                                                          α-ZrP              Jeffamine M715

        Neat Epoxy(DDS/DER332)     None                      None
        M1-Epoxy                                 None                  7.8 (20 mmol)
        M2-Epoxy                                 None                18.7 (40 mmol)
       M1-ZrP-Epoxy*                     1.9 (5.2wt%)               7.8
       M2-ZrP-Epoxy **                                   1.9                         18.7
        ZrP- Epoxy ***                          1.9                         None

*Twenty mmol of α-ZrP was intercalated with 20 mmol of Jeffamine M715: d-spacing of 50.0
Angstrom
**Twenty mmol of α-ZrP was intercalated with 40 mmol of Jeffamine M715: d-spacing of 73.3
Angstrom
***No surface treatment on α-ZrP: α-ZrP was added into DER332 after overnight dispersion in
MEK with stirring

b) Compositions of ZrP-Epoxy System-2 [Vol.%]

                                                               α-ZrP              Jeffamine M715*        CSR

        Neat Epoxy-II(E) **                      None                     None                    None
        M1-Epoxy-II (ME)                       None              7.8 (20 mmol)            None
        M1-ZrP-Epoxy-II (MZE)       2.0 (5.4 wt%)               7.8                      None
       CSR-M1-Epoxy-II (CME)            None                       8.3                    3.3wt%
       CSR-M1-ZrP-Epoxy-II (CMZE)   2.0                          7.8                    3.2wt%

* Jeffamine M715 is used as a surface modifier.
** Neat Epoxy-II: DER332/DDS system with 3 step curing at 130oC/3hr+180oC/2hr+220oC/2hr
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morphology and the ZrP layer exfoliation in the epoxy resin matrices.  Theses XRD,

OM, SEM, and TEM conditions were described in detail at a previous report [88].

5.2.5 Mechanical Property Characterization

From dynamic mechanical analysis (DMA), using a Rheometrics® (RDS-II) at a

fixed frequency of 1 Hz and a temperature sweep of 5°C per step from -150°C to 250°C,

the dynamic storage modulus (G’) and loss tanδ against temperature curves were plotted.

The temperature at which the tanδ curve shows a maximum peak is recorded as the glass

transition temperature (Tg).

Tensile test as ASTM D638-98 was performed with a screw-driven mechanical

testing machine (Sintech®-2) at a crosshead speed of 0.508 mm/min (0.2''/min) at room

temperature. An average of at least five tests per sample was performed to report

modulus, yield stress, and elongation at break.

5.2.6 Viscosity Measurement

The viscosities of the neat liquid epoxy resin, the liquid epoxy with unmodified

ZrP particles, and the liquid epoxy with modified ZrP particles are measured with RDS-

II (Rheometrics) at 26 oC. A parallel plate with 50 mm diameter is utilized with 10%

strain and frequency from 1x10-1 to 1x102 rad/sec. The viscosities of three different

samples are recorded with increasing shear rate.
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5.2.7 Toughening Mechanism Investigation

A single-edge-notch 3-point-bending (SEN-3PB) test, following the ASTM

D5045 method, was used to obtain the mode-I critical stress intensity factor (KIC) of the

neat epoxy and epoxy/ZrP nanocomposite systems based on the linear elastic fracture

mechanics (LEFM) approach.

Fracture toughness values alone do not allow for the observation of damage

zones or toughening mechanisms. The sequence of damage or events leading to the

toughening of the polymer is crucial to understanding the role the toughener plays. It is

imperative that an additional method be utilized to validate the values obtained from

other mechanical tests.

The widely accepted, common approach used to determine toughening

mechanisms involves the observation of the damage zones from developed by partially

fractured specimens. To generate these fracture zones, double-notched 4-point bend

(DN-4PB) samples are used. Through this technique, one crack fails while the other is

arrested right before its failure. This arrested crack tip can be used to analyze the

toughening mechanism(s) occurring. Using OM and TEM, the crack tip damage zone

can be observed along with operative toughening mechanisms. Transmission optical

microscopy (TOM) is used to observe evidence of shear banding around the crack tip.
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5.3 RESULTS AND DISCUSSION

5.3.1 Characterization of the Intercalate α-ZrP and M1-ZrP/Epxoy

Nanocomposites

In the previous study with synthetic ZrP epoxy nanocomposites, the amount of

surface modifier was 40 mmol for 20 mmol of ZrP. The amount of surface modifier was

decreased to 20 mmol for 20 mmol of ZrP in the current study to investigate the effect of

the surface modifier amount on the morphology and properties of prepared

nanocomposites. It was observed that the basal spacing for the intercalated ZrP with 20

mmol of surface modifier is 50.04 angstrom as shown in Figure 5-1, from the average of

5 orders of 00ℓ. The X-ray powder pattern of the intercalated ZrP with 40 mmol of

Jeffamine M715 showed a basal spacing of 73.27 Å [88], which is longer than the one

with 20 mmol of surface modifier.

The X-ray diffraction result for the modified ZrP epoxy nanocomposite (M1-

ZrP/Epoxy) is presented in Figure 5-2 (bottom). If the relative intensities of the peaks are

considered, it can be claimed that most of all ZrP layer-structures are exfoliated though

some small amount of repeated layer-structures remained to give corresponding small

peaks to the original ZrP layer structures as shown in Figure 5-2 (top).

SEM and TEM observations were used as methods for direct investigation of the

dispersion and the state of intercalation/exfoliation of α-ZrP in the epoxy matrix. To the

naked  eye,   the   M1-   and   M2-ZrP/Epoxy  nanocomposite  panels  are  yellowish  and
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Figure 5-1. WAXD of Intercalated ZrP particles with 20 mmol of Monoamine M715.
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Figure 5-2. WAXD of ZrP/Epoxy Composite (top) and M1-ZrP/Epoxy Nanocomposite

(bottom).

transparent without visible aggregation in the panels, however the prepared ZrP/Epoxy

composite without ZrP surface modification is opaque and dark-brown in color.
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The SEM of the ZrP/Epoxy composite and the M2-ZrP/Epoxy nanocomposite in

Figure 5-3 (taken on the failed surface from SEN-3PB test) shows the significant change

in the particles' size or their aggregation in the matrices. The finer particle distributions

are found in the SEM picture (bottom of Figure 5-3) for the M2-ZrP/Epoxy

nanocomposites. The more direct piece of evidence of ZrP layer exfoliation is found

from TEM observations for the M1-ZrP/Epoxy nanocomposites in Figure 5-4. If the

added amount of the ZrP particles in the M1-ZrP/Epoxy, which is only about 2.0 Vol.%

(5.4 wt%), are considered, the uniform and overall presence of the layer structures in the

matrix resin [Figure 5-4, top] is evidence of their good dispersion of particles. The

exfoliation of layer structure is shown in Figure 5-4, bottom. The dark platelets observed

in the top picture of Figure 5-4 possibly caused the small peaks corresponding to the

original ZrP particle structures. However, the exfoliation and the distribution of the ZrP

particles in M1-ZrP/Epoxy is apparently not as good as in the M2-ZrP/Epoxy

nanocomposite system [88].

5.3.2 Dynamic Mechanical Behavior

The unmodified ZrP fillers behave as conventional fillers and there is no shift in

Tg, and the storage modulus increased slightly than those of the neat epoxy system

throughout the tested temperature range [Figure 5-5, top]. The Tg drop after the addition

of surface modifier for nanofiller was reported for a few cases of epoxy nanocomposites,
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Figure 5-3. SEM Pictures on the Failed Surface from SEN-3PB Test (Top: ZrP/Epoxy

Composite, bottom: M2-ZrP/Epoxy Nanocomposite)



86

Figure 5-4. TEM Pictures of M1-ZrP/Epoxy Nanocomposite Showing (a) Low

Magnification and (b) High Magnification of Dispersion and Exfoliation of ZrP Layers.

because of unexpected reactions between the surface modifier and the curing agents. [86,

88] The epoxy system with monoamine M715 (40 mmol used for 20 mmol of ZrP) -
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modified DGEBA/DDS (M2/Epoxy) shows a significant drop in Tg, from 227oC down to

68oC, while the M2-ZrP/Epoxy has its Tg at 90 oC [Figure 5-5, bottom]. This figure

shows that the increase in G’ due to the presence of ZrP diminishes as the temperature

decreases and becomes non-distinguishable with the neat epoxy when the temperature

approaches the γ-relaxation peak of the epoxy, i.e., about –80°C.  As discussed in the

previous reports [87, 88] the above phenomenon can be explained based on the

comparable sizes and mobility between the matrix molecule and the nanofiller. The

nanofiller is small and can be easily mobilized by the surrounding mobile molecules, the

stiffening effect would be maximized when the temperature is above Tg and minimized

when the temperature is below the γ-relaxation peak.

The DMA plot of the DGEBA/DDS epoxy system with reduced amount of

monoamine surface modifier (20 mmol for M1/Epoxy) [Figure 5-6] shows same

phenomenon for the storage modulus behavior of nanofiller-added epoxy system, while

the system M2-ZrP/Epoxy shows a bigger increase (from 2.90 x 106 to 1.58 x 107 Pa)

than the system M1-ZrP/Epoxy (from 7.59 x 106 to 1.39 x 107 Pa).

The same plot shows the change of Tg from 227oC of neat DEGBA/DDS epoxy

to 132oC, which is much higher Tg than the Tg of M2/Epoxy, 68oC. The influence of the

surface modifier on the Tg drop is clearly observed at this plot, and the Tg drop appears

to be decreased by the addition of smaller amounts of surface modifier.
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Figure 5-5. DMA plots of (a) Neat Epoxy and ZrP/Epoxy (b) M2/Epoxy and M2-

ZrP/Epoxy Systems.
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Figure 5-6. DMA Plots of M1/Epoxy and M1-ZrP/Epoxy Systems.
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the exfoliation of the nanolayer structure caused the increase in Tg, of matrix resin, and it

is found that the Tg is effectively increased only with enough amount of the exfoliated or

intercalated nanolayers [30, 89, 90]. It is reasonable, because the constraint by the

nanolayer structures in the matrix resin restricts the mobility of the chain of molecules,

which cause the increase of Tg. In regard to this role of the nanolayer structure in the

matrix resin, the more rigid layer must be the more effectively affect the increase in Tg,

because it works as constraining nano-walls more effectively against the chain molecule

movements in the matrix resin. In other words, if the nanolayer is not stiff enough it may

not play the role as constraining nano-walls. This may be the reason why some of the

exfoliated nanolayer does not effectively increase the Tg of matrix resin, as reported by

some researchers who claim that the nanofiller does not affect the increase in Tg [89, 91].

The ZrP layers appear to be stiffer than clay layers as shown in TEM pictures [32, 88],

so ZrP layers effectively contribute to increase in Tg of matrix more than the clay layers.

5.3.3 Mechanical Property of ZrP/Epoxy Nanocomposites

The tensile modulus results of the M1-ZrP/Epoxy nanocomposite and M2-

ZrP/Epoxy nanocomposite systems show that they have similar values about 3.9 GPa,

which is increased from 3.1 GPa of M1/Epoxy and from 2.4 GPa from M2/Epoxy resin

systems [Figure 5-7, Table 5-2]. If we focus on the M1-ZrP/Epoxy system, there is an

interesting result of the increase in both modulus (25%) and yield stress (17%) by the

addition of ZrP to the epoxy resin system.
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The elongation at break for the M1-ZrP/Epoxy is around 9%, which is a higher

value than that of the M1/Epoxy resin system. This result is quite different from the

elongation at break value of M2-ZrP/Epoxy nanocomposite system (1.8%), which was

drastically decreased by the addition of ZrP from 13.5% of M2/Epoxy resin system and

was discussed in previous report [88].

Figure 5-7. Tensile Behavior of M1-, M2-ZrP/Epoxy Nanocomposites.
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Table 5-2. Tensile Properties and Fracture Toughness of ZrP-Epoxy Nanocomposites

                                    Neat  M1-Epoxy M2-Epoxy M1-ZrP-Epoxy M2-ZrP-Epoxy ZrP-Epoxy

Modulus (GPa)            2.9            3.1             2.4                   3.9                   3.9                 3.1

Yield strength(MPa)  72.2         79.0            54.6                 95.0                 61.0               65.9

Elongation at Break(%) 5.3        7.6            13.5                  8.9                    1.8                 2.6

KIC (MPa*m1/2)               0.80            -              0.83                     -                    0.77                 0.79

5.3.4 Viscosity of Liquid Epoxy Resin with ZrP Particles

The viscosity behavior is one of the most important factors to be considered for

practical industry applications. From the data sheet [94] of the DGEBA we used

(DER332, Dow), the liquid epoxy has complex viscosity in the range of 4.0~6.0 Pa .sec

at 25 oC, and the test results for the liquid epoxy with samples are shown in Figure 5-8.

At first, the viscosity of the liquid epoxy resin, DER332 at 26 oC is around 2.83-3.17 Pa

.sec, and they behave as a Newtonian, the viscosity is independent of the shear rate

(1/sec). If the ZrP without surface modification is added to the liquid epoxy resin, the

viscosity is slightly decreased with the increased shear rate and the viscosity is lower

than the DER332 liquid epoxy resin. When the surface modified ZrP is added to the
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liquid epoxy resin, it shows the shear thinning effect; the complex viscosity is increased

significantly to over 13.3 Pa .sec at low shear rate (2.65 x 10-1  /sec) and decreased to

7.09 Pa .sec at higher shear rate (1.09 x 102 /sec). This is possibly because of the

successful exfoliation of the ZrP layer structure with matrix resin, which uniformly

dispersed layers among the matrix resin with similar scale level of the molecules

increase the viscosity of the matrix resin. Though it may not be compared directly,

similar effect was reported for the nanotube filled polycarbonate nanocomposite systems

[95]. This result is consistent with the fiber-reinforced composite materials from

theoretical expectations and experimental observations [96~98]. The complex viscosity

values of the liquid epoxy with modified ZrP is high relative to the values of the

viscosity of liquid epoxy resin without modified ZrP or resin with unmodified ZrP. It can

be expected because the conventional filler such as the unmodified ZrP behaves as the

viscosity reducing agent in the liquid epoxy resin matrix, while the modified ZrP

particles increase the viscosity of the matrix resin at tested shear rate range. The shear-

thinning effect as shown in the Figure 5-8 is also good for this mixture to be processed in

industrial applications.
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Figure 5-8. Viscosity of the ZrP and M1-ZrP in Liquid Epoxy (DER332) at Different

Shear Rate.

5.3.5 Epoxy-II Nanocomposite System with CSR

5.3.5.1 Mechanical Properties

The modulus of the ME, modifier added system, is slightly increased to 3.1 GPa

from 2.9 GPa of the neat Epoxy-II system [Figure 5-9]. By the addition of the exfoliated

ZrP into ME, the modulus is increased to 4.1 GPa. By additional CSR adding to the

MZE system, the CMZE system has modulus of 3.6 GPa. As a reference, CME system
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with modifier with CSR without ZrP particles has modulus of 2.6 GPa, which is smaller

than the neat Epoxy-II system.

The yield stress for the ME system, 89.7 MPa, is increased to 103.4 MPa (MZE

system) by adding the exfoliated ZrP particles. The CSR addition to the MZE system

lowers the yield stress to 93.3 MPa. When CSR is added to ME, the yield stress is

decreased to 78.8 MPa.  The elongation at break for the ZrP Epoxy-II nanocomposite

systems, i.e., ME, MZE, CME, and CMZE have similar values around 6.3 to 7.1 %. The

neat Epoxy-II resin has relatively smaller value of elongation at break, which is 3.5 %.

5.3.5.2 Toughening Mechanisms of CMZE System

The modified ZrP Epoxy-II nanocomposites with and without CSR are prepared

to study the role of nanofiller and CSR in their fracture behavior and the toughening

mechanisms by CSR addition. The SEN-3PB tests for these Epoxy-II systems revealed a

significant increase in the mode I critical fracture toughness values (KIC) in the case of

the addition of ZrP and CSR together in the epoxy resin system. It is increased to 1.64

MPa•m0.5 of CMZE nanocomposite system from 0.69 MPa•m0.5 of ME epoxy system,

which is over a 130 % increase in KIC. It is very interesting that this dramatic increase of

fracture toughness by small amount of CSR addition into epoxy nanocomposite with

exfoliated layer-structure is observed also for the clay-epoxy nanocomposites [89].
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Figure 5-9. Tensile Behavior of M-ZrP/Epoxy-II Nanocomposites.

On the other hand, the KIC value is not significantly changed by the addition of

either the surface modifier or the exfoliated ZrP into the epoxy resins as shown in Table

5-3. It is consistent with previous research that exfoliated layer nanofillers do not affect

the fracture toughness of epoxy resin [32].
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brittle epoxy resin system. Very interesting results are observed from the microscopy

observation on the DN-4PB test specimens. The OM from MZE has no plastic

deformation at the crack tip damage zone and failed as brittle manner, so it is not

presented here. However when the crack tip area of the MZE specimen from the DN4PB

test is observed with TEM, there are some voids along with dispersed nano-layer

structures [Figure 5-10]. The magnified TEM picture on the void clearly shows the void

is developed adjacent of the ZrP layers. Another TEM picture [Figure 5-11] with arrows

also supports this claim, and layer structures from ZrP nanofillers are observed around

the developed crack. Similar fracture behavior was observed from other epoxy

nanocomposites with clay nanofillers and they do not induce any significant toughening

mechanism but fail in brittle manner [32].

When the CSR particles are added to the MZE system, a massive plastic

deformation at the crack tip damage zone is clearly observed from the OM picture of

CMZE specimen under bright field and cross-polarized conditions as shown in Figure 5-

12. Big area of birefringence along the developed crack is also detected as evidence of

the possible shear deformation around the developed crack and crack tip region. For

further characterization on the toughening mechanisms of epoxy nanocomposites by

CSR addition, TEM pictures are taken along the crack development direction and at the

crack tip damage zone. Several pictures are taken before CSR staining, because the small

cavities of CSR may not be clearly observed once the CSR particles are stained [Figures

5-13~14]. Figure 5-13 shows a TEM picture along the crack development direction and
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many cavities from CSR particles are observed besides the developed crack, and they are

elongated with angle.

Table 5-3. Tensile Properties and Fracture Toughness of ZrP-Epoxy-II Nanocomposites

                          Neat II  M-Epoxy-II  M-ZrP-Epoxy-II  CSR-M-Epoxy-II  CSR-M-ZrP-Epoxy-II
                                E            ME                  MZE                     CME                        CMZE

Modulus (GPa)       2.9          3.1                  4.0                         2.6                           3.6

Yield strength(MPa) 69.4    89.7               103.4                       78.8                         93.3

Elongation at Break(%) 3.5   7.1                 6.3                          6.5                           6.6

KIC(MPa*m1/2)              0.76     0.69                0.70                        0.92                         1.64
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Figure 5-10. TEM of Crack Tip Damage Zone from DN-4PB Test Sample of MZE

Epoxy Nanocomposites.
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Figure 5-11. TEM of Crack from DN-4PB Test Sample of MZE Epoxy Nanocomposites.
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Figure 5-12. OM of Crack Tip Damage Zone from DN-4PB Test Sample of CMZE

Epoxy Nanocomposite. (top) Bright Field and (bottom) Cross-polarized Field.

25µm



102

The CSR particles in the CMZE nanocomposite are stained with OsO4 to give

enough hardness for better thin-sectioning and for the enhanced contrast for taking

pictures. In Figure 5-15, the stained CSR and exfoliated ZrP layers far from the crack are

observed. The round shape of a CSR particle has its size of slightly smaller than 100 nm

diameter. From the Figure 5-16, which shows besides the crack, most of CSR near the

crack are cavitated and elongated, and some intact and elongated CSR particles are also

observed. The exfoliated ZrP layer structures observed near CSR do not involve any

void or cavity generation, which is different from the MZE fracture behavior. Figure 5-

17 is a TEM picture from the crack tip damage zone, and it shows the blunted crack tip

and similar features with those from beside the cracks and the ZrP layer structures are

not involved with the cavity generation. However, the elongated cavities and intact

CSR's more severe elongations are perpendicular to the direction of the crack

development.
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Figure 5-13. TEM of Crack from DN-4PB Test Sample of CMZE Epoxy Nanocomposite

before CSR Staining.
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Figure 5-14. TEM of Crack Tip Damage Zone from DN-4PB Test Sample of CMZE

Epoxy Nanocomposite before CSR Staining.
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Figure 5-15. TEM of CMZE Epoxy Nanocomposite after CSR Staining Far from Crack.
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Figure 5-16. TEM of Crack from DN-4PB Test Sample of CMZE Epoxy Nanocomposite

after CSR Staining.
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Figure 5-17. TEM of Crack Tip Damage Zone from DN-4PB Test Sample of CMZE

Epoxy Nanocomposite after CSR Staining.

5.4 CONCLUSIONS

The mechanical properties and fracture behavior of synthetic ZrP - epoxy

nanocomposites with different amounts of monoamine surface modifiers and the

toughening mechanisms of ZrP-Epoxy nanocomposites with CSR particles are
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investigated. The prepared ZrP-epoxy nanocomposites, M1- and M2-ZrP/Epoxy were

characterized with WAXD and TEM for the nanofiller exfoliation and good dispersion

in matrices. The nanocomposite with more surface modifier has a lower rubbery plateau

modulus and lower glass transition temperature than the nanocomposite with less

amounts of modifier. Exfoliated ZrP nanofillers increase the storage moduli of the

matrices, especially at temperatures above Tg. The M1-ZrP/Epoxy system and the M2-

ZrP/Epoxy system have similar tensile modulus values, while the M1-ZrP/Epoxy system

has higher yield stress and elongation at break values than M2-ZrP/Epoxy system.

Fracture toughness, KIC, for these systems, i.e., neat epoxy, M2/Epoxy, ZrP/Epoxy, and

M2-ZrP/Epoxy system have similar values around 0.8 MPa•m0.5.

The fracture toughness behavior of the ZrP epoxy nanocomposite system and the

toughening mechanisms of CSR added ZrP epoxy nanocomposite are studied with

another epoxy system. The CSR added ZrP epoxy nanocomposite (CMZE) has

decreased tensile modulus (3.6 GPa) than the ZrP epoxy nanocomposite system (MZE)

without CSR (4.1 GPa). The fracture toughness of the MZE is remarkably increased by

CSR addition to 230 % (from 0.70 to 1.64 MPa•m0.5). The fracture behavior of the MZE

system is in brittle manner with no major toughening mechanism, and a crack developed

between ZrP layers in the matrix resin. Delamination of layers is observed with TEM.

When the CMZE system failed, the CSR particles adjacent to the developing crack are

elongated and cavitated to alter the stress state, and the matrix resin is shear deformed.

Usually, the ZrP layer delamination makes cavities in between the layers, but this was

not found in the CMZE system.
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CHAPTER VI

CONCLUDING REMARKS AND RECOMMENDATIONS

The structure-property relationships of epoxy nanocomposites with inorganic

layer-structure nanofillers have been studied in this dissertation. The fracture behavior

and toughening mechanisms of epoxy nanocomposites with CSR particles were also

investigated with several epoxy nanocomposite systems.

6.1 Intercalation and Exfoliation of the Inorganic Layer Structures in Epoxy

Matrices

Morphology in two nanoclay-filled epoxy systems was investigated using both

microscopy and spectroscopy tools. Clay exfoliation was achieved using a series of

sample preparation steps, and confirmed using small and wide angle X-ray scattering

and transmission electron microscopy (TEM) techniques.

The interlayer surfaces of α-ZrP can be easily modified because of its high

surface ion exchange capacity characteristics. The α-ZrP structure is layered clay-like

and possesses aspect ratios of at least 100. M-α-ZrP with wide interlayer spacing has

been successfully prepared using commercially available monoamines intercalate. The

intercalate is hydrogen bonded to the host and exhibits a bilayer structure into the

interlayer spacing. The state of uniform dispersion and exfoliation has been confirmed
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using WAXD and direct transmission electron microscopy observation at various

locations of the sample.

6.2 Mechanical Properties of the Epoxy Nanocomposites

6.2.1 Clay Epoxy Nanocomposites

Significant modulus improvement was obtained when clay exfoliation was

achieved. The Tg of the epoxy nanocomposites based on DMA was nearly identical to

that of neat epoxy.  The rubbery plateau moduli of the nanocomposites were increased

with the addition of a nanofiller.

The tensile moduli of both System-1N and System-1NR were significantly

higher than that of neat resin.  The additions of clay and CSR improved modulus and

fracture toughness.

6.2.2 ZrP-Epoxy Nanocomposites

The dynamical mechanical analysis study of M2-ZrP/Epoxy nanocomposites

shows that the rubbery plateau modulus of the M2-ZrP/Epoxy nanocomposite is about

4.5 times higher than that of the M2/Epoxy. The nanocomposite with the greater amount

of surface modifier has a lower rubbery plateau modulus and a lower glass transition

temperature than that of the nanocomposite with a lesser amount of modifier.

The M1-ZrP/Epoxy system and the M2-ZrP/Epoxy system have similar tensile

modulus values, but the M1-ZrP/Epoxy system has a higher yield stress and elongation

at break value than the M2-ZrP/Epoxy system. With an addition of only 1.9 vol.% α-
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ZrP, the tensile modulus of the α-ZrP-reinforced epoxy nanocomposite (M2-ZrP/Epoxy)

is increased by 50% of the reference epoxy, and the yield strength improved by 10%.

However, ductility of the matrix (elongation at break) is drastically reduced after the α-

ZrP reinforcement. The CSR added ZrP epoxy nanocomposite (CMZE) has decreased

tensile modulus (3.6 GPa) when compared to the ZrP epoxy nanocomposite system

(MZE) without CSR (4.1 GPa).

6.3 Fracture Behavior and Toughening Mechanisms of Epoxy

Nanocomposites

6.3.1 Clay Epoxy Nanocomposites

Incorporation of core-shell rubber (CSR) in both the clay-filled epoxy systems

leads to greatly enhanced fracture toughness. Optical microscopy and TEM observations

of the CSR-modified nanocomposites suggest that the toughening mechanisms in

System-2NR include cavitation of CSR, followed by limited shear yielding of the

matrix.  Crack bifurcation, deflection, and crack bridging are also observed.  In the more

ductile System-1NR system, the major toughening mechanisms involve a large-scale

CSR particle cavitation and/or debonding between the intercalated clay layers, followed

by massive shear banding of the matrix.  The present study has shown that the ductility

of a polymer matrix can significantly influence the toughening effect from using CSR.

CSR is effective in improving the fracture toughness of epoxy nanocomposites.



112

6.3.2 ZrP-Epoxy Nanocomposites

Fracture toughness, KIC, for these systems, i.e., neat epoxy, M2/Epoxy,

ZrP/Epoxy, and M2-ZrP/Epoxy systems has similar values around 0.8 MPa•m0.5. The

CSR added ZrP epoxy nanocomposite (CMZE) has a decreased tensile modulus as

compared to the ZrP epoxy nanocomposite system (MZE) without CSR. Following CSR

addition, fracture toughness of MZE increased by 230 %.

The fracture behavior of the MZE system is classified in a brittle manner with no

major toughening mechanisms. A crack developed between ZrP layers in the matrix

resin and delamination of layers was observed. When the CMZE system failed, the CSR

particles adjacent to the developing crack are elongated and cavitated to alter the stress-

state and the matrix resin becomes shear deformed. The ZrP layer delamination, which

makes cavities in between layers, is not found in the CMZE system.

6.4. Recommendations for Future Research

The nanocomposite with a greater amount of surface modifier has a lower

rubbery plateau modulus and a lower glass transition temperature than the

nanocomposite with a lesser amount of modifier. However, the quantity of the

monoamine M715 involved in the M1-, M2-ZrP/Epoxy curing process responsible for

the significant drop in Tg, is still uncertain. This issue can be addressed by altering the

level of monoamine and the type of surface modifiers utilized.
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The present research clearly shows that α-ZrP-based epoxy nanocomposites are

ideal for gaining fundamental knowledge on the physics of how and why nanoparticles

alter the physical and mechanical properties of polymer matrices.  The versatility and

simplicity of α-ZrP synthesis to control the surface functionality, size and aspect ratio of

α-ZrP particles would allow the establishment of unambiguous fundamental

relationships between nanoparticle material parameters and the physical and mechanical

properties of polymer nanocomposites.  Research on altering the aspect ratios, sizes, and

surface functionalities of α-ZrP, to further investigate how and why nanofillers change

the properties of polymers, is necessary.

The ability of the nanofiller to carry and redistribute the applied stress field

depends strongly on the mobility and the size of the nanofiller.  As a result, the more

mobile the nanofiller is, the easier it is for the nanofiller to contribute to the stiffening of

the matrix.  Since the nanofiller is small and can be easily mobilized by the surrounding

mobile molecules, the stiffening effect would be maximized when the temperature is

above Tg and minimized when the temperature is below the γ-relaxation peak. When the

filler size is far greater than the molecular size, the conventional composite principle

would take effect, as in the case of the α-ZrP/Epoxy system.  Nevertheless, the actual

physical origin of such unusual behavior of nanofiller is still not known, which warrants

further research in the future. Additional designed experiments need to be done.

In summary, several epoxy nanocomposite systems are successfully prepared and show

enhanced materials properties. The CSR particles are used as an effective toughening

product for epoxy nanocomposite systems to achieve desirable toughness without loss in
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other mechanical properties, and the fracture behavior and major toughening

mechanisms are investigated in relation with the role of the nanofillers in the epoxy

matrices. The application of nanofillers, especially ZrP particles, and CSR particles for

epoxy nanocomposite materials preparation and for study the fundamental structure-

property relationships is promising.
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