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ABSTRACT

Understanding the effect of adding nanoclays into epoxies

Tri-Dung Ngo, PhD.
Concordia University, 2007

Different preparation methods and formulations of epoxy nanocomposites have been
examined. The effects of each parameter, such as different types of clay, different types of
curing agent, and processing conditions (temperature, time, speed), on dispersion of the
clay particles were evaluated using different means, such as field emission gun scanning
electron microscopy (FEGSEM), X-ray diffraction (XRD), transmission electron
microscopy (TEM), and viscometer. Curing behavior was studied by differential scanning
calorimetry (DSC) and Fourier transform infrared spectroscopy (FTIR). Thermal
properties of epoxy nanocomposites were evaluated by thermogravimetric analysis
(TGA), limiting oxygen index (LOI). Dynamic mechanical properties were studied by
dynamic mechanical analysis (DMA). Tensile, flexural, compression, impact, surface
hardness and fracture toughness were also examined. A new method to disperse
organoclay into epoxy without using solvent, and using high speed mixing (TS), is
proposed. The results obtained from this study provide a good understanding of the
relationship between the formulation, processing conditions and performance. Significant

improvement in stiffness and storage modulus was observed in nanocomposites

1ii



formulated with better dispersion using TS. However, the extent of the improvement of
the nanocomposites’ performance depends on the type of the clay and the curing agent. In
addition, the processing conditions have great effects on the final properties of epoxy

nanocomposites.
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Chapter 1

Introduction

Nanotechnology is recognised as one of the most promising avenues of technology
development for the 21* century. Nowadays, many efforts in material science are
focusing to the molecular scale and nanoscale. In the materials area, the development of
ceramic and polymer nanocomposites is a rapidly expanding multidisciplinary research

activity.

Nanocomposites are a new class of composites. The term “nanocomposite” describes a
composite in which the reinforcement has at least one dimension in the range of
nanometer (10°m) (so called nano-reinforcement or nano-particle). This term is
commonly used in two distinct areas of material science: polymers and ceramics.
However, this thesis will only consider nanocomposites based on polymers, and in

particular thermoset epoxies.

Depending on how many dimensions of the nano-particles are in the nanometer range,
three types of nanocomposites can be distinguished. The first type is isodimensional
nanoparticles, in which the three dimensions of particles are quite similar and are in the
order of nanometers, such as spherical silica nanoparticles [1-4], and semiconductor
nanoclusters [5]. When two dimensions are quite similar and in the nanometer scale and

the third one is greater, forming an elongated structure, one speaks about nanotubes or



nanofibres, for example, carbon nanotubes or carbon nanofiber [6, 7, 8]. The third type of
nano-particles is characterized by only one dimension in the nanometer range. In this case
the filler is present in the form of sheets (or lamellar) of one to a few nanometers thick
and hundreds to thousands nanometers long such as nano-layered silicates (or nanoclays).
This family of nanocomposites can be grouped under the name of polymer-layered

silicate nanocomposites, and their study will constitute the main object of this thesis.

1.1 Thesis motivation

Polymer- layered silicate nanocomposites are becoming a very promising new class of
materials. The intercalation or exfoliation forms (only event partial exfoliation) of
nanolayer silicates in many polymer systems have improved effectively stiffness,
strength, fracture toughness, fire resistance, barrier properties, dimensional stability, etc.
[9- 14]. The reinforcing ability of nanoclay is due to its high modulus, high strength and
high aspect ratio. The greater is the exfoliation of the nanoclays in the polymer matrix,
the greater is the reinforcing effect [10]. Good exfoliation of clay in epoxy has also been

reported but only by the preparation with solvent.

Mechanical properties of epoxy nanocomposites depend on the quality of clay dispersion
and interfacial adhesion between epoxy resin and dispersed clay [15]. Platelet aspect
ratios, chemistry and layer charge densities of nanoclay are important parameters that
control the dispersion and interfacial adhesion in epoxy nanocomposite [12, 13].
Reinforcing effect of clay in epoxy clay nanocomposites is also dependent on clay

loading [10, 12] and clay exfoliation [12].



Processing parameters have an important influence on the dispersion of clay in polymers.
Dispersion process parameters mainly include stirring temperature, time, speed, power of
ultrason, shearing forces etc. Direct stirring of organoclay and epoxy with mechanical
stirring and sonication is widely used to disperse nanoclay in epoxy [9, 11, 16-18].
Although this approach is simple and practical but good dispersion of clay cannot be well
achieved in epoxy nanocompostes. Yasmin A. et al. [19] used a three-roll mill to disperse
the clay nanoparticles in an epoxy matrix in order to improve the distribution of nanoclay
particles in epoxy matrix but not exfoliation. Chen C. and Tolle T. B. [20] achieved a
certain exfoliated layer silicate epoxies by high-shear mixing in the presence of a high
amount of acetone. Recently, Liu W. P. et al. [21-23] used a high pressure method with
assistance of acetone solvent to improve the dispersion of clay in epoxy and obtained
strong improvement in fracture toughness of epoxy nanocomposites. However, a lot of
solvent was used and significant time was required for removing the solvent. There is still
work to be done to develop a more economic, practical, and friendly environmental
process for fabrication of epoxy nanocomposites with fine dispersions and exfoliated
structure. Achieving such exfoliated structure with epoxy-based nanocomposites is a
challenge, since high shear is always required to shear the layers apart but common
epoxy resins used for most industrial applications has low viscosity, which limit the
generation of high shear by conventional devices. Moreover, the mechanism for
dispersion of clay in epoxy matrix is still not quite clear. Therefore, the study and
exploration of the mechanism of dispersion as well as intercalation and exfoliation of

clay in epoxy matrix by using solvent-free methods is the motivation of this thesis.



1.2 Content of the thesis

In this thesis, different parameters that can affect dispersion and intercalation/exfoliation
of organoclay in epoxy matrix were studied. A high-speed with high-temperature-assist
method was proposed to disperse organoclay into epoxy matrix in the absence of solvent.
The effect of chemistry of clay intercalants, chemistry of hardener and epoxy
formulations on processing, curing kinetics, morphology and properties of epoxy

nanocomposites were investigated.

A brief introduction to this Thesis was presented in Chapter 1. The motivation and the

content of the thesis were described.

A general review of polymer nanocomposites and particularly epoxy
nanocomposites is given in Chapter 2. First of all, materials including natural clay and
organoclay were introduced; following by the preparation methods and the properties of
nanocomposites. Then the state-of-the art of the development of epoxy nanocomposites
was briefly introduced. Finally, the challenges in fabrication of epoxy-clay
nanocomposites were pointed out and the objectives of the thesis were also described at

the end of this chapter.

Information on materials used and experimental details for this thesis were provided
in Chapter 3. Materials including epoxy Shell EPON828, several curing agents (DETA,

EPICURE 3046, Jeffamine D230, Jeffamine D400, Jeffamine D2000, Jeffamine T403,

boron trifluoride monoethylamine - BF;) and organoclays (Nanomer 130E and Cloisite



30B) were introduced. Different study parameters as well as experiment set ups and

equipments to carry out the experiments were also presented in this chapter.

Results of the dispersion and intercalation/exfoliation of clay in epoxy
nanocomposites at different steps during the fabrication process were studied in
Chapter 4. The effects of various parameters of the stirring and curing steps on clay
dispersion and intercalation/exfoliation were discussed. For the stirring step, several
techniques used to disperse organoclay in epoxy include different devices, speeds,
temperatures and durations. For the curing step, effects of curing temperature, chemistry
of clay and hardeners were focused. The morphology of epoxy nanocomposites was
characterized by scanning electron microscopy (SEM), transmission electron microscopy
(TEM) and wide angle X-ray diffraction (WAXRD). The distribution of agglomerates of
clay in the nanocomposites was studied using Image Pro Analysis Software. A formation
mechanism of dispersion model of the nanocomposites was proposed. An attempt to
establish a model for flow in a concentric cylinder high speed stirrer in order to predict
the necessary processing conditions for achieving delamination of the clay layers was

also described.

What will happen to the processing of epoxy resins at the curing step in the presence
of nanoclay? The effects of chemistry of clay as well as clay dispersion and chemistry of
hardeners on the curing process of epoxy nanocomposites were presented in Chapter 5.
Two types of organoclay were used in this study, both based on natural montmorillonite
but differing in intercalant chemistry. Different types of hardener were also chosen. The

two stirring processes used to prepare the nanocomposites to obtain different levels of



dispersion of clay in epoxy were a room-temperature process and a high-temperature
process. The cure kinetics was studied by DSC and was analyzed by means of different

models. The activation energy and the Avrami exponent were calculated.

The effects of clay on mechanical, thermal, and physico-chemical properties of
epoxy nanocomposites are discussed in Chapter 6. In this chapter, the effect of clay
dispersion and clay chemistry on the mechanical properties, thermal mechanical
properties, thermal and flammability properties, and barrier properties of epoxy
nanocomposites were investigated. These effects were also examined for different epoxy
systems, which were prepared from different hardeners such as DETA, EPICURE 3046,
Jeffamine D230, Jeffamine T403, Jeffamine D2000, and boron trifluoride

monoethylamine - BF;.

Chapter 7 attempts to contribute to some extent to the comprehension of the
mechanism that governs the reinforcing effect of organoclay in thermoset epoxy
resins, whose characteristics can vary over a broad range from rubbery to highly glassy.
These epoxy matrices were carefully chosen to minimize the difference in chemistry
between them. Different mechanism scenarios have been proposed. The prediction of the

tensile modulus using Halpin-Tsai and Mori-Tanaka models was also attempted.

Finally, in Chapter 8, summary and conclusions were drawn based on preparations,
characterizations and properties of epoxy nanocomposites. Contributions and list of
publications were also provided. Then recommendations for future research works were

proposed. A list of reference was provided at the end.



Chapter 2

Background and thesis objectives

The use of organoclays as precursors to nanocomposite formation has been extended into
various polymer systems including epoxies, polyurethanes, polyimides, nitrile rubber,
polyesters, polypropylene, polystyrene and polysiloxanes, among others. The significant
improvement of mechanical properties can be attributed to the special structure and
chemistry of the organo-nanoclays. Therefore, in this literature survey, a brief

introduction of nanoclays is presented.

Many researchers have applied different methods to obtain nanocomposites including
applying various methods to modify the surface of nanoclay, modifying the matrix, using
coupling agents to improve the interface, employing different equipment and processing
methods to disperse nanoclay into matrix, and so on. A review of these aspects is also

included in this chapter.

2.1. Development of polymer nanocomposites (PNC)

Polymer-clay interactions have been actively studied during the sixties and the early
seventies [24]. Although first reported by Blumstein in 1961 [25], the real exploitation of
this technology started in the 1990s. It is only relatively recently that researchers from

Toyota [26] discovered the possibility to build a nanostructure from polymer and



organophilic clay. The first company to commercialize these nanocomposites was also
Toyota. Researchers from Nanocor reported that the material based on polyamide 6 and
organophilic montmorillonite showed dramatic improvements in mechanical properties

(Table 2.1), barrier properties (Figure 2.1) and thermal resistance as compared with the

pristine matrix and this at low clay content [27].

Table 2.1. Mechanical properties of nylon 6 nanocomposites [27]

(Nalr\z:;nl;-cll;ZTL) Flexural modulus Tensile modulus HDT(C)
(Wt. %) (MPa) (MPa)

0% 2836 2961 56

2% 4326 4403 125
(+53%) (+49%) (+123%)

4% 4578 4897 131
(+61%) (+65%) (+134%)

6% 5388 5875 136
(+90%) (+98%) (+143%)

8% 6127 6370 154
(+116%) (+115%) (+175%)

GTR (cc-
mil'm2.day)

L24TL content (%)

Figure 2.1. Oxygen transmission rates (OTR) of nylon 6 nanocomposite [27]

In general, the improvement in properties may be attributed to the following factors: large

surface area and aspect ratio, sub-microscopic dispersion of the clay in the polymer



matrix and ionic bonds between the organic polymer and inorganic clay. Following

Toyota's lead, a number of other companies also began investigating nanocomposites.

2.2. Nano-layered silicates

Nano-layered silicates, lamellar nano-particles are the most interesting for the production
of nanocomposites. The generic term “nano-layered silicates” refers to the natural clays
and semi- or fully synthesized clays [28, 29, 30]. Both natural and synthetic clays have

been used in the synthesis of polymer nanocomposites.

2.2.1. Montmorillonite

Natural clays have been formed by the weathering of eruptive rock material, usually tuffs
and volcanic ash (so called bentonite) [31]. The most popular bentonites are
montmorillonite (MMT), hectorite, and saponite. MMT was discovered in 1847 in France
by Damour and Salvetat [32], is nowadays the most widely used clay as nanofiller. MMT
is known as the most common clay mineral with numerous world-wide localities. In its
pristine form, MMT contains in addition varying amounts of crystobalite, zeolites,
biotite, quartz, feldspar, zircon and other minerals found in volcanic rocks. MMT,
hectorite, and saponite belong to the family of 2:1 phyllosilicates [33-37]. The structure
of 2:1 phyllosilicates is given in Figure 2.2. Their chemical formulae are shown in Table
2.2. Their crystal lattice consists of two-dimensional layers where a central octahedral
sheet of alumina or magnesia is fused to two external silica tetrahedrons by the tip so that
the oxygen ions of the octahedral sheet also belong to the tetrahedral sheets. The layer

thickness is around 1 nm and the lateral dimensions of these layers may vary from 300 A



to several microns and even larger depending on the particular silicate. These layers
organize themselves to form stacks with a regular Van der Waals gap in between them
called the interlayer or the gallery. Isomorphic substitution within the layers (for
example, AI’" replaced by Mg” or Fe** as in MMT, or Mg** replaced by Li'* as in
hectorite) generates negative charges that are counterbalanced by alkali and alkaline earth
cations situated on the layer surface. This type of layered silicate is characterized by a
moderate surface charge known as the cation exchange capacity (CEC), and generally
expressed as milliequivalents per gram (meq/g) or more frequently per 100 g (meq/100
g). This charge is not locally constant, but varies from layer to layer, and must be
considered as an average value over the whole crystal. The MMT suitable for preparing
nanocomposites should have a CEC of 70 to 150 meq (milliequivalents) /100 g of MMT

[38].

-«—0- J etrahedral < OXygen
# Hydroxyls

V-
2
=
% c:g «—— Octahedral
=2 - #* Silicon or
& Aluminum
=, +«— Tetrahedral
%.o © Aluminum,
354 I S 3 Irom,
[ =
+ Magnesinm
o) Ca'™ Na g
=

Figure 2.2. Structure of 2:1 phyllosilicates [4, 34]
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Table 2.2. Chemical structure of commonly used 2:1 phyllosilicates [36]

2:1 Phyllosilicates Chemical formula’ CEC (meq/100g)
Montmorillonite M;(Al4xMgy)SisO20(OH)4 110
Hectorite My(Mge.xLix)SigO20(OH)4 120
Saponite M, Mgg(Sig xAl)O20(OH), 86.6
"M = monovalent cation; x = degree of isomorphous substitution (between
0.5 and 1.3).

2.2.2. Organoclay

The term organoclay refers to organically modified clay and will be discussed shortly.
Although their high aspect ratio is ideal for reinforcement, the nano-layers are not easily
dispersed in most polymers due to their preferred face-to-face stacking in agglomerated
tactoids (as result of strong interaction by tight electrostatic forces between the layers).
Dispersion of the clay tactoids into individual layers (exfoliation) is further hindered by
the intrinsic incompatibility between the hydrophilic layered silicates and the more
hydrophobic polymers. For these reasons the clay must be treated so it can be
incorporated into a polymer. One way of modifying the clay surface to make it more
compatible with a polymer is through ion exchanging. Since the cations on the clay
surface can be exchanged by other organic cations (so called intercalants), which are
tailored to the polymer in which the clay would be become more compatible. This
process renders the clay more hydrophobic and helps to open up the clay galleries (as the
adding of the intercalant on the clay surface). This facilitates the penetration of polymer
in the clay galleries then subsequently exfoliates the clay. As demonstrated by the Toyota
group more than twenty years ago, the replacement of inorganic exchange cation in the

galleries of the native nanoclays by long chain alkylammonium surfactants can improve
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the compatibility between the clay and the hydrophobic polymer matrix. A characteristic
feature of smectites such as montmorillonite is their ability to sorb certain cations and to
retain them in an exchangeable state. It means that these intercalated cations can be
exchanged by treatment of other cations in a water solution. The most common
exchangeable cations are Na*, Ca**, Mg?*, H', K*, and NH,4". Indeed, if the clay is placed
in a solution of a given electrolyte, an exchange occurs between the ions of the clay (X")

and those of the electrolyte (Y") (Figure 2.3) [39].

X-clay+Y" = Y-clay+X"

Figure 2.3. Exchange occurs between the ions of the clay (X) and those of the

electrolyte (Y") [39]

The reaction rate depends on the type of clay, medium, type of cation to be exchanged,
the reaction conditions, viz. temperature, pH, concentrations and geometry of clay
particles, etc. As indicated, this reaction is balanced and the extent to which the reaction
proceeds from the left to the right depends on the nature of the cations X" and Y~, on their
relative concentrations and often on secondary reactions. The equilibrium of the reaction
can be moved to the right by increasing the concentration of the added cation Y [40]. For
example, the cation exchange reaction between sodium MMT (Na'-MMT) and

intercalating organic cation RH" is illustrated in Figure 2.4 [41].

RH' + Na'-MMT =—= RH'-MMT + Na*

Figure 2.4. Exchange occurs between Na'™-MMT and organic cation RH" [41]
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Surface treatment reduces particle-particle attraction, promoting an expansion of the
gallery distance, and improving interactions between clay and matrix (Figure 2.5).
Therefore, the particles can be separated further either by diffusion of monomers into the
gallery prior to polymerization as in the in-situ polymerization process or by employing
shearing force using an extrusion compounder or mixer as in melt compounding of PNC

[27].

204

surface
I ————————————————
treatment

Figure 2.5. Effect of surface treatment [27]

Numerous kinds of compatibilizing agent have been used in the synthesis of
nanocomposites. The first compatibilizing agents used in the synthesis of nanocomposites
based on polyamide 6-clay hybrids by in-situ polymerization were amino acids [26].
Their amine group can be transformed to onium ion to react with clay surface while their
acid group can react with the monomers. A wide range of ®-amino acids (NH'3(CH2)n-
1COOH) have been intercalated between the layers of MMT [42]. The most popular
intercalants are alkylammonium ions because they can be exchanged easily with the ions
situated on the clay surface. MMT exchanged with long and linear chain alkylammonium
ions can be dispersed in non-polar organic liquids, forming gel structures with high liquid
content. This property was first discovered by Jordan [43] and summarised later on by
Weiss [44]. Alkylammonium ions offer a good alternative to amino acids for the

synthesis of nanocomposites based on other polymer systems than polyamide 6. The most
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widely used alkylammonium ions are based on primary alkylamines which can be easily
transferred to onium ion in an acidic medium to protonate the amine function. Their basic
formula is CH3-(CH2)a-NH;3" where 7 is between 1 and 18. Lan et al. [45] showed that
alkylammonium ions with chain length greater than eight carbon atoms favoured the
synthesis of certain delaminated nanocomposites whereas alkylammonium ions with
shorter chains lead to the formation of intercalated nanocomposites. Alkylammonium
ions based on secondary, ternary and quaternary amines have also been used [46]. The

cation-exchange process of linear alkylammonium ions is described in Figure 2.6.

alkylammonium ions clay organophilic clay

Figure 2.6. The cation-exchange process between alkylammonium ions and cations

initially intercalated between the clay layers [41]

Silane coupling agents are a family of organosilicon monomers which are characterised
by the formula R-SiX3, where R is an organofunctional group attached to silicon in a
hydrolytically stable manner and X designates hydrolyzable groups which are converted
to silanol groups on hydrolysis. Silanes have been used because of their ability to react
with the hydroxyl groups situated possibly at the surface of the reinforcements. In the
clay, hydroxyl groups are possibly present on the surface of the layers but also
particularly on their edges. It has been proposed that the silane coupling agent is first

converted to a reactive silanol form by hydrolysis (Figure 2.7a) which then reacts with
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the hydroxyl groups present on the clay surface (Figure 2.7b). However, it is still not
clearly established whether primary bonds are formed with the clay surface or only
hydrogen bonds [47]. This process is quite expensive due to the high cost of the silane
compound. In addition, it is likely that hydroxyl groups are more located on the edge
rather than on the clay surface. Thus, the use of this process does not lead to better
exfoliation.

X a JOH
— &3 T —$i—oF :
R s\nxx + H0 -— R-Si-OH 4 3HX

HO, b | Ho,
+ wo-jir  FE  [Lo-Fi-R + HO
HO

Figure 2.7. (a) The hydrolysis of the silanes and (b) the possible reaction of a silanol

group with a hydroxyl group present on the inorganic surface [47]

A detailed review by Ogawa et al. [48] also gives further information about other suitable
compatibilizing agents for the synthesis of nanocomposites. There are two major
suppliers of organoclay for nanocomposites: Nanocor, Inc. [27] and Southern Clay
Products, Inc [49]. Different types of nanoclay have been commercialized such as
Nanomer I30E, 128E, I130P, 144PA, 1.24TL, and I34TCN (from Nanocor, Inc.) or Cloisite

10A, 154, 20A, 25A, C30B and 93A (Southern Clay Products, Inc).
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2.3. Nanocomposite structures

Depending on the nature of the components used (layered silicate, organic cation and
polymer matrix) and the method of preparation, three main types of composites may be

obtained when layered clay is associated with polymer [50, 51] (See Figure 2.8).

Traditional microcomposites: when the polymer is unable to intercalate between the
silicate sheets, a phase separated composite is obtained, whose properties stay in the same
range as traditional microcomposites (Figure 2.8a). Beyond this classical family of

composites, two types of nanocomposites can be recovered.

Intercalated structure nanocomposites: when a single (and sometimes more than one)
extended polymer chain is intercalated between the silicate layers resulting in a well

ordered multilayer morphology built up with alternating polymeric and inorganic layers

(Figure 2.8b).

Exfoliated or delaminated structure manocomposites: when the silicate layers are
completely and uniformly dispersed in a continuous polymer matrix, an exfoliated or

delaminated structure is obtained (Figure 2.8c¢).
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Phase Separated Intercalated Exfoliated
(Microcomposite) (Nanocomposite) (Nanocomposite)

Figure 2.8. The three idealised structures of polymer-clay composites (a)

microcomposite, (b) intercalated nanocomposite, and (c) exfoliated nanocomposite

Two complementary techniques are used in order to characterize those structures: X-Ray
diffraction (XRD) and transmission electron microscopy (TEM). The most
straightforward is X-ray diffraction because it is a good way to evaluate the spacing
between the clay layers. The sample preparation is relatively easy and the X-ray analysis
can be performed within a few hours. XRD uses an incident x-ray beam to interact with
the atoms arranged in a periodic manner in 2D to reveal the regular order of crystalline
materials. The Bragg equation is used to calculate the basal spacing: nd = 2dsinf, where
d is basal spacing distance, 8 is X-ray injection angle, 1 is wave length of X-ray, and n =
1, 2, 3...integers. From there intercalated structures can be identified. Figure 2.9 shows

the XRD curves corresponding to different structures [51].
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Intensity (a.u.)

Figure 2.9. XRD curves of (a) fluorohectorite in HDPE matrix (no intercalation, no
exfoliation was achieved), (b) nanocomposite of fluorohectorite in polystyrene
(intercalation was achieved), and (c) nanocomposite of fluorohectorite in silicon

rubber (exfoliation was achieved; diffraction peaks are not visible) [51]

In addition to these two defined structures, both intercalation and partial exfoliation result
in a broadening of the diffraction peak. XRD determines the exfoliation structure when
the clay gallery distance dyg; (d-spacing) is greater than 8 nm. Due to the limitation of the

XRD, dy, is greater than 8 nm can not be detected accurately.

In the case of exfoliated structures, extensive layer separation associated with
delamination of the original silicate structure in the polymer matrix leads to the
disappearance of any coherent x-ray scattering from the layers. Loss of coherent
scattering may be due to either the presence of an extremely large regular ordered spacing
between the layers, too large to be detected in the angular range of XRD normally
operated (i.e. exceeding 8nm in the case of ordered exfoliated structure), or to the fact

that nanocomposite no longer has an ordered layer structure [52]. TEM is therefore used
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to determine nanocomposite morphology. Figure 2.10 shows TEM of amine-cured epoxy

clay nanocomposite structure [45].

Figure 2.10. TEM of an amine-cured epoxy clay nanocomposite [45]

However TEM often focus only in small areas of the samples. The preparation for TEM
observation is quite time consuming and expensive. Thus, it is not permitted the
observation in different locations in the samples. In addition, clays dispersion often
consists of different stages, in which clay particles can be observed at different sizes both

micro- and nano-scales.

Scanning electron microscopy (SEM) and atomic force microscopy (AFM) are also used
to identify the structure of polymer nanocomposites at the micro-scale that provide us a
more general picture of the quality of dispersion. Scanning electron microscopy can be
used to investigate clay distribution in the matrix. Figure 2.11 illustrates the morphology

of an epoxy clay nanocomposite by using SEM [18].
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Figure 2.11. SEM micrograph of epoxy nanocomposite [18]

AFM can be used to observe the micro-structure but it can also be used in tapping mode
for revealing the nanoscale structures of nanocomposites. For example, Chin et al [53]

have investigated the clay layer gallery height in epoxy clay nanocomposite (Figure

2.12).

Figure 2.12. AFM phase image of epoxy clay nanocomposite [53]
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2.4. Polymer nanocomposites (PNCs) fabrication

Fabrication is an important step to obtain nanocomposites and there are many factors that
need to be considered in the process. This subsection intends to describe how the

nanocomposites are produced.
2.4.1. Thermoset nanocomposites fabrication

In general, researchers developed two processes to fabricate thermosetting

nanocomposites: In-situ polymerization process, and solution process.
In-situ polymerisation process

In-situ polymerization is the conventional process used to synthesise thermoset-clay
nanocomposites. Polymer-clay nanocomposites based on unsaturated polyester [54],
epoxy [10, 18], polyurethanes [55, 56] have been synthesised by this method. Most

researchers used the in-situ polymerization to synthesise thermoset nanocomposite.

The strategy is described schematically in Figure 2.13. First, the organoclay is swollen in
the monomer. This step requires a certain amount of time, which depends on the polarity
of the monomer molecules, the surface treatment of the organoclay, and the swelling
temperature. Then, the reaction is initiated. For thermosets such as epoxies, a curing
agent is added to initiate the polymerisation. The schematic illustration of “in-situ

polymerisation” approach is shown in Figure 2.14.
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Swelling

Polymerisation}—» v

Figure 2.13. Flowchart presenting the different steps of the “in-situ polymerisation”

approach
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Figure 2.14. Schematic illustration of “in-situ polymerisation” approach [4]

It is not always certain that in-situ polymerization can lead to full exfoliation. The key
relies on the interaction between the monomer and clay. Several publications have
claimed that it is possible to exfoliate the organoclay in epoxy matrix as demonstrated by
XRD. However, this claim can not be considered to be valid because no TEM

observation can support it.

Solution process

A solution process has also been used to synthesize epoxy-clay nanocomposites [20, 57].
The strategy is similar to the one used in the “in-situ polymerisation” approach. Figure
2.15 describes the different steps of the process. First, the organoclay is dispersed

(swollen) in a polar solvent such as toluene, N, N-dimethylformamide, or acetone.
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Alkylammonium treated clays swell considerably in polar organic solvents, forming gel
structures. Then, the polymer, dissolved in the solvent, is added to the solution and
intercalates between the clay layers. As the clays have been pre-intercalated with solvent,
the further intercalation of the polymer chain into the clay galleries takes place easier.
The last step consists in removing the solvent by evaporation usually under vacuum.
Figure 2.16 shows how the polymer is intercalated between the clay layers. A relatively
large number of solvent molecules need to be desorbed from the clay to accommodate the

incoming polymer chains.

Further
intercalation

Figure 2.15. Flowchart presenting the different steps of the “solution” approach

desorbed

solvated solvated solvent

organophilic clay polymer molecules )
Intercalation Evaporation

Figure 2.16. Schematic illustration of “solution” approach. The black dots represent

the solvent molecules [4]

More recently, a new development in which a solution of epoxy, clay and acetone was

passed through high pressure chamber at high velocity to break down the agglomerates of

23



clay has been reported [21]. The method to prepare the organoclay/epoxy
nanocomposites in liquid (¢thanol and water solution) without any intermediate drying
step of clay has been used but full exfoliation still can not be achieved [58]. The major
advantage of the solution method is that it offers the possibilities to prepare intercalated
nanocomposites from polymers with low or even no polarity. However, the “solution”
approach is difficult to apply in industry due to problems associated with the use of large

quantities of solvent.
2.4.2. Thermoplastic nanocomposite fabrication

Three processes to fabricate thermoplastic nanocomposites have been developed by
researchers: In-situ polymerization process, solution process, and melt intercalation (or

compounding) process.
In-situ polymerisation procéés

In-situ polymerisation was the first method used to synthesize polymer-clay
nanocomposites based on polyamide 6 [26]. For thermoplastics, the polymerisation can
be initiated either by the addition of an initiator or by an increase of temperature [59].
Polyethylene terephthalate [60] has also been synthesised by this method. In a recent
work, J. S. Ma et al [61] discussed the synthesis of polypropylene/clay nanocomposites
by using in-situ intercalative polymerization. The Na-montmorillonite was modified by
hexadecyl-octadecyl trimethylammonium and activated by the Ziegler-Natta catalyst
(MgCl,, TiCly); the activated montmorillonite served as a catalyst for propylene

polymerization. During the polymerization, the clay structure would be destroyed and
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exfoliated by the growing PP molecules inside the clay galleries. However, due to the

incompatibility between the clay and the matrix, the clays collapsed after processing.
Solution process

Nanocomposites based on high-density polyethylene [62], polyimide [63], and nematic
liquid crystal polymers [64] have been synthesised by this method. Sometimes,
nanocomposites based on untreated clays have also been synthesised using this approach.
In this particular case, the polar solvent was deionized water. The polymer must be either
able to be dispersed in water like polyoxide(ethylene) [65] or synthesized by emulsion

polymerisation as was reported for polymethylmethacrylate [66].
Melt intercalation process

Melt intercalation process was first reported by Vaia et al. [67] in 1993. The melt
intercalation process has become increasingly popular because of its great potential for
application in industry. Indeed, polymer-clay nanocomposites have been successfully
produced by extrusion [68]. A wide range of thermoplastics, from strongly polar
polyamide 6 [69] to hydrophobic polystyrene [70] has been intercalated between clay
layers using this process. However, polyolefins, which represent the biggest volume of
polymers produced, have so far only been intercalated to a very limited extent even the
coupling agent was used [71]. The strategy consists in blending a molten thermoplastic
with an organoclay under high shear to optimize the polymer-clay interactions (Figure

2.17). Figure 2.18 shows the schematic illustration of “melt intercalation” process. For
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semi-crystalline polymers, the mixture can be also annealed at a temperature above the

glass transition temperature in order to maximize the performance.

Melt
blending

Figure 2.17. Flowchart presenting the different steps of the “melt intercalation”

approach

blending
+

annealing ;4— 5
o //
organophilic thermoplastic

clay polymer Intercalation

Figure 2.18. Schematic illustration of “melt intercalation” process [4]

2.5. Epoxies

Epoxy resins are relatively low molecular weight prepolymers capable of being processed
under a variety of conditions. Because of their versatility, epoxies are used in thousands
of industrial applications. The cured resins have high chemical and corrosion resistance,
good mechanical and thermal properties, outstanding adhesion to a variety of substrates,

and good electrical properties [72-75].
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2.5.1. Epoxy resins

Epoxy resins are characterized by the presence of a three-membered ring containing two
carbons and an oxygen (epoxy group or epoxide or oxirane ring). The liquid diepoxide as
the reaction product of bisphenol-A with an excess of epichlorohydrin was reported in

1934 [73]. The structure of the resin is shown in Figure 2.19.

CHy—CH—CH,CI + HO@@~0H > CH;— CH—CH,- o—o— CH;—CH-—GCH,
0 - 0 o

Epichlorohydrin Bisphenol-A

Figure 2.19. 2,2- bis [4-(2°, 3’ —epoxypropoxy) phenyl] propane [73]

The first commercial epoxy resins were obtained by the reaction of bisphenol -A and
epichlorohydrin in the presence of strong base, and were first marketed in the 1940s. This
resin is commonly called diglycidyl ether of bisphenol A (DGEBA). The higher
molecular weight homologues are represented by the following structure (Figure 2.20)

[73-75].

C@2/CHCH% o--41-<\7 )0~ CH;CH-— CH%O--"— O— CH;~CH—CH,
o OH n 0
DGEBA

Figure 2.20. Higher molecular weight homologues of epoxy based on diglycidyl ether

of bisphenol A (DGEBA) [73-75]

The value of » in liquid resins is less than 2.5 while in high melting point solid resins it
can be as high as 18. Liquid DGEBA is used extensively in industry due to its fluidity,

processing ease, and good physical properties of the cured resin. As the value of n
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increases, the fluidity of resin decreases and, therefore, in the composite industry the
general-purpose epoxy resins have a maximum degree of polymerization up to four only
[73-75]. The molecular weight of the resin depends on the feed ratio of epichlorohydrin/
bisphenol-A and an increase in this ratio results in a decrease in molecular weight. Beside
DGEBA, several different types of epoxy resin have been developed and

commercialized. The structures of some other epoxy resins are shown in Table 2.3 [73-

79].
Table 2.3. The structures of some epoxy resins [73-79]
Epoxy Structure
—CH, ~CH, ~CH,
o G 4
CH, CH, CH,
Epoxy novolac 0 ‘ 0
©770H2 cr%;@
/O
o _ CH;~CH—CH,
Triglycidyl p-amino phenol (TGAP) Cgr\CH*CHFOOK
CH; Q—l;/CHZ
- CH—CH, /CH ——éuo—\cn
.N, N, N , N’-tetraglycidyl-4, 4’- N @ o {}N 2
diaminodiphenylmethane (TGDDM) GH— CH-— cH] - CHz—C\H—/CHZ
o~ o
H
H—~ CH—CH;- o@(': @o CH;~CH—CH,
Tetraglycidyl ether of tetrakis ©
~CH—CH; O- @c@o CH;— Q@H

2.5.2. Hardeners (curing agents)

The curing of epoxy resins is associated with a change in state from a low molecular

weight liquid mixture to a highly cross-linked network. Many commercial hardeners
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suitable as curing agents have been used for epoxy resins [73-75]. The most common
types of curing agents are (1) primary, secondary polyamines and their adducts, (2)

anhydrides, (3) polyamides, and (4) catalytic types.
2.5.2.1. Primary and secondary polyfunctional amines

Typical of this class of curing agents are aliphatic amine compounds, such as Diethylene
Triamine (DETA), Triethylene Tetramine (TETA), and Tetraethylene Pentamine. Room
temperature cures are usually employed. Aromatic amines, such as metaphenylene
diamine and diamino diphenyl sulfone, are aléo widely used to achieve higher heat

distortion temperatures. Elevated temperature cures are usually employed.

The amines react with the epoxy group through its active amine hydrogen. Each primary
amine group is theoretically capable of reacting with two epoxide groups, and each
secondfflry amine group is capable of reacting with one epoxide group. The main reactions
that occur are illustrated in Figure 2.21 [80]. Other reaction that can also occur is that
between an epoxide ring and a hydroxyl group to form an ether link and a new hydroxyl
group, which is then available for further reaction. The epoxide-hydroxyl reaction is
generally slower than the epoxide-amine reaction and becomes important only when the
cure is performed at high temperatures or when there is an excess of epoxy with respect
to amine. The reaction between an epoxide ring and a hydroxyl group is often catalyzed
by tertiary amines. The presence of hydroxyls, however, has an important function
because they assist in opening the epoxide ring. Alcoholic or phenolic hydroxyls
accelerate the primary and secondary amine cures and thus provide for the more rapid gel

time of the amine adducts and the higher molecular weight resins. Even if no reactive
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amine is present, epoxy resins will polymerize on their own if heated to a sufficiently
high temperature. This is attributed to a “homopolymerization” reaction, which may be
initiated by impurity groups present in the resin or by (nonreactive) tertiary amine groups.
This is generally considered to be difficult to achieve unless specific catalysts such as

boron trifluoride complexes are present [77].

S
NH, + C\Hz‘“éH —> NH—CH,—CH—OH
0
Fmﬁf! Epoxide Se:r?‘?g:ry Hydroxyl
R N R R R R

| | | |

HO—CH——CH;—NH + CH, CH ~—= HO— CH——CH;—N-— CH, CHOH

0}
Secondary . Tertiary
Amine Epoxide Amine Hydroxyl
R R R R’ R R

|

NH——CH, —CH —OH + CH;—CH ——> NH—— CH;—CH-—0—CH,CH— OH
o)

Hydroxyl Epoxide Ether Hydroxyl

Epoxide Ether

Figure 2.21. Main reactions involved in the cure of epoxy resins with amine curing

agents [80]
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2.5.2.2. Anhydrides

Liquid and solid anhydrides are also used to cure epoxy resins but in lesser extent [73,
76]. The reactivity rate of some anhydrides with epoxies is slow. An accelerator, usually
a tertiary amine, is often used (0.5% to 3%) to speed up gel time and cure. The reaction
of anhydrides with epoxy groups is complex, with several competing reactions capable of

taking place. The reactions that occur are illustrated in Figure 2.22.

0 ]
7z
*c‘:-c\/ | —C—C—O0—CH
| 0 + HO—CH —> | |
o | —C—C—OH
N o
0 (@ o)
o o
o ]
—C—C—O0—CH ~C-C 0O CH
| |+ CHy—CH— — | |
*('>~| —OH ~o” — (‘:—* C-—0—CH-CH—
0 OH
®) °

| | o
CH—OH + CH;—CH— —> CH—0—CH,—~CH—
| I w

©
Figure 2.22. Reactions involved in the cure of epoxy resins with anhydride curing
agents: (a) The opening of the anhydride ring with an alcoholic hydroxyl to form the
monoester, (b) Subsequent to (a) the nascent carboxylic groups react with the
epoxide to give an ester linkage, (c) The epoxide groups react with nascent or

existing hydroxyl groups, catalyzed by the acid, producing an ether linkage [76]

Since reaction can take place independently in the acid medium, the ratio of anhydride to

epoxy is less critical than with an amine. It can vary from 0.5 to 0.9 equivalents of
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anhydride per equivalent of epoxy and should be determined experimentally to achieve
desired properties. Pot life of the mix is usually long; exotherm is low. Elevated
temperature cures are necessary and long post cures are required to develop ultimate
properties. Electrical and physical strength properties are good over a wide temperature
range. Chemical resistance to some reagents is less than with amine-cured systems, but is

better against aqueous acids.
2.5.2.3. Polyamides

This class of compounds can be considered as modified polyfunctional aliphatic amines,
since the polyamides most widely used are the condensation products of dimerized fatty
acids and a difunctional amine such as ethylenediamine. Their theorized structure is

represented as follows (Figure 2.23)

o) 0
| 1
C

HO — R—C—NH—CH,—CH,-NH-—H

n=5to 15 n

Figure 2.23. Structure of polyamides [76]

The reactivity of polyamides with epoxies is similar to that of the aliphatic amines. It is
varied quite broadly to obtain properties from hard to semi-flexible. In this sense, the
polyamides can be considered resin modifiers as well as curing agents. Polyamide-cured
formulations have longer pot life than formulations cured with aliphatic polyamines and
their adducts. They cure at room temperature without blushing and show outstanding
adhesion. Formulations are high in viscosity and are sometimes incompatible with the

resin until reaction has been initiated. They are usually dark in color. Polyamide systems
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lose structural strength and insulation value rapidly with increasing temperatures, and are

usually restricted to applications under 65°C (149°F) [76].

2.5.24. Catalytic curing agents

Catalytic curing agents are those compounds that promote epoxy-to-epoxy or epoxy-to-
hydroxyl reactions and do not themselves serve as direct cross-linking agents. Tertiary
amines, amine salts, boron trifluoride complexes, and amine borates are in this class [73,
76]. The mechanism of epoxy-to-epoxy polymerization using a tertiary amine catalyst (or

other catalytic curing agent) theoretically takes place as in Figure 2.24.

R;N + CQ;;/CH“ —> RN'-—CH, CH —
e
(a)
—CH~CH — + CH;—CH— —> —CH—CH —
2 17 \2 / C 2 I
o O o
(b) CHz—(IJHf—

O
Figure 2.24. Reactions involved in the cure of epoxy resins with catalytic curing
agents: (a) opening of the epoxy group, (b) the ion thus formed is capable of opening

another epoxy group [73, 76}

2.6. Epoxy-clay nanocomposites (ECNs)

Epoxy resin reinforced with nanoscopic layered silicates has received increasing attention
recently because of the possibility of obtaining improved properties in terms of stiffness,
strength, fracture toughness, fire resistance, dimensional stability, etc. [10, 13, 21, 55,

58].
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2.6.1. Formation of ENCs

The mechanism of formation of exfoliated ENC has been studied. However, much is still
unknown. The exfoliation of the clay tactoids into a curing polymer requires the driving
force of the polymerization to overcome the attractive electrostatic force between the
interlayer cations and the negatively charged silicate layers. If the curing reaction takes
place inside the clay galleries slower than outside the galleries (extragallery
polymerisation); then delamination of the clay is impeded [45]. Therefore, one needs to
find ways to favour the intragallery polymerization as compared with the extragallery
polymerization which is not easy to do. This group also proposed that the acidity of the
alkylammonium ions may catalyze the homopolymerization of the epoxy molecules
inside the clay interlayers but only very high temperature (above 150°C) [81]. The

proposed mechanism is described in Figure 2.25.

+
o: OH
/N + RNH; —/ \ + RNH,

o oH
iy —> O-CH,-CH,-OH

o
. +
SN+ DO-CHZ-CHZ-OH o

Figure 2.25. Proposed homopolymerization mechanism of DGEBA catalyzed by

alkylammonium ions [81]

Moreover this research also proposed that long-chain alkylammonium ions allow more
epoxy precursors to be accommodated in the gallery, which may be a prerequisite to

achieve layer exfoliation upon an intragallery reaction [82]. However, it is not really true
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because the long alkyl chain often leads to the higher hydrophobicity which is less

compatible with the epoxy matrix.

Ke et al [83] found that the organoclay is easily intercalated by the epoxy precursor
during the mixing process, and the clay galleries continue to expand a bit more during the
curing process. They also noted that in the cured system, although partial exfoliated clay
layers have already formed, an amount of the intercalation structure still remains. On the
other hand, the addition of a promoter or coupling agent into the cured system
significantly lowers the maximum reaction temperature, and during the curing process the
layered organoclay can be gradually broken into nanoscale structures, in which no dyy,
diffraction peaks are observed. Finally, they claimed that complete exfoliation is
achieved at gel time or before but no TEM observation supports for this claim. However,
as discussed earlier, absence of XRD peaks do not link directly to the exfoliation.
Furthermore, even if exfoliation is achieved, the use of coupling agents is quite expensive
and they may also affect the curing process. Lii et al [84] illustrated that the exfoliation
takes place under the condition that the exothermal curing heat produced by the
intragallery epoxy, before the extragallery epoxy reaches its gel-point, is large enough to
overcome the attractive forces between the silicate layers. However this speculation fails

due to the fact that hardener is not present in the clay galleries.

Kornmann et al. found that a MMT with a low CEC was already exfoliated during
swelling in the epoxy resin prior to curing [10]. A mechanism was proposed in which the
homopolymerization of the epoxy resin during the swelling phase causes the diffusion of

new epoxy molecules into the clay galleries. Due to its high surface energy, the clay
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attracts polar monomer molecules into the interlayers until equilibrium is reached. The
polymerization reactions occurring between the layers lower the polarity of the
intercalated monomer molecules. This will allow new polar monomer molecules to
diffuse between the layers and further exfoliate the clay. The relatively low CEC clay
contains a smaller amount of alkylammonium ions. This means that there is more space
available for the epoxy molecules at the same d spacing. The self-polymerization of the
epoxy resin within the interlayers can then occur to a larger extent. Unfortunately, this
study was conducted on the low aspect ratio clays. It is not really true for the high aspect

ratio MMT clays, which have a greater reinforcing effect.

Messersmith and Giannelis [9] have analyzed the effect of different curing agents and
curing conditions in the formation of nanocomposites based on the DGEBA and a
montmorillonite modified by bis (2-hydroxyethyl) methyl hydrogenated tallow alkyl
ammonium cation. They found that the modified clay dispersed readily in DGEBA when
sonicated for a short time period as determined by the increase in viscosity at relatively
low shear rates and the transition of the suspension from opaque to semitransparent. The
increase in viscosity was attributed to the formation of a so-called “house-of-cards”
structure in which edge-to-edge and edge-to-face interactions between dispersed layers
form percolation structures. XRD patterns of uncured clay/DGEBA also indicate that

intercalation occurred during mixing.

Becker et al [85] synthesized epoxy-clay nanocomposites based on organoclay I30E and
different epoxy resins: bifunctional DGEBA, trifunctional TGAP, and tetrafunctional

TGDDM. I30E was dispersed in these epoxy resins with mechanical stirring. The
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hardener was diethyltoluene diamine. The results showed that d-spacing of the DGEBA

based nanocomposite system is larger than in the higher functional epoxy systems.

Kornmann et al. have also studied the influence of the nature of the curing agent on
nanocomposite structure [10]. Three different curing agents were used: polyoxyalkylene
diamine (D230), bis-(4-aminocyclohexyl) methane (BAM) and 3, 3’-dimethyl-
methylenedi (cyclohexylamine) (3DCM). The structure of the resulting nanocomposites
depended on both the cure kinetics and the rate of the diffusion of the curing agent into
the clay gallery. The polarity, molecular flexibility and reactivity of the curing agent
greatly affected the kinetics and diffusion rates. Therefore, the resulting structure of the
nanocomposite was also influenced. Also, the curing temperature controlled the balance
between the extragallery reaction rate of the epoxy system and the diffusion rate of the
curing agent into the galleries. Probably at a certain curing temperature, both the rate of
diffusion of the epoxy into the clay galleries and the intragallery curing can favorable
than the extragallery curing. However, it is still not clear how chemistry and especially
molecular weight of hardener influence the intercalation/exfoliation of clay in epoxy

matrix.

Processing parameters have an important influence on the dispersion of clay in polymer.
This in turn has an effect on the physical and mechanical properties of nanocomposites.
Dispersion process parameters mainly include stirring temperature, time, speed, power of
ultrason, and shearing forces etc. Direct mixing of organoclay and epoxy by mechanical
stirring and sonication is widely used to disperse nanoclay in epoxy [10, 11, 12, 16, 18].

However it is not enough for good dispersion of clay in epoxy. Many publications
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reported on a mixture of intercalation and exfoliation of clay in epoxy nanocomposites
but not full exfoliation. Although, the clay galleries were clearly expanded by epoxy
matrices and the diffraction peaks were not visible with XRD. However, agglomerates of
clay were observed by TEM. The dispersion of nanoclays in epoxy nanocomposites in all
cases appears to be very in-homogenous. To our knowledge, besides selecting a right
chemistry of the system (clay, epoxy, and hardener) and processing temperature, breaking
down the clay agglomerate is also an important key to speed up the intercalation and

exfoliation of clay. However, no research on this topic has been fully carried out.

2.6.2. Curing of ENCs

The mechanism and kinetics of epoxy resin curing, which can involve various chemical
reactions, have been widely studied [86]. However, the curing reaction of epoxy-clay
nanocomposite is complex due to the presence of organoclay. The effect of primary
amine-based intercalant on the polymerization of epoxy has been described by Lan et al.
[81]. Butzloff et al [87] studied the effects of MMT layered silicates on the curing
kinetics of an epoxy resin. Differential scanning calorimetry was used to probe the
changes in reactivity due to the presence of MMT and due to the diamine hardener. The
enthalpy of polymerization was strongly affected at compositions greater than 5 wt%
MMT for epoxy-MMT reactions. However, it is not clear that such effect is caused by the

presence of organoclay or the excess of intercalant.

The effect of montmorillonite on the curing kinetics and the structure of epoxy/ organo-
montmorillonite (CH3(CH,);6NH4-MMT)/methyltetrahydrophthalic anhydride/2-ethyl-4-

methyl-imidazole was investigated by the dynamic torsional vibration method (DTVM)
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[88]. The addition of Org-MMT reduces the gelation time #g, and increases the rate of the
curing reaction and the value of the kinetic constant k. The half-time ¢;,, of cure after the
gel point decreases with increasing cure temperature, while the values of kinetic constant
k rise as the cure temperature increases. Similar results were also reported [89, 90]. A
steric effect of clay on the curing of intercalated epoxy matrix has been discussed by
Kornmann et al. [10, 18]. Although the work did not include a kinetics study, they
pointed out that there is a competition between diffusion of hardener molecules into the
clay galleries and a curing reaction between the hardener and epoxy outside the galleries.
Depending on the hardener chemistry and curing temperature, the balance between the

two processes may vary.

2.6.3. Mechanical properties

The clay nanolayers are more effective in improving mechanical properties when the
polymer is in its rubbery state than in its glassy state. Lan et al [11] mixed the organoclay
(CH3(CH,)7NH;"-MMT) into to the mixture of epoxy and amine at 75°C and stirred for
30 minutes. With 7.5 vol% of the organoclay, the strength of elastomeric polymer matrix
(Ty ~ 40°C) is improved by more than 10-fold but no significant improvement in glassy
epoxy. Although it is not clear that if such effect is solely related to the transition state of
the epoxy system or also the difference in chemistry of the matrix and the quality of
dispersion of the two systems. The behavior of glassy epoxy-clay nanocomposites in
compression was studied by Massam and Pinnavaia [12]. The compressive yield strength
and the modulus of the exfoliated nanocomposites were increased by 17 and 27%,

respectively, with a clay loading of 10 wt%. However the conventional composites were
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completely ineffective in providing reinforcement to the matrix. They also found that
interfacial interactions, platelet aspect ratios, and layer charge densities also fxave a direct
impact on the compression behaviour of the nanocomposites. The dimensional stability,
thermal stability and solvent resistance of the glassy matrix can also be improved when
the clay nanolayers are present. Researchers from Nanocor [27] showed flexural modulus
of amine-cured epoxy nanocomposites increased 40% for a high-7, system (glassy
system) at 8 wt% clay but not strength. Zilg et al [91] confirmed that the tensile strength
properties of nanocomposites did not improve but decreased depending on types of
alkylamine intercalants. Organoclays (alkylamine-treated fluorohectorites) were
dispersed in DGEBA (Araldit CY225) at 80°C and 13 mbar pressure. Tensile strength
decreased 17% with 10 wt% Butyl-amine treated clay and tensile strength decreased
39.5% with 10 wt% Octadecyl amine treated clay. This can be explained by the poor

interface interaction between the epoxy matrix and the organoclay.

Kornmann et al. [18] showed that with octadecyl-amine treated MMT, flexural modulus
increases by more than 40% for the EPON 828/Jeffamine D230 system with 10 wt% clay
and by 28% for the EPON 828/3DCM system with 8 wt% clay. However, no increase in

flexural strength was reported.

Increases in fracture toughness by adding organoclay into epoxy resins systems were
reported by many researchers [14, 21, 71, 85, 92-100]. Kornmann et al. [14] showed
112% increase of fracture toughness of TGDDM-DDS matrix reinforced by 4.2 vol%
nanoclay. In this study, TGDDM resin and organoclay (hydroxyethyl dihydro

imidazolinium-sodium fluorohectorite) was mixed at 100°C under vacuum. There is also
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great improvement (nearly 80~90%) of fracture toughness for untreated clay. Kornmann
et al. [92] also studied the influence of silicate surface modification on the properties of
nanocomposite based on DGEBA. Again, they noted that fracture properties are not
substantially affected by the nanoscopic separation of the silicate layers and are also
improved for conventionally filled composites. This suggests that mechanisms governing
fracture properties of these materials are occurring on the microscale. This seems to be in
contrast to the results of filler composites. Moreover the clongation at break of the
nanocomposites is lower than that of the pure epoxy. Becker et al [85] found that the
improvement in fracture toughness of the epoxy systems with higher functionality is
larger than those achieved in the bifunctional DGEBA epoxy system with the presence of

clay.

Liu et al [21] prepared intercalated epoxy nanocomposite by high pressure mixing with
acetone. The result showed that modification with organoclay (Nanomer I30E)
simultaneously improved the fracture toughness and compressive properties of
DGEBA/BF;.MEA, that is, K;c and G;¢ increased by 1.84 and 2.97 times respectively at
6 phr clay loading. Compressive modulus and fracture strain increased by 25.1% and
9.6% respectively, at 6 phr clay loading. Liu et al [22, 23] also reported that the fracture
toughness of the TGDDM-DDS system was greatly improved by adding nanoclay with
high pressure mixing method. K;¢ and G,¢ increased by 2.2 and 5.8 times, respectively,

over the pristine epoxy system properties at 4.5 phr (about 3 wt%) clay loading.

The fracture behavior appears to be most dramatically improved in the intercalated

system based on EPON825 and Jeffamine D230 [94]. The fracture energy of the
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composites was shown to be increased by 100% at clay concentrations of 5 wt %. By
investigating the surface roughness and crack propagation under subcritical loading, it
has been hypothesized that the creation of additional surface area on crack propagation is
the primary means for toughening in intercalated systems. The morphology of this system
seems to play an important role in the toughening. The effect of size of nanoclay particles
on the fracture toughness of epoxy nanocomposites has also been discussed but the

mechanism behind is still unclear.

2.6.4. Thermal properties

The change in T, of epoxy nanocomposites compared to neat epoxy was also reported [9,
13, 101, 102]. Messersmith and Giannelis [9] found that the nanocomposite exhibits a
broadened 7T at slightly higher temperature than the unmodified epoxy. Feng et al [102]
reported that 7, increased with increasing the amount of organoclay. This suggests that
the layered silicates hinder the motion of molecules in the epoxy network at least in the
vicinity of the silicate surface. Researchers from Nanocor [27] show significantly
increased glass transition temperatures (by 10 to 20 °C) for amine-cured epoxy

nanocomposites with 7 wt% of Nanomer I30E nanoclay.

However, there is not always an increase in 7, for epoxy resin with the presence of
nanoclays. The reduction in 7, for DGEBA/BF;.MEA was found to be 10°C for the
nanocomposites with 6 phr organoclay, and the 7, of the system decreased further with
the increase of clay loading [21]. Becker et al [103] studied the effect of octadecyl amine
treated MMT Nanomer I30E on properties of the TGAP and DGEBA system. Nanomer

I30E was dispersed in TGDDM resin at 80°C using a stirrer at 500 rpm. They reported
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that T, decreased 15°C for the TGAP and DGEBA system and 20°C for TGDDM system
with the presence of 10 wt% clay. Zilg et al [91] found that the 7, and properties of
nanocomposites changed depending on types of alkylamine intercalants. Organoclay
(alkylamine-treated fluorohectorites) was dispersed in DGEBA (Araldit CY225) at 80°C
and 13 mbar pressure. T, decreased 20°C with 10 wt% butyl-amine treated clay and 7,
decreased 28°C with 10 wt% octadecyl amine treated clay. The reduction in 7, may be
due to the effect of the intercalant (used to treat the clay) on the formation of the

crosslink network. Unfortunately, the authors have not paid attention to this issue.

Wang and Pinnavaia [46] compared the thermogravimetric analysis (TGA) curves for an
exfoliated nanocomposite prepared from C18A1M-magadiite and an intercalated
nanocomposite prepared from C18A3M-magadiite. The lower temperature weight loss
(of below 200°C) for the intercalated C18A3M-magadiite nanocomposite is indicative of
the decomposition of the quaternary alkylammonium cations (the intercalant) on the
magadiite basal planes, because an analogous weight loss is observed for pristine
C18A3M-magadiite. Flammability properties of epoxy nanocomposites were studied by
Gilman et al [15]. They found that the nanocomposites have reduced flammability. The
total heat release rate (HRR) plots of DGEBA/MDA with 6 wt% of clay nanocomposites
at 35 kW/m? heat flux were reduced by 40% as compared with DGEBA/MDA (Figure
2.26). However, the presence of organoclay reduced the ignition time, which has been

speculated due to the low thermal stability of the organic intercalant.
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Figure 2.26. Comparation of HRR plots for DGEBA/MDA and DGEBA/MDA

nanocomposite with 6 wt% of silicate [15]

2.6.5. Barrier properties

The barrier properties of nanocomposites depend on the sheet-like structure of the filler:
in fact, the nanometre-thin layers act as obstacles to molecules diffusing towards the
nanocomposite bulk, extending their path through the polymer and, thus, decreasing its
permeability to gases and liquids. Epoxy-organoclay (treated with octadecyl amine)
nanocomposites showed excellent reduction water absorption [104]. The difference of
water absorption between modified organoclay and unmodified clay can be explained by
the fact that the water resistance is strongly dependent on the delamination of clay layers
within the epoxy resin and modification of the clay surface. The delamination of clay
within the epoxy resin increases the diffusion path of water in the epoxy resin. Thus it
takes more time for water to pass through the epoxy resin. The modification of clay by

octadecyl amine made the clay surface more hydrophobic and increased the gallery
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distance, thus facilitating the delamination. The water uptake behavior, a major concern
in glassy high performance epoxy resin systems, was investigated by Becker et al [17].
The results of the water sorption at a temperature of 80°C showed that the equilibrium
water uptake of nanocomposites was reduced compared to the neat epoxy system. The
concentration of layered silicate did not correlate proportionally with the reduction in
equilibrium water uptake. The absolute reduction of water uptake varied between 0.4%
and 0.5% for the DGEBA and TGAP and 0.2% for the TGDDM nanocomposites, while

the rate of water diffusion remained unaffected.

Chen et al studied the solvent absorption for the aerospace epoxy-organoclay
nanocomposite [105]. The solvent absorption of the aerospace epoxy-organoclay
nanocomposite in acetone was examined, and the diffusion coefficients of solvent in the
nanocomposites were reduced. The solvent uptake for the nanocomposites is significantly

low compared with the pristine polymer [12, 106].

2.7. Summary

The polymer layered silicate nanocomposites are becoming a very promising new class of
materials. Based on the above survey of the literature, the silicate nanolayers have
provided effective reinforcement on the epoxy resins depending very much on the level
of their dispersion. The finer the dispersion and exfoliation the better the reinforcing
effect. In overall it is still be struggling to produce the epoxy nanocomposites with good

exfoliation by industrial processes or processes which can be easily industrialized.
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From previous works, the conventional mechanical stirring method to prepare epoxy
nanocomposites has been widely used in the research due to its simple, economic and
good dispersion. However it is not sufficient to obtain the good dispersion of clay in
epoxy because of its low shearing efficiency. The low viscosity of epoxy resin, which is
an essential requirement for most processing procedures for the fabrication of epoxy
materials, also contribute to the difficulty in generating high shear by conventional
devices. In addition, even if delamination of the clay layers can be achieved, the
delaminated structure cannot be sure to be maintained during storage if the compatibility
between the clay and the epoxy matrix is not good (agglomeration will eventually take
place according to the thermodynamic rule). Further, one cannot focus only on the
compatibility between the organoclay and the epoxy resin but also between the
organoclay and the hardener as well as between organoclay and the intermediate products
of the curing (polymerization) process. Thus the delamination of organoclay in the epoxy
curing system is quite complex and no study has addressed through all the important
elements of this complex process. Beside that other non-practical or unconventional
approaches have been explored, like the use of ultrason, high pressurized system, solvent,
coupling agent, etc. They show very limited success in delamination in term of quality
and uniformity but have very low consistency in the results (work for only few systems)
while they appeared to be neither practical nor economical for industrial application.
Therefore, it is desirable to have a better understanding about the delamination process in
order to propose a practical and economical means to achieve a fine dispersion and
improve the intercalation/exfoliation of nanoclay in epoxy nanocomposites for industrial

practice.
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On the other hand, the curing process of epoxy nanocomposites is also an important issue
in the production of epoxy based materials in the industry. In term of chemistry, mineral
clays have been known to have no significant effect on the curing process of epoxy just
as other mineral filler when they are dispersed in the micro-composites. However, if the
clay layers are delaminated, a huge surface area and a great restriction of the molecular
mobility can be generated. Such effects on the curing process still remain unknown. In
addition the presence of the intercalant on the clay may complicate the curing process.
Since commonly used intercalants are based on amine compound, the conversion of
amine to ammonium ion for the clay treatment and the cationic exchange reaction of such
ion with the cationic ions on the clay surface by industrial process may not be necessary
prefect, thus may generate a trace of free amine and free ammonium ion in the
organoclay products. In addition, if the ammonium ion is based on primary or secondary
amine, even when it is bound on the clay surface by ionic bond, it still contains active
hydrogen (in the amine portion). The effect of such elements on the curing process has
been discussed rarely in few publications but there is no conclusive understanding.
Therefore, it is worth to have a better to understanding of the effect of organoclays which
have different levels of intercalant chemistries as well as different stage of dispersion on
the curing process in order to provide basic information for the fabrication of epoxy

nanocomposite based products by industrial processes.

In principle the reinforcing effect of clay in nanocomposites is just similar to the
reinforcing effect of conventional composites, which is strongly dependent on the aspect
ratio of the type of clay used and the interface interaction between the clay and the

matrix. The quality of clay dispersion and intercalation/exfoliation determines the actual
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aspect ratio of the clay aggregates in the system. The finer the dispersion and the greater
the intercalation/exfoliation should lead to the higher aspect ratio of the clay
aggregates/stacks in the actual system. As mentioned earlier, the quality of dispersion and
intercalation/exfoliation is controlled by the mechanical means (to break down the
aggregates and to shear the layers apart) as well as the compatibility between the clay and
the matrix. The compatibility between the matrix and the clay, beside that, is the main
key to control the interface interaction between the two phases. It is evident that the
chemistry of the clay intercalant and the chemistry of the resin (both the epoxy and the
hardener) play a determined role in this aspect. However, these chemistries not affect
only the interface but also the curing process, on one hand it turns to affect the crosslink
network structure and on the other hand it has a certain effect on the intercalation and
exfoliation as described earlier. Thus the reinforcing effect of clay in epoxy
nanocomposites is not straightforward but rather very complicated than expected. A good
comprehension of this issue is essential if one desires to fabricate clay epoxy

nanocomposites with optimum performance.

2.8. Challenges for ENCs

From the above summary, the scientific challenges in the development of ENCs are very
vague. Due to the scope of this thesis, several scientific aspects have been selected to be

addressed in this thesis including

> How to fabricate good ENCs by a solvent- free method?
»> How to control the dispersion of nanoclays in epoxy resins during the stirring step

and curing step?
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» What is the effect of the presence of clays on the processing of epoxy based products?
» What is the effect of the chemistry of the epoxy matrix (compositions and molecular
weight) and organoclays on the formation of epoxy nanocomposites and thus the

nanocomposite properties?
2.9. Objectives

In order to answer the issues addressed above, this research will focus on several issues

as follows:

> To achieve a better understanding of the formation of epoxy clay nanocomposites.

» To study the effect of different types of clay and hardener on the curing of epoxy clay
nanocomposites.

» To study the influence of clay on properties and performance of epoxy clay
nanocomposites.

» To analyze the relationships between the formulation, morphology, processing and
the properties of epoxy clay nanocomposites.

» To understand the reinforcing effect of the clay on the performance of epoxy systems
with characteristics varying over a broad range from rubbery to glassy (at room
temperature).

» To further explore non-solvent stirring techniques to improve the
intercalation/exfoliation of clay in epoxy matrix and thus improve the performance of

€poxXy nanocomposites.
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Chapter 3

Materials and experiments

3.1. Selection of materials

Chemistry of clay, matrix formulation and processing parameters are three major factors
that may influence the formation of epoxy-clay nanocomposites and need to be studied.

Therefore, this thesis experimental design has mainly considered these three aspects:

< Clay: two different types of organoclay which contain different intercalants (organic
modifiers)

+ Matrix: different formulations based on EPON828 and several different curing agents
4 Processing conditions: different parameters in the processing of epoxy

nanocomposites:

e During stirring: different stirring temperatures, residence times of stirring or
durations, stirring speeds, and also the use of high pressure device
¢ During curing: different curing temperature, chemistry of clay, and chemistry

of hardener.
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3.1.1. Epoxy

The resin selected for this study was Shell EPON 828 which is an undiluted clear liquid
epoxy resin based on diglycidyl ether of bisphenol-A (DGEBA), a difunctional bisphenol
Alepichlorohydrin derived. This is a very common difunctional epoxy resin. The
structure and typical properties of epoxy EPON828 are shown in Figure 3.1 and Table
3.1. When cured with appropriate curing agents, very good mechanical, adhesive,

dielectric and chemical resistance properties can be obtained.

CH, CH,
CH;— /CH~CH2{OOA CH,— ?HCH%O@—’OwOw CH;y~CH—CH,
© CH, OH " cH, ©
n=0(88%);n=1(10%); n=2 (2%)

Figure 3.1. Structure of epoxy EPONS28

Table 3.1. Typical properties of EPONS828 [77]

Item Property
Visual appearance Clear liquid
Epoxy equivalent weight
(EEW) (g/eq) 15192
Viscosity @ 25°C (cPs) 10,000-16,000
Density @ 25°C (g/cm’) 1.16
Liquid DGEBA resin.
Comments .
Common epoxy resin
Supplier Resolution Performance
Products.

51



3.1.2. Curing agents (hardeners)

It is well known that depending on the type of curing agent and curing conditions, the
structure of the crosslinked molecular network formed can vary significantly; this greatly
influences the properties and the performance of the cured epoxy material. These factors
can affect the formation of epoxy nanocomposites as well. Therefore, several kinds of
hardeners were selected in this thesis including hardeners which are different in

chemistry as well as similar in chemistry but different in molecular weight.

* Diethylenetriamine (DETA), which is a low molecular weight triamine and can form
a rigid network with epoxy, was obtained from Sigma-Aldrich [79].

# Other hardeners were based on diamine-terminated polyoxypropylene diols
(Jeffamine D series): Jeffamine D230 (D230), Jeffamine D400 (D400) and Jeffamine
D2000 (D2000) having different average molecular weights of approximately 230, 400

and 2000, respectively. To generate epoxy systems with a wide range of T g values,

mixtures of Jeffamine D230 and Jeffamine D2000 at different ratios were also used.
Jeffamine T403 (T403) is a propylene oxide based triamine with medium average
molecular weight of 403. All of them were supplied by Huntsman [78].

= EPICURE 3046, an aliphatic amidoamine containing triethylene tetramine and tall oil
fatty acid polyamide was obtained from Resolution Performance Products.. Tall oil fatty
acid is produced by the fractional distillation of tall oil. It is predominately linear chain,
18 carbon mono- and di-unsaturated fatty acids, mainly oleic and linoleic acid [77].

# Boron Trifluoride monoethylamine - BF;NH,CH,CH; (BF;), which is a catalytic

curing agent, was obtained from Sigma-Aldrich [79].
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Structures and characteristics of curing agents are shown in Figure 3.2 and Table 3.2.

HN—CH— O, ~NH— O, N,

()

CH,

CH,

CH;—{OCH,CH] - O—CH,CH-NH,

F CH,

CH,

R C~(CH2)n~(OCH2l)H)

CH,

CH,

| i
CHZ——(OCHZCH);OvCHZCH*NHz

(©

j~ O CH,CH-NH,

H,NCHCH;—| OCH,CH |~ NH,

|
CH,

F
|

CH,

(b)

F—BtNH;—CH, — CH,

|
F

(d)

Figure 3.2. Structure of (a) DETA, (b) Jeffamine D series, (c) Jeffamine T series,

and (d) Boron trifluoride monoethylamine [77-79]

Table 3.2. Characteristic of curing agents [77-79]

Jeffamine T series

Trimethylolpropane; 2,2-bis (hydroxymethyl)-1-butanol based 5-6

Jeffamine T403 (x +y + 2
=~53),R=CH;s,n=1

81

70

42

. * Viscosity @ = .
Curing agents AHEW (g/eq) 25°C (cps) phr Supplier
Diethylenetriamine
(DETA) 20 5.5-8.5 10.9 Sigma-Aldrich Co.
Boron Trifluoride (BF;) 28 - 3
EPICURE 3046 90 120-280 35 | Resolution Performance
Products.
Jeffamine D series
Amine-terminated polyoxypropylene diols
Jeffamine D230 (x = 2.6) 60 9 32
Jeffamine D400 (x = 6.1) 115 21 55
I eff"‘mm3e3Dlz)°O° (x= 514 247 270 Huntsman Corp.

“Amine hydrogen equivalent weight

* Amount of hardener per 100 g of EPON828
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3.1.3. Clays

Currently many types of organoclay are commercially available on the market, mainly
from Nanocor Inc [27], and Southern Clay Products Inc [49]. Since these two
manufacturers have strong technology and have developed several types of organoclay
that are more or less compatible with epoxy resins, the work on new surface treatments

was not considered in this project.

The two kinds of organoclay used in this thesis, both based on natural montmorillonites
but differing in intercalant chemistry, were Nanomer® L.30E (treated with a long-chain
primary amine intercalant) and Cloisite® 30B (treated with a quaternary ammonium
intercalant, less reactive with epoxy than the primary amine). For brevity, these clays are
called clay or nanoclay in the following experiments. Henceforth the clays will be
designated in shortened form as C30B and I30E, respectively. The technical details of

these clays are summarized in Table 3.3.
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Table 3.3. Technical details of organoclays [27, 49]

Nanoclay
C30B I30E
Item
MT2EtOH: methyl,
tallow, Bis-2- ODA: octadecyl
hydroxyethyl, ammonium
Organic modifier quaternary ammonium H
(intercalant) l,
(|3H2CH20H H—— ,\llv H
HSCM T:‘—T C18HB7
CH,CH,OH
Modifier
concentration 90 100
(meq/100 g clay)
Basal spacing dyg;
18.5 23.8
A)
Moisture content
<
(%) <2 2
Specific gravity
1.98 1.82
(g/cc)
Particles sizes in 10% less than 2, 50%
S less than 6 and 90% less 8to 10
volume (um) than 13
Supplier Southern ?igy Products Nanocor Inc.
T: Tallow (~65% C,5; ~30% Cy5;, ~5% Cy4)

3.2. Experimental design

3.2.1. Study parameters

In order to fulfill the objectives described in Chapter 1, the experimental matrix were

designed as described in Table 3.4.
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Table 3.4. Study parameters

Objectives Variables
- Epoxy: EPON 828, clay: C30B, hardener: D230
=] .
§_ Two main parameters:
:i Stirring speed: no speed, low speed (conventional
= 5 Effect of | mixer-1000 rpm), high speed (homogenizer at 9500,
2 b mixing 17500 and 24000 rpm) and microfluidizer [107] at
- = 15000 psi (103.42 MPa)
2 =
5
% = Stirring temperature and time: room temperature,
E 'é high temperature (120°C), residence time (2, 4, 10, 20,
° =3 30, 45 and 60 min)
.g g Three main parameters:
52
§ = Curing temperature: room temperature, 60, 90 and
= s 120°C
2 Effect of
— curing .
s Chemistry of clays: 2 types of clay: C30B and I30E
S
é Chemistry of hardeners: types of hardeners: DETA,
D230, D400, T403 and D2000.
S 5 - Effect of | Epoxy: EPON 828, clay: C30B and I30E, hardener:
= .
° o .5 . clay Epicure 3046
T a W
s 2835
§ "; g g Effect of | Epoxy: EPON 828, clay: C30B, hardeners: DETA,
s g hardener | D230, T403, D400 and D2000
§ © 0 Effect of | Epoxy: EPON 828, clay: C30B and I30E, hardener:
E. .7 clay EPICURE 3046
o = a T K
cE9%s
BETC o w Epoxy: EPON 828, clay: C30B, hardeners: DETA,
EEEEE T403 and D2000
§ g 52 % | Effect of an
28 E 38 a
- £ 2 hardener | b xy: EPON 828, clay: C30B, hardeners: D230,
™~ D2000 and their mixtures

More details can be found in the next chapters
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3.2.2. Experimental setup

First epoxy and clay were mixed together by using different devices including no
mechanical stirring and different speeds of stirring. Then the clay dispersion in the
epoxy-clay suspension (in the absence of hardener) was studied by field emission gun
scanning electron microscopy (FEGSEM), X-ray diffraction (XRD), rheological
properties by viscometer, and curing behavior by differential scanning calorimetry (DSC)
and Fourier transform infrared spectroscopy (FTIR). The curing process of epoxy and
epoxy nanocomposites was studied by DSC right after mixing the epoxy-clay with
hardener. Then, samples for various tests including XRD, FEGSEM, transmission
electron microscopy (TEM), DSC, thermogravimetric analysis (TGA), limiting oxygen
index (LOI), dynamic mechanical analysis (DMA), tensile, flexural, compression,
impact, surface hardness and fracture toughness were molded. Finally, tests on samples

were performed to obtain properties. The experimental procedure is as shown in Figure

3.3.
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Figure 3.3. Experimental procedure
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3.3. Stirring methods

Since the stirring temperature and stirring speed may affect the dispersion of organoclay
in the epoxy, different methods for stirring the epoxy and clay to generate different shear

forces were chosen for this study as shown in Table 3.5.

Table 3.5. Stirring methods

Name of stirring method Equipment
Rm Room temperature with hand stirring
Tm High temperature with hand stirring

High temperature and medium speed

™ stirring (mechanical stirrer)
Room temperature and high speed
RS .. .
stirring (homogenizer)
High temperature and high speed
TS L .
stirring (homogenizer)
HP High-pressure (microfluidizer)

The details about stirring conditions such as duration, speed etc. will be
described shortly

3.3.1. Room temperature and hand stirring (Rm)

To separate the effect of temperature and mechanical stirring on the dispersion and
intercalation/exfoliation of clay in epoxy resin, a room temperature with hand stirring
only was chosen. Organoclay was added into epoxy and stirred by hand at room

temperature (RT) for a few minutes to break down the lumps, then kept at RT for 1 hour.
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3.3.2. High temperature and hand stirring (Tm)

This method was chosen to understand the effect of temperature on the dispersion of clay
in epoxy resin. Organoclay was added into epoxy and stirred as in section 3.3.1 but at

120°C, and then kept in the oven at 120°C for 1 hour.

3.3.3. High temperature and medium speed stirring method (TM)

Organoclay was directly added into epoxy, the mixture was mechanically stirred at about

1000 rpm at 120°C for 1 hour with a mechanical mixer Lightnin (Figure 3.4).

Figure 3.4. Lightnin mixer (from CONCOM lab)
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3.3.4. High speed stirring method

To avoid using solvent, high speed stirring was introduced in this thesis work. Nanoclay
was dispersed in epoxy in a high-speed Homogenizer system (Figure 3.5a). The key
component is the rotor-stator generator. Shielded in a 316 stainless steel shaft, the rotor
acts as a centrifugal pump to re-circulate the liquid and suspended solids through the
generator (Figure 3.5b), where shear, impact, collision, and cavitation provide rapid
homogenization. It features a powerful force of mixing from a 6500 rpm to 24000 rpm
variable-speed motor. Due to the high rotation speed of the rotor, the medium to be
processed is automatically drawn axially into the dispersion head and then forced radially
through the slots in the rotor/stator arrangement. The high accelerations acting on the
material produce extremely strong shear and thrust forces. In addition, high turbulence
occurs in the shear gap between rotor and stator, which provides optimum mixing
suspension. The dispersion effectiveness is heavily dependent on the product of the shear
gradient and the residence time of particles in the shear zone. The rotor/stator principle

can be seen in Figure 3.5c¢.

Two dispersion routes were used: one is that organoclay was dispersed with homogenizer
at room temperature (RS) for 2, 4, 10, 20, 30, 45 and 60 minutes at 24000 rpm; the other
is that organoclay was dispersed with homogenizer at a high temperature of 120°C or
180°C (TS). The organoclay was added into epoxy for swelled at 120°C then dispersed at
this temperature with a homogenizer at 9500, 17500 and 24000 rpm for 2, 4, 10, 20, 30,
45 and 60 minutes. In another approach, the organoclay was added into epoxy for

swelling at 180°C then dispersed with a homogenizer at 24000 rpm for 2, 4, 10, 20, 30,
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45 and 60 minutes. All of the samples after preparation were degassed in a vacuum oven

at room temperature for 30 minutes to remove the bubbles.

(a)

Figure 3.5. Photos of (a) EW-04719-00 High-Speed Homogenizer System; 115 VAC,
50/60 Hz, (b) large-Capacity Rotor-Stator generators, (c) the rotor/stator principle

of high speed stirring (from CONCOM lab)

3.3.5. High pressure mixing method (HP)

This method was developed by Hoa et al [108]. Nanoclay was dispersed in an organic

solvent with the Microfluidizer Processor shown in Figure 3.6. With constant process
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pressures ranging from 2500 psi (17.24 MPa) to 25000 psi (172.37 MPa), the
microfluidizer maximizes the energy-per-unit fluid volume, resulting in uniform
submicron particle and droplet sizes. The basic principle of this machine is based on
particle-collision technology: the bombardment of a colloid system or fluid stream
against itself inside an interaction chamber of fixed geometry, at high energy. The size of
particles is reduced by: crushing forces of the particles against the wall of the chamber;
shear forces on the particles within the interaction chamber; crushing forces of the
particles hitting themselves; and cavitational forces due to extreme pressure changes in

the materials stream.

Due to the high viscosity of epoxy resins at room temperature, it is impossible to directly
disperse organoclays in epoxy resins with the Microfluidizer. Organoclays were first
dispersed in acetone (about 8% of organoclay in acetone) to form a suspension with the

HP method, and then the suspension was added into the epoxy resins.

The exact concentration of clay was measured by drying the solution for 8 hours at
100°C. The desired amount of paste of organoclay and acetone was added to epoxy resins
and then the mixture was mixed by hand at room temperature. When the epoxy was
visibly dispersed, the mixture was mechanically stirred at 1000 rpm in a fume hood at
room temperature for 30 minutes, followed by slow heating to 80°C for 1 hour. Finally,
the mixture was degassed under vacuum at 95°C for 30 minutes. There is a large amount
of solvent used in this method. Moreover, the size of clay particles before mixing also

needs to be considered.
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Figure 3.6. M-110EH microfluidizer processor (from CONCOM lab)

3.4. Curing of ENCs

The procedure is as follows:

» Add an exact amount of hardener (calculated according to Table 3.2) into epoxy or
epoxy-clay mixtures. The amount of materials was estimated based on the required
quantity of samples for the tests.

» Mix slowly (to avoid air entrapment in the mixture) the mixture of epoxy or epoxy-
clay with hardener at room temperature for 5 minutes using a mechanical stirrer.

» Degas to remove the bubbles in a vacuum oven at 28 mmHg and room temperature

for maximum 30 minutes.
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» Pour the mixture into the either in the non- or pre-heated molds, depending on the
requirement. The preheated mold helps to remove th¢ bubbles trapped between the mold
and the liquid during casting. Aluminum mold was used for tensile, flexural, impact,
DMA, LOI tests. Teflon coated polypropylene molds were used for the XRD test.
Silicone molds were used for compression and fracture tests. More details can be found
in Section 3.5.

» Cure the samples: samples were cured in different ways depending on the tests

For the XRD test: epoxy and ENC were cured at room temperature for 2 days or 60°C,
90°C and 120°C for 2 hours, with subsequent post cure at 140° for 2 hours in all cases.
For the other tests: epoxy and ENC were cured at 120°C for 2 hours, with subsequent
post cure at 140° for 2 hours in all cases. Samples in the form of 3 mm thin plaque were
prepared for various tests including FEGSEM, DSC, tensile, flexural, impact, fracture

toughness, DMA, TGA, LOI, water absorption and solvent resistance.

3.5. ENCs characterization

Various methods have been used to characterize the dispersion, intercalation/exfoliation,
physical and mechanical properties of epoxy and its ENCs.

3.5.1. Dispersion behavior

As described earlier (Chapter 2), the dispersion behavior of nanoclays in the matrix
determines the nanocomposite structure, which can be either microcomposites
(conventional composites), intercalated or exfoliated nanocomposites. Therefore, it is
very important to estimate the level of clay dispersion in epoxy matrix. From literature

survey, XRD, AFM, SEM and TEM are the most popular tools for this purpose. In this
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project XRD, SEM and TEM were used. XRD can detect the degree of dispersion via the
gallery distance; while SEM can illustrate a direct image of dispersion of clay at the
micro-level and fracture mechanic; and TEM can provide a direct image of the dispersion

of clay at the nano-level.

3.5.1.1. X-ray diffraction

XRD is used to identify intercalated structures. In such nanocomposites, the repetitive
multilayer structure is well preserved, allowing the interlayer spacing to be determined.
The intercalation of the epoxy and hardener molecules usually increases the interlayer
spacing, which leads to a shift of the diffraction peak towards lower angle values. Figure
3.7 shows the diffraction from two scattering planes (i.e. two consecutive clay layers or
other crystallographic planes of the layers themselves) that are separated by a distance d
(i.e. interlamellar spacing or d-spacing) and intercept X-rays of wavelength A at the
incident angle & [109]. The 28 value is the angle between the diffracted and incoming X-
ray waves. The wave normals connect points of identical phase for incident and diffracted

waves.

wave normal

Figure 3.7. Principle of X-ray diffraction [4].
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The distance (4+B8) must equal a whole number of wavelengths (i.e. n.4, where n is an
integer) for total constructive reinforcement to occur between the scattering from these
planes. Since the direction of 4 is normal to the planes, and the wave normal is normal to
the wavelets, then the angles opposite A and B are also8. Thus, sin@ = A/d = B/d so that
(A+B) = 2dsin@. Thus, a constructive interference occurs when:
nA=2dyy, sint 3.1

Equation 3.1 is known as the Bragg's Law. The integer »n refers to the degree of the
diffraction. Since A is a constant, after the target tube is selected and 6 can be controlled
and recorded, d can be calculated from the above equation.

The specimens for X-ray diffraction were prepared by molding in clean Teflon-coated
polypropylene molds in order to assure a flat surface and optimize the accuracy for the
comparison of the X-ray results. Since the intensity of the XRD peaks is sensitive to the
surface, in order to obtain more quantitative results, the specimens should not be
deformed or have bubbles and defects. Teflon coated polypropylene molds for XRD

samples are shown in Figure 3.8.
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Figure 3.8. Teflon coated polypropylene mold for XRD samples

To evaluate the dispersion of the nanoclay in the polymer matrix, X-ray diffraction
patterns were obtained from the surface of the samples with a Bruker Discover 8 powder
X-ray diffractometer with CuKa radiation (Figure 3.9). The experiments were conducted
on the exposed surface of specimens prepared by casting. The scanning uses radiation
from a copper target tube (CuKa radiation, A= 1.54250 A) with the 26 scan range from

0.8° to 10°. The scanning speed was 0.67°.min". To assure the accuracy, the

measurement was performed twice for all samples.
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Figure 3.9. A Bruker Discover 8 powder X-ray diffractometer (from IMI lab)

3.5.1.2. Scanning electron microscopy (SEM)

The SEM has many advantages over traditional microscopes. It has a large depth of field,
which allows more of a specimen to be in focus at one time. The SEM also has much
higher resolution compared to traditional microscopes, so closely spaced specimens can
be magnified at much higher levels. SEM is very useful in the identification of textures
and shapes of mineral grain aggregates. Figure 3.10 shows the schematic drawing of
SEM [110]. The definition or resolution of the image is of the order of 0.0lum and is

much higher than in traditional microscopes.
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Figure 3.10. Scheme and structure of SEM (Diagram courtesy of Iowa State
University SEM homepage) [110]
Samples were prepared with a Leica EMFCS cryo-ultramicrotome or came from the
fracture surface of tensile test (carefully cut around 8 mm height from the failed surface).
Figure 3.11 shows a photo of the microtome machine. Samples also need to be made
conductive by covering the sample with a thin layer of conductive material which is
usually platinum. This was done by using an EMITECH K575X high resolution sputter
coater in which an electric field and argon gas are applied. The sample is placed in a
small vacuum chamber. Argon gas and an electric field cause electrons to be removed
from the argon, making the atoms positively charged. The argon ions then become

attracted to a negatively charged platinum foil. The argon ions knock platinum atoms
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from the surface of the platinum foil. Figure 3.12 shows a photo of the EMITECH

K575X high resolution sputter coater.

Figure 3.12. EMITECH K575X high resolution sputter coater (from IMI lab)
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A Hitachi-S4700 field emission gun scanning electron microscope (FEGSEM) was
employed to evaluate the traits of dispersion behavior and fracture surface. Figure 3.13
shows a photo of the FEGSEM machine. All water must be removed from the samples

because the water would vaporize in vacuum.

Figure 3.13. The Hitachi-S4700 FEGSEM (from IMI lab)

3.5.1.3. Transmission electron microscopy (TEM)

TEM is widely used to characterize polymer-nanocomposites. In transmission electron
microscopy, image formation is due to the scattering of electrons as the electron beam
passes through the sample. The thickness of TEM specimens should be on the order of
100nm. If the specimen is thin enough to form an image in the TEM, we can assume that
the primary electrons that enter the top of the specimen emerge from the bottom. If the
objective aperture is centered about the optical axis, then in the absence of a specimen a

bright background can be seen. This is known as bright field imaging. Regions of the
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specimens which are thicker or higher density will scatter the electron beam more
strongly and will appear darker in the image (less and less electrons transmitted). This
effect is shown schematically in Figure 3.14. In the thin area (on the left) only a few
electrons are scattered and approximately 94% of the incident electrons are un-deviated
while in the thicker region of the same material (at the centre) more electrons are
scattered and only about 86% remain in the un-deviated beam. For a region of the same
thickness but higher density (on the right) even more scattering takes place and only
about 74% of the incident electrons pass through the specimen without being scattered

[111].

100 100 100

v
94 86 74

Figure 3.14. The scattering of electrons from different regions of a TEM specimen
[111]
A Hitachi H9000 TEM operated at an acceleration voltage of 300 kV was used to observe
the dispersion of clay in epoxy matrix at the nano-level. Figure 3.15 shows a photos of
the TEM machine. The ultra-thin (50 to 80nm) sections of nanocomposite samples were

prepared with a Leica EMFCS cryo-ultramicrotome and supported on a copper 200-mesh

grid.
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Figure 3.15. A Hitachi H9000 TEM (from McGill University lab)

3.5.2. Fourier transform infrared spectroscopy (FTIR) analysis

FTIR analysis was performed at room temperature (approx. 25°C) on a Nicolet Magna
860 Fourier transform instrument at a resolution of 4 cm™. Samples for FTIR can be
prepared in a number of ways. For liquid samples, the easiest way is to place one drop of
sample between two plates of potassium bromide (KBr) or sodium chloride (NaCl). They
are transparent to infrared light. The drop forms a thin film between the plates. Solid
samples can be milled with potassium bromide to form a very fine powder. This powder
is then compressed into a thin pellet which can be analyzed. Alternatively, solid samples

can be dissolved in a solvent such as methylene chloride, and the solution placed onto a
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single salt plate. The solvent is then evaporated off, leaving a thin film of the original
material on the plate. This is called a cast film, and is frequently used for polymer
identification. Solutions can also be analyzed in a liquid cell. This is a small container
made from KBr or NaCl (or other IR-transparent material) which can be filled with
liquid. This creates a longer path length for the sample, which leads to increased
sensitivity. Sampling methods include making a mull of a powder with hydrocarbon oil
(Nujol) or pyrolyzing insoluble polymers and using the distilled pyrolyzate to cast a film.
Films can be placed in an Attenuated Total Reflectance cell and gases in gas cells. The

Nicolet Magna 860 Fourier transform instrument is shown in Figure 3.16.

Figure 3.16. Nicolet Magna 860 FTIR instrument (from IMI lab)

3.5.3. Rheological properties

Rheological measurements were performed on a Brookfield CAP2000+ viscometer for
epoxy and epoxy-organoclay suspensions using cone and plate geometry and a

Brookfield viscometer Model DV-II+ with Thermalsel accessory as shown in Figures
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3.17 and 3.18. The software used is Capcalc V.20. After the desired temperature was
achieved, another 5 minutes was allowed to reach the balance between the sample and

spindle.

Figure 3.17. Brookfield CAP2000+ viscometer (from CONCOM lab)
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Figure 3.18. Brookfield viscometer Model DV-II+ (from CONCOM lab)

3.5.4. Thermal properties

3.5.4.1. Differential scanning calorimetry (DSC)

DSC is a technique used to determine the temperature and heat flow associated with
physical and/or chemical phenomena that can release or absorb heat as a function of time
and temperature. It also provides quantitative and qualitative data on endothermic (heat
absorption) and exothermic (heat evolution) processes of materials during physical
transitions and chemical processes that are caused by phase changes, melting, oxidation,

and other heat-related changes. From this information, one can determine the important
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transition temperatures, the degree of crystallization, heat capacity, heat of formation and
sample purity.

The DSC data were obtained on a Perkin-Elmer Pyris 1 instrument (as shown in Figure
3.19). The samples were heated from 30°C to 250°C (dynamic scan) at five different
heating rates (2.5, 5, 10, 15, and 20°C-min'1) using nitrogen atmosphere to follow the
heat evolution due to the chemical reaction occurring in this temperature range. The
cured sample was then cooled to 30°C at 20°C-min™ to minimize the enthalpy relaxation
in the second heating scan. Finally, the sample was reheated to 250°C at 20°C-min” in

order to determine the glass transition temperature (7) and to confirm the absence of any

residual curing. Cryogenic mode with helium atmosphere was used for low T, systems.

Figure 3.19. Perkin-Elmer instruments -DSC Pyris 1 (from IMI lab)
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3.5.4.2. Thermogravimetric analysis (TGA)

TGA measures weight changes in a material as a function of temperature (or time) under
a controlled atmosphere. Its principal uses include measurement of a material's thermal
stability and composition. TGA instruments are routinely used in all phases of research,

quality control and production operations.

The TGA data were obtained on a TA-Q50 instrument using nitrogen atmosphere. The
samples were heated from 30°C to 1000°C (dynamic scan) at a heating rate of 20°C-min’!
or at 200°C for 12 hours (isothermal scan) to follow weight changes in a material as a
function of temperature (or time) under a controlled nitrogen atmosphere. A photo of the

TA-Q50 instrument is shown in Figure 3.20.

Figure 3.20. TA instruments —Q50 (from CONCOM lab)
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3.5.4.3. Limiting oxygen index (LOI)

The advanced limiting oxygen index chamber accurately determines the relative
flammability of plastics and other materials, by measuring the minimum oxygen
concentration that will support combustion according to ASTM D2863-97 [112] and ISO
4589 specifications. The test specimens are burned in a precisely controlled atmosphere
of nitrogen and oxygen. The operator adjusts the supply gases and uses the flow meter

readings to calculate the oxygen index.

A photo of the Qualitest LOI analyzer is shown in Figure 3.21. The LOI test apparatus
consists of a glass tube 100 mm in diameter and 500 mm in height. A specimen with a
height of 80 mm and a width of 10 mm (cut from a plate that was molded in an aluminum
mold as shown in Figure 3.22) is supported inside the glass tube. A gas mixture of
oxygen and nitrogen is supplied at the bottom of the tube and a small candle-like flame is
applied to the top of the specimen in an attempt to ignite it. The objective is to find the
minimum oxygen concentration in nitrogen that will result in sustained combustion for at
least 3 minutes or excessive flame propagation down the specimen. The oxygen
concentration of the mixture used in each successive test is increased or reduced by a
small amount until the required concentration is reached. Results are expressed as
Equation 3.2

02

—] x100 (3.2)

LOI =
[02 +N.
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where O, and N, are respectively the minimum oxygen concentration in the inflow gases
required to pass the “minimum burning length” criterion and the corresponding nitrogen

concentration in the inflow gases.

Figure 3.21. Qualitest LOI chamber (from CONCOM lab)
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Figure 3.22. Aluminum mold for casting samples (Note that this aluminum mold
was used to prepare plates with sizes of 285x165x3 mm. Samples for tensile, flexural,

impact and DMA testing were cut from the plates)

3.5.5. Mechanical properties

3.5.5.1. Dynamic mechanical analysis (DMA)

DMA characterizes the viscoelastic properties of materials and simultaneously
determines the elastic modulus (stiffness) and energy absorbing (toughness)
characteristics of a material as a function of temperature, frequency or time as well. To
measure viscoelastic properties, DMA applies a sinusoidal force to a sample then
measures the resulting sample deformation or strain. The sample strain response lags
behind the input stress wave with respect to time and the lag is known as the phase angle.
The ratio of the dynamic stress to the dynamic strain provides the complex modulus that

includes both the storage modulus (£°) and the loss modulus (£”). The E’, which is the
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elastic component, refers to the ability of a material to store energy and represents the
change in stiffness of the sample with regards to temperature. The E”, which is the
viscous component, reflects the damping or energy absorbing characteristics which are
related to molecular motions [113]. The tangent of phase difference is another common
parameter that provides information on the relationship between the elastic and inelastic
component. These parameters can be calculated as a function of time, temperature,
frequency, or amplitude (stress or strain) depending on the application. DMA can detect
coefficient of expansion, glass transition temperature (7}), softening temperatures, phase
transitions and sintering. The results of DMA tests include a large amount of information
on the sample. The modulus value below the glass transition can indicate levels of
molecular orientation and crystallinity. Transitions initialization can be related to the
polymer’s structure and may be particularly useful where a multiple component
composite is under investigation. Dynamic mechanical methods are most sensitive for
measuring the glass transition, which is one of the key properties of a polymer from both

the structural and processing viewpoint. Figure 3.23 shows a schematic of DMA [114].

A Du Pont 983 DMA (TA instruments) was employed in this experiment. Figure 3.24
shows the exterior of the machine. Samples with dimensions L/7>10 (L is the length and
T is the thickness and T is between 1.5 mm and 3.5 mm) were cut from a plate that was
molded in an aluminum mold. The dynamic properties were studied under fixed
frequency mode at a frequency of 1Hz, and the amplitude was 0.2mm. The samples were

analyzed from 30°C to 160°C at a heating rate of 2°C/min.
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Figure 3.23. A schematic of DMA [114]

Figure 3.24. Du Pont 983 DMA (from CONCOM lab)
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3.5.5.2. Tensile and flexural tests

Tensile property, the ability of a material to resist breaking under tensile stress, is one of
the most important and widely measured properties of plastics used in structural
applications. Tensile strength is the force per unit area (MPa) required to break a material
in such a manner. The elongation of a plastic is the percentage increase in length that
occurs before it breaks under tension. The combination of high ultimate tensile strength
and high elongation leads to materials of high toughness. The tensile modulus is the ratio
of stress to elastic strain in tension. A high tensile modulus means that the material is
rigid - more stress is required to produce a given amount of strain. In polymers, the
tensile modulus and compressive modulus can be close or may differ widely. This
variation may be 50% or more, depending on resin type, reinforcing agents, and

processing methods.

Force Measurement

Grips for
Holding
Specimen

Test Specimen

+ Thickness 1/8"
Constant Rate
of Motion

Figure 3.25. Schematic drawing of tensile test [115]
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During tensile testing, a machine pulls the sample from both ends and measures the force
required to pull the specimen apart and how much the sample stretches before breaking.
A schematic drawing of the tensile test is shown in Figure 3.25. According to ASTM
D638-02a [116], the crosshead speed at which a sample is pulled apart in the test can
range from Imm to 500mm per minute and will influence the results. In this project, the
crosshead speed for the tensile test was Smm/min and the gauge length was 50mm. The
video extension meter (for very soft materials) or micro extension meter was applied
during the tensile testing. Samples were prepared as follows: First of all, a large plate of
sample cured in an aluminum mold (Figure 3.22) was cut to rectangular shapes.
Secondly, these rectangular pieces were machined to form dog bone shape specimens
according to the ASTM standard for tensile test. The dog bone cutting machine is shown

in Figure 3.26.

Figure 3.26. A Bruker dog-bone cutting machine for tensile specimens (from IMI

lab)
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The flexural strength of a material is its ability to resist flexural deformation under load.
Figure 3.27 shows the test geometry. These tests also give the means to measure a

material's flexural modulus (the ratio of stress to strain in flexural deformation).

Specimen

Direction of
Load
Application

Figure 3.27. The schematic drawing of flexural test [115]

According to the ASTM standard D790-03 [117], for all tests, the support span shall be
16 (tolerance +1) times the depth (thickness) of the beam. The thickness of the flexural
samples in this project was 3 mm, so a 48 mm span was taken for the test. The rate of

crosshead motion is calculated by Equation 3.3 [117]:

R=ZL*/6d (3.3)

where R= rate of crosshead motion, mm/min; L= support span, mm; d= depth of beam,

mm; Z= rate of straining of the outer fiber, mm/mm/min.

After calculation, the crosshead speed for the flexural test was determined to be 1.3

mm/min.
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3.5.5.3. Compressive test

ASTM D695-02 [118] is the most commonly used test method. The sample is placed in
the compression apparatus and a known load is applied. In this project, the crosshead

speed for the compressive test was 1.3 mm/min. Figure 3.28 shows the test geometry.

Speed of
Movahle Head Testing
S — 0.05" Minute
Direction
of Load | Specimen
Application
Fixed Head —_} - ;

Figure 3.28. Schematic drawing of compression test [115]

Samples of 1/2" x 1/2" x 1" for compression testing were prepared by casting in silicone
molds as shown in Figure 3.29. The upper surface of the samples was machined after

that.

Figure 3.29. Silicone mold for compression samples
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In this project, tensile, flexural and compression tests were performed on an Instron
5500R machine. Figure 3.30 shows a photo of this machine. All tests were done at room
temperature (23°C), humidity 50%. For each test at least five defect-free specimens were

tested.

Figure 3.30. Instron 5500 test machine (from IMI lab)

3.5.54. Izod impact strength testing of plastics

Several methods are used to measure the impact resistance of plastics - Izod, Charpy,
Gardner, tensile impact, and many others. These impact tests allow designers to compare

the relative impact resistance under controlled laboratory conditions and, consequently,
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are often used for material selection or quality control. However, these tests generally do
not translate into explicit design parameters. The Izod impact test is the most common

test in North America. Figure 3.31 depicts the I1zod impact strength test apparatus.

Point of

fzod
Test
Apparatus

Figure 3.31. Schematic drawing of impact test [115]

The test method generally utilized in North America is ASTM D256 [119]. The result of
the Izod test is reported in energy lost per unit of specimen thickness (such as ft-1b/in or
J/cm) at the notch (‘' in graphic at right). Additionally, the results may be reported as
energy lost per unit cross-sectional area at the notch (J/m? or ft-Ib/in?). Samples were cut
to rectangular shapes from a large plate that was cured in an aluminum mold (as Figure
3.22). They were then machined on a notch cutter to produce notch. Figure 3.32 shows a
photo of the notch cutter. All tests were done at room temperature (23°C), humidity 50%
on an Impact tester from Tmi testing machines Inc. For each test at least five defect-free

specimens were tested. Figure 3.33 shows a photo of this instrument.
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Figure 3.33. Impact

instrument (from IMI lab)
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3.5.5.5. Fracture toughness

Fracture tests were performed on an MTS servo hydraulic testing machine at a crosshead
speed of 10 mm/min. The support span is 4 times the width of the specimen (according to

ASTM D5045-99 [120] at room temperature). Figure 3.34 shows a photo of the machine.

Figure 3.34. MTS servo hydraulic testing machine (from CONCOM lab)

Single edge notch bending (SENB) samples, including notch, were cast from a silicone

mold as shown in Figure 3.35, their upper surface was machined, and the samples were
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pre-cracked by tapping a fresh razor blade into the notch. Samples size and shape are

shown in Figure 3.36; at least 5 specimens of each composition were tested.

Figure 3.35. Silicone mold for fracture samples

T N [ &
90 - ¥
4

A

Figure 3.36. Sample dimensions of three points bend (SENB)

The critical stress intensity factor (K;¢) can be calculated from the following formula in

units of MPa.m"?[120}:

K]C = (B};;a;‘/z )f(X) (34)
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where:

2 199 x(1— x)2.15-3.93x + 2752 )
f(x)— 6x (1+2x)(1—-x)3/2 (3.5)

X = a/W, Py, is the max load (kN); B is the specimen thickness (about 0.7 cm); W is the

specimen width (about 2.2 cm); and a is the crack length (about 1.1 cm)

The critical strain energy release rate (G,¢) can be calculated from the following formula,

in units of J/m? [120]:

Gic = U/BW¢ (36)

where: U = (1/2) P pax(Umax — ;)

_ A+18.64 3.7)
dA/ dx

¢
A=[16x*(1 — x)*][8.9 = 33.717x + 79.616x> — 112.952x° + 84.815x* — 25.672x°]; and

dA/dx = [16x*/(1 — x)*][<33.717 + 159.232 x — 338.856 x* + 339.26 x> — 128.36x"] +

16[8.9 — 33.717x + 79.616x* —112.952x> + 84.815x" — 25.672x°]
{[2x(1 —x) + 2x3/(1 - x) 3}

Umax 1S the maximum displacement; and u; is the indentation displacement.
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3.5.5.6. Surface hardness

The hardness of epoxy and epoxy nanocomposites was determined at room temperature
and relative humidity of 50% according to ASTM D2240-00 [121] using a Shore

Conveloader instrument (Figure 3.37).

Figure 3.37. Shore Conveloader instrument (from IMI lab)
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Chapter 4

Effects of fabrication process and
compositions of constituents on the
dispersion and intercalation/exfoliation of

clay

4.1. Challenges and objectives

Dispersion of organoclays in epoxy is a complex process, which takes place during the
stirring step and the curing step. Both pristine and commercially treated clays tend to
form stacks rather than individual platelets due to their layer structure and the strong van
der Waals force between them. In most cases, the stacks combine and form large
aggregates due to such strong secondary interaction. As a result, it is very difficult to
break down such interaction in order to disperse the clay layers individually in the epoxy
matrix, especially when the two phases are incompatible. In general, there are several
different possible levels of dispersion of organoclays in ENCs including 1) exfoliated or
delaminated clay layers single platelets; 2) non-ntercalated stacks (multiple layers

notintercalated by the matrix) or intercalated stacks (multiple layers intercalated either
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uniformly or not uniformly by the matrix); 3) multiple-sack aggregates (multiple stacks
forming aggregates, on a micrometer-scale) and macro-aggregates (combinations of
many multiple-stack aggregates, which are on the macro-scale, in the order of a
millimeter). Intercalation is controlled by the diffusion of epoxy resin (both epoxy and
hardener) into the clay galleries, which is governed by thermodynamic rules. While
breaking down the macro-aggregates into multiple-stack aggregates or further down into
single stacks can be effectively done using mechanical forces, such as shear, impact, etc.,
exfoliation can be achieved either by diffusion of the resin into the galleries or by using
mechanical forces. Different stirring procedures have been designed to examine this
concept in order to improve the intercalation and exfoliation. In the curing step
intercalation and exfoliation will continue but mechanical force cannot be applied by
conventional techniques. In addition, the diffusion of monomers and oligomers into the
clay galleries in this step may be inhibited by the curing reaction that limits or restricts
the molecule mobility. It is important to control the curing temperatures in order to favor

the intercalation and exfoliation process.

During the fabrication of epoxy nanocomposites, at first clays are stirred with the liquid
epoxy resins. In the absence of the curing agents, the systems can have an extended
shelflife at certain elevated temperatures. Therefore, different means such as mechanical
shear and thermodynamic force, etc., can be used to facilitate the dispersion. At the end,
the system is cured by the use of hardener. At this curing stage, sufficient external shear
stress may not be applied, but further dispersion, more specifically intercalation and
exfoliation, can continue to take place at the beginning of the curing as the hardener

and/or intermediate molecules are still mobile enough to diffuse into the clay galleries;
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the motion of these molecules is governed by thermodynamic forces. In general, it is

easier to control good clay dispersion in the stirring step than in the curing step.

In this chapter, the effects of mechanical shear and thermodynamic forces on the
dispersion of organoclays in epoxy nanocomposites are investigated. The dispersion here

means:

¢ The size reduction of aggregates of micrometre
% The diffusion of polymer molecules into the clay galleries (so-called

intercalation), and

% The dispersion into individual clay layers (so-called exfoliation).

4.2. Methodology and experiment

In order to understand the quality of clay dispersion during stirring and curing, it is
necessary to understand the factors that may contribute to the dispersion. Several

important factors have been identified and are summarized in the flowchart in Figure 4.1.

There are two ways to incorporate the clays into the epoxy systems. In the first case,
epoxy and organoclay are mixed together in the stirring step and then hardener is added
to the mixture for curing. In the second case clay is stirred with hardener first and then
epoxy will be added at the curing step. However, in this study, the first approach was
selected because of the toxicity considerations related to the second case (heating toxic

amines to high temperature).
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In the stirring step, two main factors are considered: mechanical shearing and
thermodynamic effect. Thé effect of mechanical shear on the dispersion and
intercalation/exfoliation of clay is a function of 7, v and ¢. The thermodynamic process in
this step is the diffusion of epoxy molecules into the clay galleries. It is a function of 7, ¢
and chemical interactivity between organoclay and epoxy (C). As in all experiments
throughout this study, only one type of epoxy resin and two types of clay were used. The

factors considered in this study are described in Figure 4.2.

Stirring
f 1
Shearing effect Thermodynamic
NAVAY)) effect: diffusion
(Tt C)

v

[ Curing l

Thermodynamic effect:
diffusion/reaction

f(TtC)

Figure 4.1. Factors affecting dispersion, intercalation/exfoliation of nanoclay in
epoxy at the stirring step, 7 = temperature, v = stirring speed, ¢ = duration, and C =

chemical interactivity between clay - epoxy or clay-hardener

In the curing step, when the hardener is added to the mixture of epoxy-clay, curing will
take place. In this step, external shear cannot be applied, therefore this step is governed
only by thermodynamics. The thermodynamics in the curing step can be considered as a
function of time (7), temperature (7), and chemical interactivity between clay-epoxy or

clay-hardener (C). Chemistry (chemical structure, molecular weight etc) of epoxy,
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hardener and clay can all have effects on the dispersion of clay in this step, but in this

study only one type of epoxy was used. A summary of thermodynamic effects is shown

in Figure 4.3.
Shear
—— \ 4 o—
No stirring Low speed High speed
Time Chemistry Temperature
\ A /
Thermodynamic

Figure 4.2. Factors affecting dispersion, intercalation/exfoliation of nanoclay in

epoxy at the stirring step

Thermodynamics

— Pl T e
Temperature Chemistry of Time Chemistry of Chemistry of
clay epoxy hardener

Figure 4.3. Factors affecting dispersion, intercalation/exfoliation of nanoclay in

epoxy at the curing step

To the knowledge of the author, the effects of mechanical shear and thermodynamic
forces on the dispersion of organoclays in epoxy nanocomposites are shown in Figure
4.4, where 7 represents shear stress and D represents thermodynamic forces that act on

the clay platelets. Thus, the total force acting on the clay platelets can be written as
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follows:

dv
Fop=D+t=D+n— 4.1
DT "dh 4.1)

Shear stress (T)

A, e

d

Figure 4.4. Forces imposed on nanoclay (in epoxy) at the stirring step; 4 is the

Epoxy molecules

N

Thermodynamic force (D)

distance between clay platelets, L is the length of clay platelets

In Equation 4.1, D is a function of temperature 7, time ¢, and chemical interactivity

between clay-epoxy or clay-hardener C in the mixtures, such that

D=D(T,t C) “4.2)
dv
T= 77% 4.3)

If Fpr > Feritica, Where Ficq1 1s the force that holds the clay together, then the clays will
be separated into single platelets; otherwise they will remain in the form of stacks. From
there, one can see that temperature (7), speed (v), time (f) and chemical interactivity
between clay-epoxy or clay-hardener (C) are the process parameters that may have an

effect on dispersion of clay in epoxy. On the way to disperse the clay, we should consider
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two aspects: first the large clay aggregates are broken down into smaller aggregates, and
then the smaller aggregates are delaminated. Increasing temperature has an effect on the
mobility of the polymer molecules and thus has a positive influence on the diffusion D.
This will contribute to the separation of the clay platelets and it may influence the micro
dispersion as well. When the speed increases, 7 will increase. This will affect the micro-
dispersion of the clay aggregates. It may also affect the separation of clay platelets.
However it is very difficult to achieve good results if the components in the mixtures are
incompatible. Time has and effect on both micro-dispersion and separation of clay
platelets. Chemical interactivity between clay-epoxy or clay-hardener in the mixtures (C)
play an important role in the delamination of the clay layers. Therefore, the experiments
in this chapter were designed to investigate the effect of these parameters on the

dispersion of clay.

4.2.1. Effect of the stirring step

The objective of this part is to investigate the effect of stirring parameters on the
dispersion and intercalation/exfoliation of clay in epoxy resin. The experiments were
organized at 3 different levels of stirring speed: no speed, low speed and high speed.

Duration, temperature of stirring and chemistry of clay were also studied.

4.2.1.1. Parameters examined

In order to fulfill the objective, the experiments were designed as described in Table 4.1.

Refering to Chapter 3, three different pieces of equipment were selected in this study:

1. Mechanical stirrer
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2. Homogenizer

3. Microfluidizer (reference method)

Different processes were used to stir the epoxy and clay:

*» The first one was a room temperature without mechanical shear process (Rm), in
which the clay and epoxy were stirred at room temperature by hand at 100 rpm for a few
minutes then kept at room temperature for 1 hour.

¢ The second one was a high temperature without shear process (Tm), in which the clay
and epoxy were stirred at 120°C by hand at 100 rpm for a few minutes then kept in an
oven at 120°C for 1 hour.

% The third method was a high temperature with low speed process (TM), in which the
clay and epoxy were stirred at 120°C for 1 hour by a mechanical stirrer at 1000 rpm.

¢ The fourth one was a room temperature and high speed process (RS), in which the
clay and epoxy were stirred by a homogenizer at room temperature and high speed for
different durations (as in Table 4.1).

¢ The fifth method was a high temperature and high speed process (TS), in which the
clay and epoxy were stirred by a homogenizer at 120°C and 180°C for different durations
and speeds (as in Table 4.1).

¢ The sixth one was a high pressure process (HP), in which organoclay was first
dispersed in acetone (about 8% of organoclay in acetone) to form a suspension with
microfluidizer (15000 psi ~ 103.42 MPa), and then the suspension was added into the
epoxy resins. The desired amount of paste of organoclay and acetone was added to epoxy

resin and then the mixture was stirred by hand at room temperature. When the epoxy was
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visibly dispersed, the mixture was mechanically stirred at 1000 rpm in a fume hood at
room temperature for 30 minutes, followed by slow heating to 80°C for 1 hour. Finally,

the mixture was degassed under vacuum at 95°C for 30 minutes.

Table 4.1. Parameters examined for stirring step

Stirring condition
Experiment name Temperature | Duration Speed Equipment
4] (min) (rpm)
Room temperature Room
Rm . pera temperature 60 100 Hand stirring
without stirring
(RT)
Tm | High temperature 120 60 100 | Hand stirring
without stirring
™ Hi gh temperature 120 60 1000 Mechamcal
with low speed stirrer
Room temperature 2, 4,10,
RS o emp RT 20, 30, 24000 | Homogenizer
with high speed
45, 60
2,4,10 9500,
High temperature 120 PR 17500, Homogenizer
TS T 1 20, 30,
with high speed 4560 24000
180 ’ 24000 Homogenizer
High pressure . -
HP (103.42 MPa) Microfluidizer
100 g of EPONS828 was stirred with 2.694 g of C30B (all stirring conditions) or I30E (only Rm and Tm)

4.2.1.2. Experimental procedure

Figure 4.5 shows the experimental procedure for this study. Epoxy and clay were stirred
together using different mixers and the stirring procedure of each mixer is described in
section 3.3 and 4.2.1.1. The dispersion of organoclays in epoxy resins after stirring is
characterized by field emission gun scanning electron microscopy (FEGSEM), by X-ray

diffraction (XRD) and by rheological measurement.
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f ™
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(____speeds(TS) )
(a)
High pressure with
L |  Microfluidizer (103.42
MPa) (HP)

Room temperature
without stirring and
then 80°C with low

speed

(b)
Figure 4.5. Flowchart presenting the experimental steps for studying the mechanical

and thermal effects on dispersion, intercalation/exfoliation of nanoclay in epoxy at

the stirring step: (a) Rm, Tm, TM, RS and TS methods, (b) HP method
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4.2.2. Effect of the curing step

The objective of this part is to investigate the effect of the curing step on the dispersion
and intercalation/exfoliation of clay in epoxy matrix. Based on the methodology used,
temperature, chemistry of clay, and chemistry of hardener are three major factors that
influence the dispersion and intercalation/exfoliation of clays in ENC in the curing step.

Therefore, the experimental design has considered three aspects:

» Temperature: curing at different temperatures
> Chemistry of clay: using different clays which contain different intercalants
» Chemistry of hardener: using different hardeners (different in molecular weight

and structure).

4.2.2.1. Parameters examined

The experiments have been designed as described in Table 4.2.

4.2.2.2. Experimental procedure

Figure 4.6 shows the experimental procedure for the curing. After epoxy and clay were
stirred together by different techniques (from the stirring step), epoxy-clay mixtures were
then mixed with hardeners according to the stoichiometric ratio. Then they were cured
either at room temperature for 2 days or at 60, 90 and 120°C for 2 hours, with subsequent
post cure at 140°C for 2 hours in all cases. The quality of dispersion and

intercalation/exfoliation after curing were analyzed by XRD, FEGSEM and TEM.
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Table 4.2. Parameters examined for the curing step

Stirrin Clay concentration Curin
Clay methog Hardener Y wt% temperaturge )
Temperature and stirring conditions
(Epoxy-clay mixtures from stirring step)
Rm RT, 120
Tm RT, 120
™ RT, 120
C30B RS D230 2 RT, 120
TS RT, 60, 90 and 120
HP RT, 120
Chemistry of clay
C30B, Epicure
fop | Rm Tm 046 *) RT, 120
Chemistry of hardener
DETA RT, 120
D230
C30B Rm, Tm T403 ™
D400
D2000
(*) 100 g of EPON 828 was stirred with 2 and 4 g of C30B by Rm and Tm and then
the stoichiometric amount of hardener (See Chapter 3) was added in the mixtures
for curing.
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Curing:

Room temperature
High temperature
(60, 90 and 120°C)

SEM

TEM

SEM
Curing:
Stirring: Rm Room temperature XRD
and Tm methods High temperature
(120°C) TEM
Y
v v
DSC FTIR
(b)
SEM
Curing:
Stirring: Rm Room temperature XRD
and Tm methods High temperature
(120°C) TEM

(c)

Figure 4.6. Flowchart presenting the experimental steps for studying the effect of

curing: (a) temperature and stirring conditions, (b) clay chemistry, and (c) hardener

chemistry
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4.3. Effect of the stirring process on the dispersion

4.3.1. Micro dispersion

The microstructures of epoxy-clay mixtures after stirring at different conditions, as
observed by SEM, are presented in Figures 4.7a, 4.8a, 4.9a, 4.10a and 4.11a. The bright
spots on the backscattered images correspond to clay aggregates at the micro-scale.
However, it should be noted here that the nano-scale particles, if they exist, cannot be
detected by SEM because of the limitation of the equipment. Apparently, a portion of the
clay remains at the micro-scale level with different size populations depending on the
stirring conditions. From the SEM images, the distribution of agglomerates of clay in the
epoxy is shown in Figure 4.7b, 4.8b, 4.9b, 4.10b and 4.11b (Image Pro Analysis Software
was used). A summary of the average diameter, the maximum size and the distribution of
clay particles in epoxy made by different methods are given in Table 4.3 and Figure 4.12.

The effect of stirring conditions will be discussed shortly.

40
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2
S 20 :
] ]
(8] 3
10 Max: 24.71 pm
Average: 4.15 pm ]
: 0
Corob e 0 5.5 11 16.5 22

R
OkV 7. 1mm x1.00k SE(U) 9/18/05 50.0um Diameter (um)

Figure 4.7. (a) SEM micrograph and (b) clay size distribution of epoxy-Cloisite 30B,

Rm method
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Figure 4.8. (a) SEM micrograph and (b) clay size distribution of epoxy-Cloisite 30B,

Tm method
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Figure 4.9. (a) SEM micrograph and (b) clay size distribution of epoxy-Cloisite 30B,

TM method
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Figure 4.10. (a) SEM micrograph and (b) clay size distribution of epoxy-Cloisite
30B, RS method (24000 rpm)
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Figure 4.11. (a) SEM micrograph and (b) clay size distribution of epoxy-Cloisite
30B, TS method (120°C and 24000 rpm)

Table 4.3. The average diameter and maximum size of clay particles in epoxy

Stirring method Max diameter (Lm) Average diameter (Lm)
Rm 24.71 4.15
Tm 22.65 3.39
™ 15.20 2.80
RS 5.81 0.56
TS 2.35 0.36
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Figure 4.12. Clay size distribution for different stirring methods

4.3.1.1. The effect of stirring temperature

The clay particles are more finely dispersed in epoxy that was prepared at high
temperature compared to room temperature. In the absence of high speed stirring, Figure
4.8a (Tm) shows a greater density of small particles and a lower density of large particles
than Figure 4.7a (Rm). The average size was reduced from 4.15 pm (Figure 4.7b and
Table 4.3 with Rm method) to 3.39 pm (Figure 4.8b and Table 4.3 with Tm method).
There is no mechanical stirring effect for these two cases. According to the Equation 4.1
(Fpr = D +7), only D contributes in these two cases due to the absence of mechanical
stirring. In addition the viscosity of the mixture is lower during stirring with Tm (120°C)
than stirring with Rm (room temperature), thus Dy, > Dg,. This may explain why the

dispersion of clay in epoxy for the Tm method is better than for the Rm method.
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In the presence of high speed stirring, Figure 4.11a (TS-24000 rpm) also shows a greater
density of small particles and a lower density of large particles than Figure 4.10a (RS-
24000 rpm). The average size was reduced from 0.56 pm (Figure 4.10b and Table 4.3
with RS method) to 0.36 um (Figure 4.11b and Table 4.3 with TS method). It is expected
that at the same stirring speed of 24000 rpm, stirring at room temperature (RS) generates
higher shear compared to stirring at 120°C (TS) due to the viscosity reduction at elevated
temperature, and high shear can help to separate clay particles better with RS compared
to TS; however it is not the case. Although high shear was generated inside the
rotor/stator region of the homogenizer, it was difficult to achieve good global stirring at
room temperature compared to 120°C. One tried to keep the temperature of the mixture in
the RS method as close to room temperature as possible. However, the temperature in
between the rotor and stator of the homogenizer is almost around 120°C. Because of this,
the shear forces imposed on the clays for these two cases (RS and TS stirring methods)
are almost similar (775 & zs). Moreover, Drs is higher than Dgs (due to reduction of
viscosity for the whole mixture at elevated temperature). Therefore Fipr rs) > Fpr rs) and
this may explain why stirring with TS results in a finer dispersion compared to RS. The
effect of temperature on the maximum and average sizes of clay aggregates for the
conditions without stirring and stirring at high speed (24000 rpm) is shown in Figure
4.13. The reduction of the size indicates that high-temperature stirring has a positive
effect on the general dispersion of the clay in the materials, demonstrating that the

thermodynamics of the system plays an important role in the clay dispersion.
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Figure 4.13. The effect of stirring temperature and speed on the size of clay

aggregates

4.3.1.2. The effect of stirring speed

The effect of stirring speed on the dispersion of clay in epoxy was examined. Stirring
speed shows a significant effect on the average size of clay particles. The large
aggregates disappeared with high speed stirring. The presence of large aggregates mainly
indicates poor mixing and poor dispersion. This suggests that high speed helped to reduce

the size of particles.

At the same stirring temperature, SEM shows a more homogeneous dispersion with size
of particles much smaller for stirring by the homogenizer as compared to stirring by
mechanical mixer or by hand (At room temperature: Figure 4.10a (RS) versus Figure 4.7a

(Rm), or at 120°C: Figure 4.11a (TS) versus Figure 4.9a (TM) and Figure 4.8a (Tm)).
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Speed shows a strong effect on the maximum and on the average sizes of clay particles.
The average size was reduced from 4.15 pm (Figure 4.7b and Table 4.3 with 0 rpm - Rm
method) to 0.56 um (Figure 4.10b and Table 4.3 with 24000 rpm - RS method), and from
3.39 pm (Figure 4.10b and Table 4.3 with 0 rpm - Tm method) to 2.80 um (Figure 4.11b
and Table 4.3 with 1000 rpm - TM method) and to 0.36 pum (Figure 4.11b and Table 4.3
with 24000 rpm - TS method). At the same stirring temperature of room temperature,
high speed stirring shows a strong effect on dispersion of clay (comparing between RS
and Rm). It is clear that 7zg > 7z, and Dgs &~ Dg, (in general). This results in 7.pry)
>T:prmy and the dispersion of clay in epoxy for RS > Rm. At the same stirring
temperature of 120°C, mechanical stirring at 1000rpm (TM) does not show a significant
change in the morphology of material compared to hand stirring (Tm). The first effect of
thermodynamics is similar for TM and Tm methods (D = Dpy). The second effect of
shear 77)s may not be strong for TM method while 77, ~ 0. Because of this, there is no
significant difference between Fpr g and Fpr rm). This may explain why the dispersion
of clay into epoxy for these two cases is not significantly different. Comparing the TS,
TM and Tm methods, it is clear that Dys = Dy, = Dpy, (same temperature) and 775 > 7y
> 7rm= 0 (speed of stirring in the order of vrs > vy > Up,= 0). From this Fpr rs) >> Fpr
v > Fpr oy and results in the order of dispersion of TS > TM > Tm. The effect of
speed on the maximum and average sizes of clay aggregates can be seen in Table 4.3 and
Figure 4.14. The reduction of the size in this case indicates that high speed stirring also

plays an important role in the clay dispersion.
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Figure 4.14. The effect of stirring speed and temperature on the size of clay

aggregates

The results also show that better dispersion of clay in epoxy is obtained from the RS
method than from the TM method. One can know that mrs >> 7y and Dgrs < Dy
However Dgg 1s not significantly smaller than Dry,. This results in Fipr rs) >Fpr . It can
be concluded here that high speed plays a very important role in the clay dispersion. In
addition, with high speed and temperature (Figure 4.11a), Cloisite 30B is more finely
dispersed in the nanocomposite than without mechanical stirring and temperature (Figure
4.7a). Thus both temperature and speed have an effect on the dispersion of clay in epoxy
at the stirring step. So far, one can conclude here that the micro dispersion of the clay in
epoxy follows the order TS > RS > TM > Tm > Rm. It can be seen in Figure 4.12, where
a shift of the peak to the left indicates that the size of the particles is smaller. Moreover,

the peak also becomes narrower in the presence of high speed and high temperature
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during stirring. The narrower is the peak on the distribution curve; the better is the mono
dispersion of the clay particles in epoxy. Thus large aggregates have been broken down
to smaller particles and made more uniform by high speed and high temperature stirring.

However, it seems that speed is more powerful compared to temperature.

4.3.2. The intercalation

4.3.2.1. The effect of stirring temperature

XRD is widely used to determine the structure of PNCs due to its simple sample
preparation and easy to interpret results. In XRD curves, the peak location (peak at angle
208), which relates to the gallery distance, can indicate the intercalation degree. The
intensity of peaks or area under peaks, which relates to the amount or the size of clay
clusters, can indicate the exfoliation degree or the size of clusters. The d-spacing of
organoclay C30B alone and C30B in liquid epoxy resin with different stirring
temperatures (in the absence of hardener) were examined by X-ray diffraction and the
results are shown in Figure 4.15. C30B has one peak at 4.8° and this is relafed to the d-
spacing of 18.5 A. It appears that in epoxy-clay mixtures, there are two distinct peaks at
around 2.3° to 2.4° and 4.7° to 4.8°, which may be interpreted in terms of two different
extents of clay intercalation. However, according to Bragg’s law, the harmonic peak
(reflection peak) of the first one (around 2.3° to 2.4°) should be around the same location
at 4.6° to 4.8°. However, by coincidence this second peak is located right at the position
of the original C30B peak (Figure 4.15). Therefore it is not clear whether the second peak
corresponds to the harmonic peak of the first one, or to the remaining C30B that has not

been further intercalated by epoxy resin, or to both of them. Because of this, it is difficult
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to say whether there is only one clay intercalation level in the mixtures of epoxy-clay (at
the position of the first peak on XRD curves) or whether there are two different clay
ntercalation levels. It appears from the XRD curves that the first peak shifts to a lower
angle for all epoxy-clay mixtures compared to the peak of the starting clay C30B and the
intensity also decreases. A shift of the peak to lower angle proves that intercalation has
taken place during the stirring step. The clay layer separation (degree of intercalation is
around 37.2 A to 38.1 A) is considerably higher than in the original C30B (18.5 A). XRD
curves for the epoxy-clay mixtures which were prepared at different temperatures show
very similar trends and clays have been well further intercalated by the epoxy resins at

the stirring step.

It can also be seen that even with the Tm and Rm methods, the clay has already been
intercalated by epoxy resin. This means that liquid epoxy resin can easily diffuse into the
clay galleries and further intercalate the clay even without the presence of high speed. It
also can be seen here there is a small increase in the d-spacing for epoxy-clay mixture
which was prepared at high temperature at 180°C and 120°C compared to the mixture
which was prepared at room temperature (Figure 4.16). It seems that the diffusion of
epoxy molecules into clay galleries almost reached the equilibrium value after 1 hour at

room temperature with the Rm method.
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Figure 4.15. X-ray diffraction curves of C30B and its EPON828-C30B mixtures

after being stirred at different temperatures: (a) 0 rpm and (b) 24000 rpm
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Figure 4.16. The effect of stirring temperature and speed on dy; of EPON828-C30B

mixtures

4.3.2.2. The effect of stirring speed

The effect of stirring speed on the intercalation/exfoliation of clay in epoxy was
examined by XRD. The results are shown in Figure 4.17. There is only a slight increase
of the d-spacing for epoxy-clay mixture which was prepared with high speed at room
temperature (RS) compared to the mixture which was prepared without mechanical
stirring at room temperature (Rm), and there is a slight increase of the d-spacing for
epoxy-clay mixture which was prepared with high speed and high temperature (TS)
compared to the mixture which was prepared without mechanical stirring at high

temperature (Tm) (Figure 4.18).
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Figure 4.17. X-ray diffraction curves of C30B and its EPON828-C30B mixtures

after being stirred at different speeds: (a) room temperature and (b) 120°C

121



38.5

38.0

D01 g‘)
N
o

1 1 L 1 l 1 1 L 1 [ [l 1L 1 i I L 1 i 1

37.0
—&—RT
—*120°C
36.5 l ¥ T T ¥ ' T T T T ‘ T T T T ‘ ¥ ¥ L ¥ l ¥ ] T T
0 5000 10000 15000 20000 25000
Stirring speed (rpm)

Figure 4.18. The effect of stirring speed on dyy; of EPON828-C30B mixtures

The X-ray diffraction curves of EPON828-C30B mixtures after being stirred using
different methods are shown in Figure 4.19. The summary of the first peak’s position
(dpor) on XRD curves of the epoxy-clay mixtures, as well as the difference Ad between
the positions of these peaks and that of the peak of C30B, are shown in Table 4.4.
Generally speaking, d-spacing for TS > RS, Tm > Rm, TS > Tm and RS > Rm. However,
the increases of the d-spacing are not significant. The d-spacing is still around 37.2 A to
38.1 A for all cases. Unexpectedly, the basal spacing d of organoclay in epoxy did not
obviously increase even with high temperature and high speed aids. Moreover, the
presence of the identical peaks on XRD curves for the epoxy-clay mixtures clearly
indicates that the clay was not fully exfoliated at stirring step. From there, it can be
concluded that playing with the speed and temperature does not lead to full exfoliation of

clay in epoxy resin at the stirring step for this study.
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Figure 4.19. X-ray diffraction curves of EPON828-C30B mixtures after being

stirred using different methods

Table 4.4. Summary XRD results EPON828-C30B mixtures after being stirred using

different methods
.. Gallery distance (&)
Stirring methed dous d
Cloisite 30B 18.5
Rm 37.2 18.7
Tm 37.4 18.9
™ 37.6 19.1
RS 38.0 19.5
TS 38.1 19.6
HP 373 18.8
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4.3.2.3. The effect of stirring duration

The effects of stirring duration on the intercalation/exfoliation of clay in epoxy were also
investigated. X-ray diffraction curves of the epoxy and C30B prepared by high speed of
stirring at 9500, 17500, and 24000 rpm at 2, 4, 10, 20, 30, 45, and 60 minutes are
illustrated in Figures 4.20, 4.21, and 4.22. The summary of the first peak’s position (dg;)
on XRD curves of the epoxy-clay mixtures, as well as the difference Ad between the
positions of these peaks and that of the peak of C30B, are shown in Table 4.5. Again, it
can be seen that the clays have been well intercalated by the epoxy resin. There are two
distinct peaks at around 2.3° to 2.4° and 4.7° to 4.8° for all cases. As discussed above, it is
also difficult to say if there is only one clay intercalation level in the mixtures of epoxy-
clay (at the position of the first peak on the XRD curves) or whether there are two
different clay intercalation levels for these cases. There is only a slight difference
between the positions of the peak on the XRD curves for all the epoxy-clay mixtures,
either at different stirring rates or at different durations. As a consequence, there is only a
small increase in the d-spacing with increase in the durations of stirring (especially if the
error of the test is considered), which is not obviously seen (Figure 4.23). It can be noted
here that stirring duration does not significantly affect the exfoliation of clay in epoxy

resin at this step of fabrication.
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Figure 4.20. X-ray diffraction curves of EPON828-C30B mixtures after being

stirred at 120°C for different durations with high speed (9500 rpm)
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Figure 4.21. X-ray diffraction curves of EPON828-C30B mixtures after being

stirred at 120°C for different durations with high speed (17500 rpm)
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Figure 4.22. X-ray diffraction curves of EPON828-C30B mixtures after being

stirred at 120°C for different durations with high speed (24000 rpm)

Table 4.5. Summary XRD results of EPON828-C30B mixtures after being stirred at

120°C for different durations with high speed (9500, 17500 and 24000 rpm)

Duration Gallery distanceo(A) i
of stirring Stirred at 120°C and Stirred at 120°C and | Stirred at 120°C
(min) 9500 rpm 17500 rpm and 24000 rpm

dyor Ad door Ad dyo; Ad

2 37.1 18.6 37.2 18.7 374 18.9

4 37.3 18.8 374 18.9 37.6 19.1

10 374 18.9 37.8 19.3 37.9 19.4

20 37.6 19.1 37.9 194 37.9 194

30 37.7 19.1 37.9 19.4 37.9 19.4

45 37.8 19.3 38.0 19.5 37.9 19.4

60 38.0 19.5 38.0 19.5 38.1 19.6
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Figure 4.23. The effect of stirring duration on dyy; of EPONS828-C30B mixtures

Stirring with high speed (24000 rpm) at room temperature and at 180°C for different
durations are also considered. The results are shown in Figures 4.24 and 4.25. The
summary of the first peak’s position (dyg;) on XRD curves of the epoxy-clay mixtures as
well as the difference Ad between the positions of these peaks and that of the peak of
C30B, are shown in Table 4.6. Again the results here do not show a significant difference
in the peak positions on the XRD curves. All curves show very similar trends. General
speaking, organoclay may swell and reach the equilibrium state of the basal spacing. The
results also indicated that it is difficult to further expand the clay gallery even with the
external action such as stirring. From the XRD results, the stirring step did not lead to full
exfoliation of clay. The question here remains whether the clays are partially exfoliated,

which the XRD analysis can not reveal.
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Figure 4.24. X-ray diffraction curves of EPON828-C30B mixtures after being

stirred at room temperature for different durations with high speed (24000 rpm)
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Figure 4.25. X-ray diffraction curves of EPON828-C30B mixtures after being

stirred at 180°C for different durations with high speed (24000 rpm)
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Table 4.6. Summary XRD results of EPON828-C30B mixtures after being stirred at

room temperature (RT) and 180°C with high speed (24000 rpm)

Duration Gallery distance (&)
of stirring Stirred at RT and | Stirred at 180°C and
(min) 24000 rpm 24000 rpm
dgo; Ad door Ad
2 37.4 18.9 37.6 19.1
4 37.6 19.1 37.7 19.2
10 37.8 19.3 37.7 19.2
20 37.9 19.4 37.8 19.3
30 37.9 19.4 37.9 19.4
45 38.0 19.5 38.0 19.5
60 38.0 19.5 38.0 19.5

4.3.2.4. The effect of clay chemistry

The d-spacing of C30B and I30E in liquid epoxy resin after being stirred with Rm and
Tm (in the absence of hardener) were examined by X-ray diffraction and the results are
shown in Figure 4.26. C30B has one peak at 4.8° and this is related to the d-spacing of
18.5 A (as discussed above), whereas I30E has two peaks at around 3.7° and 8.0° and
they are related to the d-spacing of 23.8 A and 11.0 A, respectively. It appears that in the
epoxy-clay mixtures, there are two distinct peaks at around 2.3° to 2.4° and 4.7° to 4.8°
for both types of clay. As discussed above, it is difficult to say whether there is only one
clay intercalation level or whether there are two different clay intercalation levels in the
mixtures of EPON828-C30B due to the fact that the second peak in XRD curve is located
right at the peak of the starting clay C30B. On the other hand, the second peak in the
XRD curves for the mixtures of EPON828-I30E is located around 4.7° to 4.8°. This
second peak may relate to the harmonic peak (reflection peak) of the first one. It appears

from the XRD curves that the first peak shifts to a lower angle for EPON828-I30E
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mixtures compared to the peak of the starting clay I30E (this is similar to the case for the
C30B). A shift of the peak to lower angle proves that intercalation has taken place at the
stirring step for both types of clay. The results also indicated that the intercalation is very
similar for C30B and I30E after they have been added to epoxy resin. It seems that clay
chemistry does not have a strong effect on the intercalation of clay in epoxy (within Rm

and Tm methods) at the stirring step.
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Figure 4.26. X-ray diffraction curves of EPON828-C30B, EPONS828-I30E mixtures

after being stirred with Rm and Tm methods

4.3.3. Rheological properties of epoxy-clay mixtures

4.3.3.1. The effect of stirring temperature

The rheological properties of the epoxy-clay suspension were measured with a

Brookfield CAP2000+ viscometer, using cone and plate geometry.
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Figure 4.27. Viscosity-shear rate curves of EPON828-C30B mixtures after being

stirred at different temperatures for two speeds: (a) 0 rpm and (b) 24000 rpm

Figure 4.27 shows the viscosity-shear rate curves at 25°C of epoxy EPON 828 and its

mixtures with organoclay C30B after being stirred at different temperatures for two
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different speeds of 0 rpm and 24000 rpm. There is only a slight decrease in the viscosity
of EPON 828 with the shear rate; thus this epoxy resin can be considered as a Newtonian
fluid more or less. With the presence of clay, the viscosity of the epoxy-clay suspension
increases compared to epoxy. However, the viscosity of epoxy-clay also decreases with

the shear rate.

The effect of stirring temperature on the viscosity of epoxy-clay mixture at a shear rate of
167.s" is shown in Figure 4.28. Stirring at high temperature for both 0 rpm and 24000
rpm showed higher viscosity compared to room temperature. The higher is the stirring
temperature, the higher is the viscosity of the epoxy-clay suspension. In general, the
rheological properties of the suspension depend on the following factors: (1) the viscosity
of the fluid medium; (2) the content of solid particles; (3) the size and the shape of
particles; and (4) the forces of interaction between the particles. As the system 1is
prepared from the same epoxy resin with the same type of clay and the same clay
concentration, the increase in the viscosity of the suspension should be related to the size
and shape of clay particles in epoxy. Apparently clay particles were broken down into

smaller ones during stirring.
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Figure 4.28. The effect of stirring temperature on viscosity of EPON828-C30B after

being stirred at 0 rpm and 24000 rpm for 60 minutes, at shear rate 167 (1/s)

4.3.3.2. The effect of stirring speed

Figure 4.29 shows the viscosity-shear rate curves at 25°C of epoxy EPON 828 and its
mixture with organoclay C30B after being stirred at different speeds of 0 rpm, 1000 rpm,
and 24000 rpm for two different temperatures (room temperature and 120°C). In general,
stirring at higher speed for both room temperature and 120°C showed higher viscosity
compared to low speed. There is not much difference in viscosity between the suspension
which was stirred at 1000 rpm and the one without stirring. The effect of stirring speed
on the viscosity of epoxy-clay mixture at shear rate of 167.s”" is shown in Figure 4.30. As
discussed above, the increase in the viscosity of the suspension may be due to the
reduction of size of particles and higher aspect ratio of clay particles after being stirred at

high speed compared to without stirring.

133



{1 (a) Room temperture

20— s 24000 rpm

1000 rpm
15 0

Viscosity (Pa.s)

10 ¥ 1 T Li I 1] ' ¥ ] I 1] ¥ T ¥ ' T T T T ' T T ¥ T l
229 343 457 571 685
Shear Rate (1/s)
25
1 (b) 120°C
= - 24000 rpm
s 20 '
e 1000 rpm
2
2 1 0 rpm
0
2 ’
> 15
] EPON828
10 ] T T T ‘ T ¥ ¥ € I 13 ¥ L ¥ I ¥ T ¥ T l T T T ¥ |
229 343 457 571 685
Shear Rate (1/s)

Figure 4.29. Viscosity-shear rate curves of EPON828-C30B mixtures after being

stirred at different speeds for two temperatures: (a) RT and (b) 120°C
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Figure 4.30. The effect of speed on viscosity of EPON828-C30B after being stirred at

RT and 120°C for 60 minutes, at shear rate 167 (1/s)

Figure 4.31 shows the viscosity-shear rate curves of epoxy EPON 828 and its mixture
with organoclay C30B made by different stirring methods at 25°C. The effect of stirring
methods on the viscosity of epoxy-clay mixtures at shear rate of 167.s" is shown in
Figure 4.32. It can be seen here that the viscosity of the suspensions changes according to
stirring condition and it is in the following order: 775 > nrs > Mrar > Nrm > Nrm (Figures
4.31 and 4.32). The temperatures and shear show a positive effect on the viscosity of the
suspension. For example: 77, > 7rm, 7775 > 1rs (temperature effect) and 7grs > 7rm, 7rs >
nrm (speed effect). Again the result here confirms that the clay has a better dispersion in

epoxy resin when increased the temperature and high speed are introduced.
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Figure 4.31. Viscosity-shear rate curves of EPON828-C30B mixtures after being

stirred with different methods
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Figure 4.32. Viscosity of EPONS828 and its mixture with C30B after being stirred

with different methods for 60 minutes, at shear rate 167 (1/s)
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The relationship between shear stress and shear rate is shown in Figure 4.33. The shear
stress has almost a linear increase with the shear rate for all curves. The apparent

viscosity of these suspensions may be obtained by equation as follows

r=ny (4.4)

where 7is the shear stress, y is the shear rate and 7 is the apparent viscosity.

The results also indicate that the shear stress increases according to the stirring methods

and it is in the order 77> Trs > Tr > Trm > Trne

Shear Stress (KN/m?)
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Figure 4.33. Shear stress-shear rate curves of EPON828-C30B mixtures after being

stirred with different methods
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4.3.3.3. The effect of stirring duration

The rheological properties of the epoxy and its suspension with C30B made by RS and
TS for different stirring durations of 2, 4, 10, 20, 30, 45 and 60 minutes were also
examined. Figures 4.34 and 4.35 show the viscosity-shear rate curves of epoxy EPON
828 and EPON 828 with organoclay C30B prepared by RS and TS methods at different
durations, respectively. The results indicate that with longer stirring duration, the
viscosity of the suspension increases. As discussed, the viscosity increase is related to the
level of dispersion of clay in epoxy. With increase in duration of stirring, the clay
aggregates were broken down to smaller sizes which have higher aspect ratio and result
in increase of viscosity. At the same duration of stirring, the viscosity of suspension
prepared by TS method is always higher than the viscosity of suspension prepared by RS
method. The speed again shows an evident effect on viscosity of the epoxy-clay
suspension. At only two minutes stirring with high speed, the viscosity is higher than
without mechanical stirring. For instance, the viscosity of epoxy-clay mixture prepared
by two minutes with RS is higher than the viscosity of epoxy-clay mixture prepared by
one hour with Rm, and the viscosity of epoxy-clay mixture prepared by two minutes with
TS is higher than the viscosity of epoxy-clay mixture prepared by one hour with Tm. The

order of the effect of stirring time on the viscosity of epoxy-clay mixtures is now 7Jgssomin

> 1Rs4smin > TIRS30min > TIRS20min > TRS10min > TIRStmin > TRS2min > Nrm (fOr mixing at room

temperature) and 171560min > NrS45min > MNTS30min > 171520min = N71S10min > N1S4min > N1S2min > Nm

(for stirring at 120°C).

138



214 RS- 60 minutes

0 RS- 2 mi

g S- 2 minutes 60, 45, 30,
NG 18 1 20, 10,
g 187 }‘ 4, and 2
§ \\‘ minutes
S : Rm-——e —

12 ¥ ¥ T T I T T T T | F T T T I T T T T ' ¥ T T 1 ‘
229 343 457 571 685

Shear Rate (1/s)
Figure 4.34. Viscosity-shear rate curves of EPON 828 and EPON828-C30B mixtures

after being stirred by Rm method and RS method for different durations
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Figure 4.35. Viscosity-shear rate curves of EPON 828 and EPONS828-C30B mixtures

after being stirred by Tm method and TS method for different durations
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Figure 4.36 shows the viscosity of EPON 828 and EPON828-C30B mixtures for different
stirring durations after being stirred by RS method and TS method at shear rate 167 (1/s).
Apparently, the viscosity of the EPONS828-C30B mixtures increases with stirring

duration. Thus the longer stirring time results in better dispersion.
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Figure 4.36. Viscosity of EPON828-C30B mixtures after being stirred by RS method

and TS method for different durations, at shear rate 167 (1/s)

Figures 4.37 and 4.38 show the relationship between shear stress and shear rate of epoxy
EPON 828 and EPON 828 with organoclay C30B prepared by RS and TS methods for
different durations of 2, 4, 10, 20, 30, 45 and 60 minutes, respectively. Shear stress also
increases with duration of stirring. The order of the effect of stirring duration on the shear
stress of epoxy-clay mixtures iS NOW Trssomin > TRS45min > TRS30min > TRS20min > TRSIOmin >
TRS4min > TRS2min > Trm (fOT stirring at room temperature) and Trssomin > Trsesmin > Trs30min >

.. o
TrS20min > TrS10min > TrSdmin > Trs2min > Trm (for stirring at 120°C).
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Figure 4.37. Shear stress-shear rate curves of EPON 828 and EPON828-C30B

mixtures after being stirred by Rm method and RS method for different durations
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Figure 4.38. Shear stress-shear rate curves of EPON 828 and EPON828-C30B

mixtures after being stirred by Tm method and TS method for different durations
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Generally speaking, with the studied scale, the speed, temperature and duration of stirring
do not lead to the exfoliation of clay in epoxy. However, they have influences on the
dispersion of organoclay in epoxy resin at the micro level, and thus the mechanism for

dispersion of clay in epoxy resin is proposed in Figure 4.39.

Wihout mechanical stirring and temperature (Rm), a clay is readily intercalated by epoxy
matrix (as can be seen in the XRD results, epoxy can easily diffuse into clay galleries
even at room temperature). However, such a process can take place easily only on the
aggregate surface, but will be very difficult to occur inside the aggregates. In the absence
of shear, clays should remain in the form of large aggregates (non uniform intercalation

and poor micro dispersion).

With assistance of only high speed (RS), the clay particles (aggregates) can be broken
down to smaller sizes (stacks) and lead to fine and uniform dispersion. However,

intercalation is likely at the surface of the stacks.

With the assistance of only temperature (Tm), the temperature facilitates the diffusion of
epoxy into the clay galleries. The intercalation may happen even at the inner stacks. Up
to a certain extent, diffusion of epoxy may also help to break down the large aggregates

into smaller aggreagtes but not lead to fine and uniform dispersion.

On the other hand, when high speed and temperature are introduced at the same time
(TS), the clay particles (aggregates) can be broken down to smaller sizes (stacks) and
lead to very fine and more uniform dispersion. The intercalation takes place even inside

all of the stacks.
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Figure 4.39. Mechanism of dispersion at stirring step
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A more detailed description of the effect of mechanical stirring and diffusion on the
dispersion of clay in epoxy is also shown in Figure 4.39. During stirring, the bundles of
clay can be peeled apart and separated from the big aggregates, while at the same time,

polymer molecules can get in to expand the galleries.

4.4. Effect of the curing process on the dispersion

4.4.1. Effect of curing temperature

Epoxy-clay mixtures from the stirring step were cured with D230 either at room
temperature for 2 days or at 60, 90 and 120°C for 2 hours, with subsequent post cure at

140°C for 2 hours in both cases. The variables and experimental conditions of this

experiment set are given in Table 4.7.

Table 4.7. Variables and experimental conditions for experiment set 4.4.1

Stirring methods | EPON 828 | C30B | D230 Curing temperature
Rm 100 2.69 32 RT and 120°C
Tm 100 2.69 32 RT and 120°C
™ 100 2.69 32 RT and 120°C
RS 100 2.69 32 RT and 120°C
TS 100 2.69 32 RT, 60°C, 90°C, and 120°C
HP 100 2.69 32 RT and 120°C

The effect of curing temperature on the dispersion and intercalation/exfoliation of
organoclay in epoxy nanocomposites was studied. The XRD results of nanocomposites
with 2 wt% of C30B based on EPON828 and D230 which were prepared by TS stirring
method at 24000 rpm for 60 minutes and cured at room temperature (RT), 60°C, 90°C

and 120°C are shown in Figure 4.40. As mentioned in Section 4.3.2, the position (angle
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20) of the peak in XRD curves is related to the clay gallery spacing and therefore the
degree of intercalation, whereas the peak intensity is an indicator of the amount of
intercalated clusters or the amount of non-intercalated (i.e. exfoliated) material. On the
XRD curves, the intensity of the X-ray diffraction peak decreases with increase in curing
temperature. A reduction in the peak intensity indicates that the amount of intercalated
clay has decreased, or in other words, the dispersion has been improved by breakdown of
clusters or even exfoliation. This figure also shows that there are two peaks in the XRD
curve for ENC which was cured at room temperature, around 2.2° and 4.7°, and this
corresponds to d-spacings of 40.1 A and 18.7 A. The second peak disappeared for curing
at 60°C and 90°C. This confirms that with curing at 60°C and 90°C, clay has better
dispersion and intercalation/exfoliation than at room temperature. It is interesting to
observe in Figure 4.40 that when ENC was cured at 120°C, the peaks shifted to the lower
angles at around 1.3° and 2.2°, corresponding to d-spacing of 66.9 A and 40.27 A. This
shows that curing at this temperature (120°C) results in a better intercalatién/exfoliation
than curing at 90°C, 60°C and RT. This can be explained by the fact that when the
temperature increases, the mobility of epoxy and hardener molecules increase and
because of this, they can diffuse more easily into the clay galleries and further intercalate
or exfoliate the clay. Thus, in this particular case a high curing temperature accelerates
the diffusion of epoxy and hardener into the clay galleries according to the diffusion
rules. All these X-ray results show that curing at higher temperature results in better
intercalation than curing at lower temperature, for epoxy nanocomposites. A summary of
the effect of curing temperature on dyy; of ENC is shown in Figure 4.41. In general, the

level of intercalation/exfoliation follows the order Tz > Top > Tep > Trr.
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Figure 4.40. X-ray diffraction curves of nanocomposites at 2 wt% C30B, samples

cured at different temperatures
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Figure 4.41. The effect of curing temperature on dyy; of ENC at 2 wt% C30B

X-ray diffraction curves of the epoxy and its nanocomposites based on C30B and made

by different stirring methods are illustrated in Figures 4.42 and 4.43. A summary of the
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peak positions of the XRD curves is given in Table 4.8. In all the nanocomposite samples
the clay layer separation (degree of intercalation) is considerably higher than in the
original C30B. Clays have been well further intercalated by the epoxy matrix for both

curing at room and high temperatures.

When samples were cured at room temperature (RT), there is no significant difference
between the positions of the peak on the XRD curves. However, the intensity changed
depending on stirring methods. At the same loading level of 2 wt% C30B, the ENC made
by high temperature method (Tm) shows somewhat better intercalation than the ENC
made by room temperature method (Rm). The intensity of the XRD peak for stirring with
Tm 1s lower than for stirring with Rm. This means that stirring at high temperature leads
to better delamination of clay than stirring at room temperature. On comparing between
high speed at high temperature (TS) and high speed at room temperature (RS), the same
phenomenon occurred for two ENCs prepared by these stirring methods. Shear also
shows an effect on intercalation/exfoliation of ENC. The intensity of the peak for stirring
at room temperature with speed (RS) is lower than stirring at room temperature without
speed (Rm), and the intensity of the peak for stirring at high temperature with speed (TS)
is lower than for stirring at high temperature with low speed (TM) or without speed (Tm).
Stirring with high speed also results in better intercalation/exfoliation of clay in the epoxy

matrix at the curing step.
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Figure 4.42. X-ray diffraction curves of EPON828-D230 system, C30B and their

nanocomposites at 2 wt% C30B made by different methods and cured at RT
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Figure 4.43. X-ray diffraction curves of EPON828-D230 system, C30B and their
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Table 4.8. Summary of XRD results of C30B and their nanocomposites made by

different methods
. Gallery distance (A)
St(lgl;% %en::ﬁ?;) d Cured at RT Cured at 120°C for 2 h
doo1 l Ad dpor | Ad
Cloisite 30B 18.5
Rm 37.3 18.8 37.6 19.1
Tm 38.3 19.8 38.4 19.9
™ 38.6 20.1 38.6 20.1
RS 39.1 20.6 39.5 21.0
HP 38.3 19.8 394 20.9
TS 40.1 21.6 40.3-66.9 21.8-48.4

Again, curing at high temperature provides better intercalation/exfoliation as compared to
curing at room temperature. With the same stirring method, the intensity of the XRD
peak is lower for curing at 120°C than for curing at room temperature. A similar effect
can be seen here (compared to curing at room temperature) on the
intercalation/exfoliation of clay in epoxy matrix when temperature and speed were
introduced at the stirring step. The intensity of the peak for ENC became smaller when
the temperature and speed were introduced in the stirring step. The orders of
intercalation/exfoliation are now TS > RS, TM > Tm > Rm, TS > TM > Tm and RS >
Rm. Note that there is little difference in intensity of the peak between Tm and TM. It
can be seen that there are two peaks in all the XRD curves for ENCs prepared by the Rm,
Tm, TM, RS, HP and TS methods. For ENC which was prepared by Rm, Tm, TM and
RS, the two peaks were at around 2.3° and 4.8°. The d-spacings for the ENC can be seen
in Table 4.8. However, the peaks shifted to lower angles for the TS method. They are
located at 1.3° and 2.2°, corresponding to d-spacings of 66.9 A and 40.3 A, respectively.

The TS method shows better intercalation/exfoliation as compared to HP, RS, TM, Tm
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and Rm methods. Again, in these cases, the second peak is the reflection of the first one.
Because of this, there is only one clay intercalation level in the mixtures of epoxy-clay
and this level is located at the position of the first peak in the XRD curves. The intensity
of XRD peaks of ENC made by HP method is lower than for the RS method. It is
believed that the HP method gives better intercalation/exfoliation than RS although the d-
spacing is a little lower than RS. In general, it can be noted here that the level of
intercalation and exfoliation of clay in epoxy nancomposites is in the following order: TS
> HP > RS > TM > Tm > Rm. The explanation for the better intercalation/exfoliation at
this step with ENC prepared with the high speed and temperature stirring methods is that
the high speed and temperature helped to break down the clay aggregates to smaller sizes
and improve dispersion of clay in the epoxy resin (more homogenous dispersion) during
the stirring step. Because of this it can have an indirect effect on the
intercalation/exfoliation of clay in epoxy matrix at the curing step. Epoxy and hardener
have more chance to diffuse into the clay galleries and fuﬁher expand the distance
between clay platelets especially with high temperature curing when the mobility of the

molecules increases.

The microstructures of ENC based on C30B and made by different stirring methods are
illustrated by SEM and presented in Figure 4.44. The bright spots on the backscattered
images correspond to clay aggregates. Apparently, a portion of the clay remains at the
micro-scale level with different size populations depending on the stirring conditions.
However, due to the limitation of the SEM, one should not rule out the possibility that
some exfoliation does take place. The size of aggregates is reduced significantly with

high speed (Figure 4.44d) as compared to without mechanical stirring (Figure 4.44a). The
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size of aggregates became much smaller when both high speed and temperature were
introduced at the stirring step (Figure 4.44¢). Again, it confirms that the micro dispersion
of ENC made by different stirring methods follows the order TS > HP > RS > TM > Tm

> Rm.
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Figure 4.44. SEM micrographs of ENC based on EPON828 and D230 with 2 wt%
C30B made by different stirring methods: (a) Rm, (b) Tm, (¢) TM, (d) RS, (¢) TS at

120°C and 24000 rpm, and (f) HP, samples cured at 120°C for 2 h
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TEM micrographs for nanocomposites prepared by the TS technique (120°C and 24000
rpm in 1 hour) at different magnifications are shown in Figure 4.45. It can be seen in
Figure 4.45a that clays have been well dispersed in the epoxy matrix. The size of small
aggregates or clay stacks is less than 0.5p. When the clays are focused at high
magnification (Figure 4.45b), the dark lines indicate the silicate nanolayers. Although the
clay particles were not completely exfoliated into individual platelets, there are many
regions of nanocomposites which contain single, double and triple clay silicate
nanolayers. So far, the results from XRD, SEM and TEM combine to indicate that with
mechanical stirring and temperature assistance, one can obtain a fine dispersion at the
micro scale, good distribution of clay, and good intercalation/exfoliation of clay in the

€poxy system.

Figure 4.45. TEM photos of nanocomposite based on EPON828-D230 with 2 wt%

C30B
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X-ray diffraction curves of the epoxy and its nanocomposites based on C30B prepared by
high speed stirring at 9500, 17500 and 24000 rpm and then cured at room temperature
and 120°C are illustrated in Figures 4.46, 4.47, 4.49, 4.50, 4.52 and 4.53. The summary
of the first peak’s position (dyp;) on XRD curves of the epoxy-clay mixtures as well as the
different Ad between the positions of these peaks and that of the peak of C30B are shown

in Tables 4.9 to 4.11, and Figures 4.48, 4.51 and 4.54.
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Figure 4.46. X-ray diffraction curves of nanocomposites based on EPON828-D230
and 2 wt% C30B made by TS with 9500 rpm for different durations and cured at

room temperature

The results show that there are two peaks at around 39.0 A and 18.5 A on each XRD
curve when ENC is cured at room temperature for all cases in this range of stirring
duration and speed. It can be seen at three different speeds of stirring, stirring duration

does not significantly improve the intercalation/exfoliation of clay in ENC when they
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were cured at room temperature. There is not much difference in the positions and

intensity of the peak of the XRD curves for ENC.
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Figure 4.47. X-ray diffraction curves of nanocomposites based on EPON828-D230
and 2 wt% C30B made by TS with 9500 rpm for different durations and cured at

120°C

Table 4.9. Summary of XRD results of nanocomposites based on EPON828-D230

and 2 wt% C30B made by TS with 9500 rpm for different durations

) Gallery distance (A)
sg;‘:li‘fg“?;l‘l’:) Cured at RT Cured at 120°C

dpor Ad dyor Ad
2 38.1 19.6 38.0 19.5
4 38.1 19.6 38.1 19.6
10 38.2 19.7 384 19.9
20 38.5 20.0 38.6 20.1
30 38.5 20.0 38.7 20.2
45 394 20.9 394 20.9
60 39.7 21.2 39.5 21.0
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Figure 4.48. The effect of curing temperature on dyy; of nanocomposites based on
EPONS828-D230 and 2 wt% C30B made by TS with 9500 rpm for different

durations
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Figure 4.49. X-ray diffraction curves of nanocomposites based on EPON828-D230
and 2 wt% C30B made by TS with 17500 rpm for different durations and cured at

room temperature
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Figure 4.50. X-ray diffraction curves of nanocomposites based on EPON828-D230

and 2 wt% C30B made by TS with 17500 rpm for different durations and cured at

120°C

Table 4.10. Summary of XRD results of nanocomposites based on EPONS828-D230

and 2 wt% C30B made by TS with 17500 rpm for different durations

) Gallery distance (&)
sg;‘:li‘ltg“z‘;l‘l’;) Cured at RT Cured at 120°C

dyor Ad door Ad
2 38.1 19.6 38.0 19.5
4 38.1 19.6 38.1 19.6
10 38.6 20.1 38.7 20.2
20 38.8 20.3 38.8 20.3
30 38.8 20.3 39.1 20.6
45 39.5 21.0 39,5 21.0
60 39.5 21.0 39.5 21.0
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Figure 4.51. The effect of curing temperature on dg; of nanocomposites based on
EPONS828-D230 and 2 wt% C30B made by TS with 17500 rpm for different

durations

However, when ENC were cured at 120°C, only one peak can be seen clearly for ENCs
which were stirred longer than 10 minutes for three different stirring speeds. The second
peak at 18.5 A almost disappeared. A difference in peak intensity is also clearly seen on
changing the stirring duration. The longer is the duration of stirring; the lower is the
intensity of XRD peaks. A reduction in the peak intensity indicates that the amount of
intercalated clay has decreased, or in other words, the dispersion has been improved by
breakdown of clusters or even exfoliation. The improvement of dispersion and
intercalation/exfoliation by duration of stirring can be understood in term of the better

diffusion of epoxy and hardener into the clay galleries. The longer is the duration of
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stirring, the smaller is the size of the aggregates (see the next few pages). Because of this,
epoxy and hardener have more chance to penetrate at the curing step (as discussed
above). In addition, at the same curing temperature and stirring duration up to 30
minutes, the speed of stirring does not show a significant change in the XRD curves. This
means that at this temperature and duration of stirring (to 30 minutes), the range of speed
from 9500 rpm to 24000 rpm does not show an evident effect on intercalation and

exfoliation of clay.
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Figure 4.52. X-ray diffraction curves of nanocomposites based on EPON828-D230

and 2 wt% C30B made by TS with 24000 rpm for different durations and cured at

room temperature

For stirring duration longer than 45 minutes, a difference appears in the XRD curves of
ENC made by TS at 24000 rpm compared to 17500 rpm and 9500 rpm. There are two
peaks on the XRD curves and they are located at low angles and their d-spacings are

shown in Table 4.11.
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Figure 4.53. X-ray diffraction curves of nanocompoeosites based on EPON828-D230

and 2 wt% C30B made by TS with 24000 rpm for different durations and cured at

120°C

Table 4.11. Summary of XRD results of nanocomposites based on EPON828-D230

and 2 wt% C30B made by TS with 24000 rpm for different durations

. Gallery distance (A)
Sg}:r‘i:‘ltg“;‘l‘n‘i’:) Cured at RT Cured at 120°C

doo; Ad door Ad

2 38.1 19.6 38.1 19.6

4 38.1 19.6 38.1 19.6

10 38.7 20.2 38.8 20.3

20 38.6 20.1 38.8 20.3

30 38.8 20.3 39.2 20.7

45 394 21.0 40.2-66.7 21.7-48.2

60 39.5 21.0 40.3-66.9 21.8-48.4
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Figure 4.54. The effect of curing temperature on dyy; of nanocomposites based on
EPONS828-D230 and 2 wt% C30B made by TS with 24000 rpm for different

durations

The effect of stirring duration on the dispersion of C30B in epoxy matrix was also
observed by FEGSEM. FEGSEM photos of the ENC based on EPON828-D230 with 2
wt% of C30B made by TS at 24000 rpm for different durations are shown in Figure 4.55.
The bright spots on the backscattered images correspond to clay aggregates. Apparently,
clay aggregates have been broken down into smaller ones with increase in the stirring
duration. It proves that the size of aggregates is smaller with stirring duration and because
of this, it can help to improve the level of intercalation and exfoliation of ENC during the

curing step.
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Figure 4.55. SEM photos of nanocomposite based on EPON828-D230 and 2 wt%
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X-ray diffraction curves of EPON&28 nanocomposites samples prepared with high speed
of 24000 rpm at room temperature and at 180°C and cured at room temperature and
120°C are shown in Figures 4.56, 4.57, 4.59, and 4.60. The summary of the first peak’s
position (dyy;) of the mixtures as well as the Ad between the positions of these peaks and

that of C30B are shown in Tables 4.12, 4.13 and Figures 4.58, 4.60.

For curing at room temperature, the intensity of XRD peaks for mixing at RT, 120°C or
180°C show almost no change. However, the peaks became narrower for 120°C and
180°C compared to RT (Figures 4.52, 4.56 and 4.57), which suggest that better
intercalation has taken place for high temperature stirring even when curing was at room
temperature. As discussed above, curing at room temperature does not show a significant
effect on intercalation of clay when the duration of stirring was changed. Again, it is very
clear that at the same stirring temperature, the peak position and intensity of these peaks

remains almost the same even if the duration of stirring was changed.

However, duration of stirring has an influence on XRD curves when the samples are
cured at 120°C (Figures 4.53, 4.57 and 4.60). The longer is the stirring duration, the
better is delamination of clay in epoxy matrix. Stirring temperature also has a significant
effect on delamination of clay. There is an evident change in the intensity of the XRD
peaks when the temperature of stirring increases from room temperature to 120°C and
180°C. High speed stirring does not show a strong influence on intercalation/exfoliation
of cured ENC for the case of stirring at room temperature. The peak remains the same
when stirring duration increases. For stirring with high speed at 120°C the peak in the

XRD curves becomes smaller when stirring duration increases
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Figure 4.56. X-ray diffraction curves of nanocomposites based on EPON828-D230

and 2 wt% C30B made by RS with 24000 rpm for different durations and cured at

room temperature
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Figure 4.57. X-ray diffraction curves of nanocomposites based on EPON828-D230

and 2 wt% C30B made by RS with 24000 rpm for different durations and cured at

120°C
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Table 4.12. Summary of XRD results of nanocomposites based on EPON828-D230

and 2 wt% C30B made by RS with 24000 rpm for different durations

. Gallery distance (A)
sg.f'rﬁffg"m) Cured at RT Cured at 120°C
door Ad door Ad

2 37.93 19.43 37.95 19.45
4 38.03 19.53 38.07 19.57
10 38.50 20.00 38.50 20.00
20 38.63 20.13 38.54 20.04
30 38.98 20.48 38.78 20.28
45 398 20.78 39.38 20.88
60 39.06 30.56 39.51 31.01

45.0

42.5

—&— Cured at RT

—®— Cured at 120°C
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Figure 4.58. The effect of curing temperature on dy; of nanocomposites based on

EPONS28-D230 and 2 wt% C30B made by RS with 24000 rpm for different

durations

164



Intensity (Counts)
a S
[~} (=]
o (=]

-
[~
[~
(=]

(3
[=3
o

llll‘Lll]IllIlIIlllllllllllll

Gobe YT

(=]

s »~

& 0B oné

o SREER ®
> ,,,u.yﬁ,lw I3

‘@t’
@ *}Q 5
A \X"' !
gt

wre

P al

20 (°)
Figure 4.59. X-ray diffraction curves of nanocomposites based on EPON828-D230

and 2 wt% C30B made by TS (at 180°C) with 24000 rpm for different durations and

cured at room temperature
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Figure 4.60. X-ray diffraction curves of nanocomposites based on EPON828-D230

and 2 wt% C30B made by TS (at 180°C) with 24000 rpm for different durations and

cured at 120°C
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Table 4.13. X-ray diffraction curves of nanocomposites based on EPON828-D230

and 2 wt% C30B made by TS (at 180°C) with 24000rpm for different durations

) Gallery distance (A)
sg;;zm;ﬁ) Cured at RT Cured at 120°C
& door Ad door Ad
2 41.8 23.3 64.3 458
4 41.8 23.3 64.9 46.4
10 42.1 23.6 64.9 46.4
20 423 23.8 65.2 46.7
30 42.0 23.5 65.5 47.0
45 42.1 23.6 65.6 47.1
60 42.6 24.1 66.2 47.7
70.0
E PP SE— *— —e
63.0
~56.0
os—‘_ 1 —=*— Cured at RT
[~3 i
©° ] ™ Cured at 120°C
49.0 n
42.0 sa—t & * * —4
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Figure 4.61. The effect of curing temperature on dy,; of nanocomposites based on
EPONS828-D230 and 2 wt% C30B made by TS (180°C) with 24000 rpm for different

durations
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It has been frequently observed that during exfoliation (especially during the mechanical
exfoliation of intercalated clay in a matrix) the position of the XRD peak may remain at
the same angular position 26, but it broadens and its intensity decreases. Ishida and co-

workers [122] used XRD to calculate the degree of exfoliation Xz (%):

Y
X, = 100(1 - ZJ (4.4)

where 4 and 4, are the area under the XRD peak for the polymer nanocomposites and for

the mixture with intercalated clay, respectively.

Let us assume there is no exfoliation in the sample which was prepared by hand stirring
at room temperature (Rm) and cured at room temperature. In this case, 4, is the area

under the XRD peak for this sample.

The exfoliation level of the ENC made by high speed stirring at room temperature and
120°C (cured at 120°C) was calculated by means of Galactic soft ware (GRAMS Al) and
is shown in Table 4.14. The exfoliation levels were calculated based on the reduction in
intensity, the percentage of exfoliation of these samples compared to the reference (Rm).
The result shows that longer time leads to better exfoliation of the clay in epoxy matrix.
In addition stirring at high temperature also shows better delamination compared to

stirring at room temperature.
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Table 4.14. Summary of XRD data of samples after being cured at 120°C

Duration of |Intercalation spacing (4) o
Stirring | Main peak | Secondary |Area 4 (4,) o
. Exfoliation
(minutes) peak
RT stirring (Rm)
60 | 373 | 118 | @70 | o
High speed (24000 rpm) stirring at RT
2 38.0 17.5 1666 30+2
4 38.1 17.9 879 63+1
10 38.5 18.0 846 64+4
20 38.5 18.0 823 6513
30 38.8 18.0 771 6714
45 39.4 18.2 758 638+4
60 39.5 18.6 677 7141
High speed (24000 rpm) stirring - at 120°C
2 38.1 17.9 1174 5042
4 38.1 18.1 695 711
10 38.8 18.1 645 7345
20 38.8 - 541 77+1
30 39.2 - 440 8112
45 40.2 - 312 87+1
60 40.3 - 249 8914
High speed (24000 rpm) stirring — at 180°C

2 64.3 33.8 552 772
4 64.9 34.0 441 8143
10 64.9 34.1 390 8445
20 65.2 35.6 348 85+1
30 65.5 35.8 332 861
45 65.6 35.7 237 9043
60 66.2 35.6 223 9112

The mechanism for dispersion and intercalation/exfoliation of nanoclay in epoxy matrix
at the curing step is proposed in Figure 4.62. When the clay is stirred with the organic
media, the organic media will diffuse into the clay tactoids first in the outer layers and

then the inner layers.
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Figure 4.62. Mechanism of dispersion and intercalation/exfoliation of clay particles

in epoxy matrix at curing step: (a) big particles, (b) small particles and (c) detail
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The potential energy of an ion within an ionic solid is not the same as the potential
energy of a simple pair of ions as there are many similar and dissimilar neighbors. The
inner layers of clay have a higher ionic bonding energy than the surface layers. Because
of this, the outer layers of clay have more chance to separate from the big aggregates
when the clay swells in the organic media. Moreover, after the epoxy resin and hardener
enter the clay galleries, they start to react. They try to push two clay platelets apart. It is
also noted that clay platelets are held by (1) electrostatic attractive force coming from
intercalant and the negative charge on the clay particles and (2) van der Waals forces.
However these forces are balanced with the forces coming from another two adjacent
clay layers and make them more difficult to separate from the clay tactoids.
Consequently, the surface layers can be separated more easily than the inner layers and
the exfoliation process should begin with the separation of surface layers away from the
tactoids. Thus, while the outermost gallery expands to an exfoliated gallery height, the
adjacent interior galleries remain in their intercalated state, until their turn for exfoliation
comes. Full exfoliation results if all layers are separated from all tactoids. However, the
separation of clay layers from the tactoids cannot continue when the 3-D epoxy network
of epoxy and its hardener is formed at the gel point. At this point the viscosity of the
epoxy system rises sharply to very high values. At this stage, relaxation of epoxy
molecules is slowed down considerably due to the high viscosity of the surrounding
epoxy 3-D network chains and high valﬁes of shear stresses acting against the movement
of the clay layers. Thus, the gel point provides an upper bound of time available for
complete exfoliation of all tactoids. A fully exfoliated system results if all clay layers in

all tactoids are exfoliated before the gel point. The gel point, on the other hand, is a
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strong function of curing temperature, curing agent, the nature of epoxy molecules, and
even the nature of filler particles. It can be delayed or accelerated with proper choice of
the ingredients. Because of this, one can believe that the smaller are the tactoids, the

better is the separation of clay layers in the epoxy system.

4.4.2. Effect of chemistry of clay

Two processes were used to prepare the epoxy nanocomposites in this study. The first
one is the Rm process; the nanoclay content in the epoxy resin in this case was 2 wt%.
The second one is the Tm process; the nanoclay content in the epoxy resin in this case
was 2 and 4 wt%. For curing, the amine hardener (EPICURE 3046) was added at room
temperature at a level of 35 phr. Samples were cured either at room temperature for 2
days or at 120°C for 2 hours, with subsequent post cure at 140°C for 2 hours in both

cases. Sample specifications are given in Table 4.15.

Table 4.15. Sample specifications for experiment set 4.4.2

Designation | EPON 828 EPICURE 3046 Nanoclay | Stirring method
8EP 100 35 0 -
Cloisite 30B
8EP-2pB-M1 100 35 2 Rm
8EP-2pB-M2 100 35 2 Tm
S8EP-4pB-M2 100 35 4 Tm
Nanomer I30E
8EP-2pE-M1 100 35 2 Rm
8EP-2pE-M2 100 35 2 Tm
S8EP-4pE-M2 100 35 4 Tm
* 8 = EPONS828, EP=EPICURE 3046, 2pB = 2 phr of C30B, 4pB = 4 phr of C30B, Rm =
Room temperature stirring method, Tm = high temperature stirring method.
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The difference in chemistry of clay is examined by DSC and FT-IR. The epoxy resin
alone and epoxy-clay mixtures without hardener were heated in the DSC at a rate of
10°C'min™. Figure 4.63 shows that up to 250°C no exothermic or endothermic peak is
observed for the epoxy resin sample and epoxy with C30B, but a strong exothermic peak
appeared in the range between 180 and 250°C for the mixture of epoxy and I30E. Thus,
no chemical reaction occurred either in the epoxy resin or mixture of epoxy and C30B in
the temperature range studied, whereas the exothermic peak for the I30E mixture likely

indicates that a curing reaction took place during the first heating scan.

To check the effect of the heating process on the physical properties of the sample, a
second scan was done. The neat epoxy sample and the C30B mixture showed no change,
but the I30E mixture showed a glass transition at 7, = 102°C. The resin in the mixture
had been polymerized to the solid state and the final product was in the form of a brown
powder. This transformation can be explained in terms of the polymerization of epoxy
groups initiated by the primary amine onium ion of the organo-nanoclay I30E. A similar

effect was reported by Lan et al. [81].
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Figure 4.63. DSC curves of neat epoxy EPON828, EPON828-C30B and EPONS28-

I30E in the absence of hardener

Figure 4.64 compares the infrared spectra of uncured EPONS828 resin and the epoxy-clay

mixture without hardener after heating in the DSC. For EPON828-C30B, the spectra are

very similar to that of pure EPON828. There is no evidence of any reaction of the epoxy

rings. The only difference (too small to be seen in the Figure 4.64) is a slight variation

around 1100-1000 cm™ arising from the clay absorption.

For EPON828-130E, the most significant change is the disappearance of the epoxide ring

band at 915 cm’! upon heating, as have the weaker peaks at 1430, 1346, 971, and 863
cm™'. This is accompanied by the growth of a broad band around 11701000 cm™ that
can be assigned to stretching of the C—O—C ether linkages formed by reaction of the
epoxide rings. Thus the IR spectra confirm that the exothermic peak in the DSC curve of

the first scan can be assigned to polymerization (etherification) of the epoxy groups
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initiated by the onium ion of the organo-nanoclay. In the commercial clay I30E, most of
the onium compound is “bound” to the clay surface via ionic bonds, but there is evidence
for some unbound material as well. This raises the question of whether the reaction is
initiated by the onium ions bound to the nanoclay surface or by the free onium ions. To
check this, the free onium salt was removed by washing some I30E clay several times
with hot deionized water, followed by drying. The resulting purified clay behaved in the
same way as the original clay, indicating that the bound onium ions also play an initiating
role for the epoxy polymerization. The primary onium salt R-NH;" probably loses a
proton readily and reacts with an epoxide ring to form secondary amine groups and
hydroxyl groups. The secondary amine groups can react further to form tertiary amine
groups and more hydroxyl groups. Each hydroxyl group can react with an epoxide ring
to form an ether linkage and a new hydroxyl group, and this etherification reaction can
thus continue until all epoxide rings have been consumed. The etherification reaction is
catalyzed by tertiary amine groups, which explains why it is important in the epoxy-clay
mixture (even though the number of amine groups may not be high) but is negligible in
the neat epoxy resin (even though the latter contains some hydroxyl groups). The epoxy-
clay mixture was diluted to 0.2 wt% of clay and the same observation was obtained,
indicating that the primary onium salt plays the role of initiator rather than curing agent.
It has also been observed that the lower is the heating rate, the lower is the temperature at
which the reaction takes place. Under isothermal conditions at 120°C, after 20 min the
viscosity of the system increased dramatically while the degree of cure reached

approximately 12%.
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Figure 4.64. FT-IR spectra of (a) uncured EPON828 resin, (b) EPON828-C30B and

(c) EPONS28-I30E after the first scan in DSC

X-ray diffraction curves of the epoxy system and its nanocomposites based on Cloisite
30B and Nanomer I30E are illustrated in Figures 4.65 and 4.66. The d-spacing data
calculated therefrom are summarized in Table 4.16. In all the nanocomposite samples,
the clay layer separation (degree of intercalation) is considerably higher than in the
original Cloisite 30B or Nanomer I30E. The gallery distance increases more than double
compared to the original clay (Table 4.16). Clays have been further intercalated by the
epoxy matrix and the I30E series were better intercalated by the matrix than the 30B
ones. In addition, it is also noticed that the high curing temperature leads to a greater
clay gallery distance, and it is more pronounced in the Nanomer I30E series. Better
intercalation for the I30E series can be explained by the difference in the chemistry of the
intercalant of the clays. Nanomer I30E which contains the intercalant based on primary

amine can offer a better chemical interaction with the epoxy group of the matrix via the
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hydrogen atoms of the amine group and this kind of reaction can take place even at low
temperatures. Cloisite 30B consists of quaternary ammonium intercalant containing
hydroxyl group, which can also offer a chemical interaction with the epoxy group but it
can only take place at elevated temperatures (above 180°C). There is no significant
difference between the clay loading levels of 2 phr and 4 phr for Cloisite 30B. However,
the difference is more apparent for Nanomer I130E, particularly when the samples were
cured at 120°C. Again, it can be speculatively explained by the greater reactivity of the
Nanomer I30E at high temperature, resulting in a rapid increase in viscosity as observed
during the mixing of clay and epoxy resin. Furthermore it is also observed that at the
same loading level of 2 phr, for the 30B series, high stirring temperature shows somewhat
better intercalation than the stirring at room temperature, although the effect is more
pronounced for room temperature cured samples. For instance, when samples were cured
at room temperature, the d-spacing of 8EP-2pB-Tm is 4.23 nm, compared with 3.99 nm
for 8EP-2pB-Rm. During stirring of the epoxy and clays, epoxy molecules can diffuse
into the clay galleries, and during curing, molecules of amine hardener and/or epoxy can
continue to diffuse further into the galleries. Again, a high temperature of stirring speeds
up the diffusion of the epoxy into the clay galleries while a high temperature of curing
accelerates the diffusion of the epoxy and hardener into the galleries. This indicates that
stirring and curing temperature play a very important role in clay intercalation. It should
be stressed here that the curing rate of the resin can also have a determining role in the
intercalation process. If curing took place very fast, further intercalation by the matrix
during curing can be inhibited. As curing rate increases with temperature, high curing

temperature should be expected to limit the further intercalation by the matrix. However,
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the X-ray results indicate that the curing of the nanocomposites at the higher temperature
of 120°C in all cases results in better intercalation than curing at room temperature, for
nanocomposites with the same clay loading and stirring method. The X-ray diffraction
peak shifts to lower angle, which means the degree of delamination increases in all cases.
This can be explained by the fact that the hardener EPICURE 3046, which has a low
reaction rate with epoxy even at high temperatures, has minimized this effect. Thus, in
this particular case a high curing temperature accelerates further diffusion of the epoxy

and hardener into the clay galleries according to the diffusion rules [10].

Table 4.16. Summary of XRD data

Gallery distance (A)
Sample Cured at room | Cured at 120°C
temperature for2 h
SEP -
Cloisite 30B 18.5
8EP-2pB-Rm 39.9 43.8
8EP-2pB-Tm 423 44.8
8EP-4pB-Tm 41.7 44.1
Nanomer I30E 23.8
8EP-2pE-Rm 48.4 56.0
8EP-2pE-Tm 49 .4 57.0
8EP-4pE-Tm 47.0 49.9
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Figure 4.65. X-ray diffraction curves of the 8EP and its Cloisite 30B nanocomposites
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Figure 4.67 presents the microstructures of nanocomposite samples observed by SEM.
The bright spots on the backscattered images correspond to clay aggregates. Apparently,
a portion of the clay remained at the micro-scale level with different size populations
depending on the stirring conditions and clay type. However, due to the limitation of the
SEM, one should not rule out the possibility of some exfoliation occurring. At the same
loading level of 2 phr, the clay particles are more finely dispersed in the nanocomposite
that was prepared at high temperature (§EP-2pB-Tm, Figure 4.67b) compared with room
temperature (8EP-2pB-Rm, Figure 4.67a). As seen in Figure 4.67b, there is a greater
density of small particles (with size below 2 microns) and a lower density of large
particles than in Figure 4.67a. This indicates that a high temperature of stirring has a
positive effect not only on the intercalation (as identified by XRD) but also on the
dispersion of the clay in the materials. Moreover, with the same stirring method at high
temperature, when the clay loading increases from 2 phr to 4 phr (Figure 4.67¢), the
number of aggregates increases but not the particle size. Figure 4.62 also shows that at
the same loading level of clay and stirring method, Cloisite 30B is more finely dispersed

in the nanocomposite compared to Nanomer 130E.

When the aggregate was examined at high magnification (Figure 4.67f), it was very
interesting to observe that the matrix has diffused deeply inside the aggregate to form
smaller stacks. Thus the aggregate can be considered as a composite of the small stacks
and the epoxy matrix. If sufficient shear was used, it should be believed that these stacks
can be further separated to form small particles. It should be stressed here that although
clay dispersion remains in a certain proportion at the micro-scale, one should not treat it

as a conventional micro-composite because of the presence of the matrix inside the
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particles, and each particle can be consider as a nanocomposite.

CNEC-[iM[ 2.0

CNRC-IMI 2.0kV £.8mm x1.00k SE{U)

CNRC-IMI 2.0k

Figure 4.67. SEM micrographs of (a) SEP-2pB-Rm, (b) SEP-2pB-Tm, (c) SEP-4pB-

Tm, (d) SEP-2pE-Rm, (¢) SEP-2pE-Tm, (f) SEP-2pB-Tm at high magnification
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TEM observation for 8EP-2pE-Tm (Figure 4.68) has also confirmed the diffusion of
matrix into the clay galleries. Besides large aggregates, a small amount of single-,
double- and triple- layer stacks ca also be observed in Figure 4.68b. The high stirring

temperature provides better dispersion.

Figure 4.68. TEM micrographs of (a) SEP-2pE-Rm and (b) SEP-2pE-Tm

4.4.3. Effect of chemistry of hardener

Five types of curing agent were used in this study. The first one is diethylenetriamine, a
low molecular weight triamine that forms a rigid molecular network. The second one is
Jeffamine T403, a propylene oxide based triamine with medium molecular weight that
forms a less rigid molecular network than diethylenetriamine. The third, fourth and fifth
ones are Jeffamine D230, D400 and D2000, which are diamine-terminated
polyoxypropylene diols with different molecular weight that can form a rigid to a very
flexible network after curing. The nanocomposites were prepared with different
concentrations of organoclay, a Southern Clay Products Cloisite C30B. Rm and Tm

stirring methods were used. The nanocomposites were cured at room and high
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temperature. The intercalation/exfoliation of clay in epoxy systems at different steps of
preparing epoxy nanocomposites were analyzed by X-ray diffraction (XRD). Sample

specifications are shown in Table 4.17.

Table 4.17. Sample specifications for experiment set 4.4.3

Designation | Epon828 |  Hardener | C30B | Mixing method
DETA
8DE 100 10.9 0 -
8DE-2pB-Rm 100 10.9 2 Rm
8DE-2pB-Tm 100 10.9 2 Tm
8DE-4pB-Tm 100 10.9 4 Tm
D230
8d 100 32 0 -
8d-2pB-Rm 100 32 2 Rm
8d-2pB-Tm 100 32 2 Tm
8d-4pB-Tm 100 32 4 Tm
D400
85 100 55 0 -
85-2pB-Rm 100 55 2 Rm
85-2pB-Tm 100 55 2 Tm
85-4pB-Tm 100 ) 55 4 Tm
T403
8T 100 42 0 -
8T-2pB-Rm 100 42 2 Rm
8T-2pB-Tm 100 42 2 Tm
8T-4pB-Tm 100 42 4 Tm
D2000
8D 100 270 0 -
8D-2pB-Rm 100 270 2 Rm
8D-2pB-Tm 100 270 2 Tm
8D-4pB-Tm 100 270 4 Tm
* 8 = EPONS828, DE = DETA, d = D230, § = D400, T = T403, D = D2000, 2pB = 2 phr
of C30B, 4pB = 4 phr of C30B, Rm = Room temperature stirring method, Tm = high
temperature stirring method.

4.4.3.1. Curing rate

To clarify the effect of the rate of cure on structure of epoxy nanocomposites, the cure

kinetics of these five epoxy systems was then investigated.
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Figure 4.69. DSC curves of the epoxy with different curing agents at heating rate
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Figure 4.70. Transformation curves of the epoxy with different curing agents at

heating rate 2.5°C.min"*
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Figure 4.69 shows the DSC curves at heating rate 2.5°C.min"" of these epoxy systems.
The transformation curves derived from the DSC results are shown in Figure 4.70. In
these five systems, the epoxy system cured with DETA shows the largest initial slope
respectively compared to the others. This means DETA is the most reactive curing agent.
Thus the cure rate is significantly higher for the system cured with DETA compared to
the systems cured with D230, T403, D400 and D2000. The system based on D2000
shows the lowest reactivity. The rate of cure for these curing agents can be arranged as
DETA > D230 ~ T403 > D400 > D2000. Note that the curing rates of D230 and T403 are
very close together. These curing rates of five curing agents are very much corresponding
to their amine hydrogen equivalent weight (AHEW). The amine hydrogen equivalent
weight is 20, 60, 81, 115 and 514 g/eq for DETA, D230, T403, D400 and D2000
respectively. It can be seen clearly that AHEW of DETA is smallest and AHEW of

D2000 is highest compared to the AHEW of the other hardeners.
4.4.3.2. Dispersion and morphology

X-ray diffraction curves of the epoxy systems and their nanocomposites after being
cured with different curing agents are illustrated in Figures 4.71 and 4.72. The results
show that curing agent has an effect on the delamination (intercalation/ exfoliation) of
clay. If one considers 3 hardeners which have similar chemical structure including D230,
D400 and D2000, the system cured with D2000 gave a better delamination than D400
and D230. The delamination of these three systems can be arranged as D2000 > D400 >
D230. However, the length of the molecules of these Jeffamines decreases in the order

D2000 > D400 > D230, so D230 would be expected to diffuse into the clay galleries
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more easily during curing than D400 and D2000. The rate of diffusion of these three
hardeners increases in the following order: D2000 < D400 < D230. However, the curing
rate of the EPON828-D2000 system is slower as compared to the EPON828-D400 and
the EPON828-D230 systems. As a consequence, it is reasonable to believe that D2000
and possibly EPON828 in EPON828-D2000 system would have more time to diffuse into
the clay galleries to exfoliate the clays as compared to the EPON828-D400 and
EPONS828-D230 systems. On comparing the results presented in Figures 4.69, 4.70, 4.71
and 4.72, there is a correlation between the curing rate of the epoxy system and the level
of intercalation/exfoliation of nanoclay in the corresponding nanocomposite. Thus, the
lower is the curing reactivity of the epoxy system, the greater is the clay intercalation in
the nanocomposites. This observation is in good agreement with the reported literature
[18]. Moreover, it is also believed that the size of the D2000 molecules makes a great
contribution to the intercalation/exfoliation of clay C30B in epoxy matrix. With larger
size compared to the D400 and D230, D2000 can push clay platelets apart and expand the
clay galleries more than D400 and D230. The length of D400 molecule is longer than
D230. D400 also can push the clay platelets farther apart than D230. Curing temperature
also has an effect on intercalation/exfoliation of clay. As curing rate increases with
temperature, high curing temperature should be expected to limit further intercalation by
the matrix due to faster cure as discussed above. However, the X-ray diffraction peak for
curing at high temperature shifts a bit to lower angle and its intensity decreases as
compared to room temperature which means the degree of delamination increases. This is
very similar to the result from Kornmann et al [18] and Lan et al. [45]. This can be

explained by the fact that at higher temperature, the mobility of the epoxy and hardener
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molecules increases, thus these molecules can diffuse more easily into the clay galleries

and expand them.

As the curing rate of epoxy and DETA is faster than for the Jeffamine curing agents
(Figure 4.70) it may be expected that DETA may not have enough time to diffuse into the
clay galleries especially when it is cured at high temperature as discussed earlier.
However, in reality DETA provides better intercalation and exfoliation than the
Jeffamine counter parts (Fig. 4.71b), which means its short molecular chain has given it a

better ability to penetrate into the clay galleries.

X-ray results also show that with the same curing rate (D230 and T403), curing with
D230 leads to a greater clay gallery spacing than curing with T403 for poorer mixing at
room temperature cure. However the delamination for the case of T403 is better than
D230 for the high temperature mixing and curing. T403 is a triamine which has three
functional groups while D230 is a diamine which has two functional groups. The
structure of T403 obstructs the movement of T403 molecule into the clay gallery as
compared to D230. Because of this, for room temperature cure and poor dispersion, XRD
shows poorer intercalation/exfoliation of clay in the epoxy system cured with T403 than
in the one cured with D230. However, at high temperature, the mobility of the epoxy and
hardener molecules increases, so T403 can have a better chance to enter the clay
galleries. It is worth stressing here that in thermoset systems, the intercalation and
exfoliation process that can continue during curing is controlled not only by the rate of
diffusion of organic molecules (in this case, the curing agent and the epoxy molecules)

into the clay gallery but also by the curing rate of the epoxy system and by the size of the
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epoxy and hardener molecules. Because of this, the intercalation/exfoliation of the clay is
not only dependent on the reactivity of the epoxy system but also on the rate of diffusion

of epoxy and curing agent.

Table 4.18. Summary of XRD data for nanocomposites

Gallery distance (A)
Sample Cured at room | Cured at 120°C
temperature for2 h
C30B 18.5
DETA (DE)
8DE-2pB-Rm 37.2 38.2
8DE-2pB-Tm 38.1 38.3
8DE-4pB-Tm 38.1 38.2
D230 (d)
8d-2pB-Rm 37.4 38.1
8d-2pB-Tm 38.3 38.4
8d-4pB-Tm 37.9 38.3
T403 (T)
8T-2pB-Rm 36.6 38.1
8T-2pB-Tm 39.3 40.1
8T-4pB-Tm 38.2 39.0
D400 (0)
86-2pB-Rm 37.4 39.4
85-2pB-Tm 39.1 40.3
85-4pB-Tm 38.8 40.1
D2000 (D)

8D-2pB-Rm - -

8D-2pB-Tm - -

8D-4pB-Tm - -

Furthermore it is also observed that at the same loading level of 2 phr, high stirring
temperature shows somewhat better intercalation than stirring at room temperature,
although the effect is more pronounced for room-temperature-cured samples. High

temperature stirring speeds up the diffusion of the epoxy into the clay galleries while high
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temperature curing accelerates the diffusion of the epoxy and hardener into the galleries.

Epoxy molecules can diffuse into the clay galleries during stirring of the epoxy and clay,

and molecules of amine hardener and/or epoxy can continue to diffuse further into the

galleries during curing. This indicates that stirring, curing temperature and curing rate

play a very important role in clay intercalation.
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Moreover, it is also seen that the intensity of the XRD peak decreases, which means the

level of intercalation/exfoliation in all nanocomposite samples after cure increases as

compared to their mixture before curing. This indicates that the curing step of preparing

nanocomoposites also plays an important role in clay intercalation.
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4.5. Model for the dispersion of clay

The Equation 4.1 described the effect of both thermodynamic and mechanical terms on
the force acting on the clay particles (Fpr = D + 7). From the experimental results, the
question arises as to why one is not able to achieve the exfoliation of clay at the stirring
step. To answer this question, the flow of the epoxy and clay mixture under high speed
stirring (homogenizer) was examined from a theoretical point of view. This part of the
study was done to investigate further the mechanical effect (7). Figure 4.73 shows the

shear force imposed on the clay layers.

Shear force (T)

b I platelets
e

A
Y

L

Figure 4.73. Shear force imposed on nanoclay (in epoxy) at the stirring step; 4 is the

distance between clay platelets, L is the length of clay platelets

The dispersion of clay particles in the polymer matrix can result in the formation of three
general types of composites: (a) conventional composites; the clay fraction in
conventional clay composites plays little or no functional role and acts mainly as a filling
agent for economic considerations, (b) intercalated nanocomposites; these are formed
when one or a few molecular layers of polymer are inserted into the clay galleries with a

fixed interlayer spacing, (c) exfoliated nanocomposites; the individual 10-A-thick silicate
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layers are dispersed in the polymer matrix and segregated from one another, and the
gallery structures are completely destroyed. Both intercalated and exfoliated
nanocomposites offer special physical and mechanical properties compared to the

conventional composites [50, 123].

The term “dispersion” is used to refer to the complete process of incorporating the
powder into the liquid medium such that the final product consists of fine particles
distributed throughout the medium. The dispersion of fine particles is normally termed
colloidal if at least one dimension of the particles lies between 1 nm and 1 pm. Solid
particles dispersed in a liquid form a suspension. In many practical uses of powders the
primary particle size is sufficiently small that further subdivision is unnecessary. But in
the dry state, the powder usually contains aggregates of primary particles and these are
attached to other aggregates and/or primary particles forming agglomerates. Aggregates
may require considerable energy to break them to the point when the surface of each
primary particle is available to the wetting liquid. There are at least three major types of
interaction involved in colloidal particles, namely the London — van der Waals forces of
attraction, the Coulombic force (repulsive or attractive) associated with charged particles
and the repulsive force arising from solvation, or adsorbed layers. The most important

forces to consider here are van der Waals forces.

The London-van der Waals attractive forces are based on electronic interaction, due to
the interaction of dipoles within the particles. These may be the permanent dipoles of
polar particles or the dipoles that may be induced in non-polar particles which are

polarisable [124, 125, 126].
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4.5.1. Van der Waals interaction force acting between two particles or

macroscopic bodies

We can understand the origin of dispersion interactions from the following argument. For
non-polar atoms, such as the rare gases, the time-average dipole moment is zero.
However, at any instant there exists an instantaneous dipole moment determined by the
location of the electrons around the nucleus. This dipole generates an electric field, which
in turn induces a dipole in nearby neutral atoms. The resulting interaction gives rise to an
attraction force between the two atoms whose time average is finite. The same argument
applies for the attraction of two non-polar molecules. In 1933 London derived an
expression for the attraction between a pair of atoms by solving the Schrodinger equation.
He modeled each of the atoms as a charged harmonic oscillator with a characteristic

frequency v and obtained attractive interactions between two similar atoms [124].

3 a’hyv
B(R,)=-2—_%"" “.5)
( 12) 4 (4”50$r)2R162
and for two dissimilar atoms:
3 a,a, hvv,
E(RIZ ) =77 76 (4.6)
2 (4”gogr) R\ v,

In these equations /, is Planck’s constant and %, v generally equals the ionization energy
of the atoms, « is the polarizability, R;, is the intermolecular distance, ¢ is relative

dielectric permittivity, or the dielectric constant, & is the electric permittivity of vacuum
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(5 = 8.854x107" C*J'm™, coulombs® per joule per meter). Dispersion forces, like

gravitational forces, operate between all atoms or molecules.

Moving on from the analysis of the interaction between two molecules, we consider
interaction potentials and forces between two particles that contain many atoms. If we
assume pairwise additivity between molecules, we can sum over all possible pairs, one
molecule in each body, to obtain the dispersion force between two macroscopic bodies or
particles. The discussion that follows represents the two particles as two blocks with
planar surfaces of infinite extension separated by a distance 4 in vacuum (s = 1). In
calculating the attractive interaction between pairs of molecules, Equation 4.5 is used.
Consider first the interaction between a single molecule (or atom) and a block (block 1)

where the normal distance from the molecule to the surface of the block is z, as shown in

Figure 4.74.
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Figure 4.74. Schematic for coordinates (a) between a molecule and a block, (b) two

blocks
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Integration will replace the summation between this molecule and all the molecules in the
block. For the ring shape volume element shown in Figure 4.74, the volume is 27y dy d(¢,
and the interaction potential between the single molecule and all the molecules in this

small volume is given by [124, 125]

Cup PN,
—2=27aydyd 4.7
R, M yde @.7)

dE(R12 ) ==

Where Cuis,/ R, gives the pairwise interaction potential, pN4/M (p is density; M is
molecular weight) is the number of molecules per unit volume in the block, and 2zy dy

d{ the differential volume. When the ring is located inside the block.

R: =(z+¢)*+)" and (4.8)
dE(z)=~C,,, ”]A\;AV 2mydyde (4.9)

[(Hé”)2 +yT

The double intergral of dE(z) for all values of y and & from zero to infinity gives the

interaction between the single molecule and the particle at a normal distance z.

EG)=-[ [y, PN oy 27y dd¢ (4.10)
R T v e

Integration over y gives:
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1 1

ydy 1 du 1 { o,
s S e o o P e el

where u =7, du=2ydy

Integration over ¢ give:

11 I
[ Z(z+¢)“_7[(z+4)“] 1277 12

0

Therefore Equation 4.10 becomes

pNAV Cdispﬂ
E(z)=-1"—4r 27 4.13
) M 6z ®19

Note that the potential energy of interaction between a molecule (atom) and a particle

varies with the distance from the surface as 1/2°

One can determine the interaction energy between two blocks by considering the
molecule (or atom) to be one of many located inside the second block (block 2). All the
atoms in the slice of block 2 located at a distance z from the first block have an energy

given by Equation 4.11.

In a volume element dz we will have (pN,4y/M)dz molecules per unit area, and the

interaction potential due to that element per unit area will be

N N C, 7«
dE(z)=—(p M’”) "2" fzi—f— (4.14)

195



With z from A to oo, the attraction interaction energy per unit surface area of particles

Eayp(h) is:

2
PNy Can™ 1 H, 1
E. (h)=- —=u - 4.15
onr () ( M J 12 K 127K (4.13)
In this equation, Hj; is called the Hamaker constant, a material constant that measures the

attraction between two particles of material is in vacuum.
4.5.2. Van der Waals interaction forces between two spheres

The interaction between two infinite blocks separated by a normal distance h provides the
simplest geometry with which to evaluate attraction forces. However one is often
interested in the interactions between curved surfaces, particularly spherical particles.
When the surfaces of particles are uniformly curved, the interaction can be derived
simply by breaking the particles down into a series of planar forms and the interaction
energy between two planar surfaces E,; , can be used for this case. Figure 4.75 shows
two spheres of equal radius R separated by a distance of 4. Approximate the sphere by a
series of circular (annular) rings possessing planar faces. The planar faces are separated

by a distance z.
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Figure 4.75. Schematic for coordinates between two spherical particles

Assume that the main line of interaction occurs along the two centers of two spheres. The

interaction energy between the pair of planar rings at a distance y from the center of the

sphere can be calculated as follow:
E,dA4=E,(2nydy) (4.16)

Where E,; is the attractive interaction energy per unit area and dA is the area of the ring,

which can be written as 27y dy.

From the Figure 4.75, we can have:

»? +(R—~——(Z;h)) _ R .17)

% =[R(z_h)—(2;”)2J (418)

Differentiating (with R = constant) gives
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2ydy=[R—(z_thz (4.19)

From Equation 4.18 we have [R - (Z ; h ﬂ = (R2 —y? )2 (4.20)

2ydy = 1{1 - [-;’5) T dz 4.21)

Substituting into Equation 4.16, we obtain

)
Ea,,dA=ﬂR[l~(%) } E,dz (4.22)

If the spheres are large compared to their separation distance, then the interaction

between them occurs primarily in the regions for which y << R. In this case: y/ R? << 1.

E,dA=nRE,, dz (4.23)

att

Substituting the value of E,, from Equation 4.15 to Equation 4.23 and integrate over all
values of z from a to infinity (a limit that is justified when the R of spheres are large
compared to their separation), the attraction potential energy of interaction for two

identical spheres E,,; becomes:

dz H. R
= il § Snihiindl = il § ikl
E = i g (4.24)
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Using the same approach to derive the interaction energy between a sphere and a flat

surface, Table 4.19 summarizes the values of attractive interaction £, for various

geometries [124, 125]

Table 4.19: Potential energy of attraction (£ 4) between two particles with various

geometries [124, 125]

Particles E, Definm'ons/llmlt
ations
2R‘R2 + 2RlR2 RI, Rg = radii, h=
Hy, |\ +2Rh+2Rh ) \ K +2Rh+2R,h+4RR, separation of
Two spheres -— .
6 | K +2Rh+2R,h surface along line
+
W+ 2Rh+2R A+ 4RR, of centers
Two spheres of H,|[ 2R 2R’ W +4Rh
—_ ]_n = =
equal radius 6 [\ A’ +4Rn N 4Rh+4R? * K’ +4Rh+4R? Ri=R=R
Two identical H,R
spheres of equal “n R>>h
radius (R >> k)
Two spheres of _ H,RR,
unequal radius 6h(R, +R,) R;and R;>>h
Two plates of R CITY U0 SO S Jis the thickness
equal thickness 12z k> (h+28) (h+5) of the plates.
Two identical _ H, 5w
blocks 1274°

4.5.3. Development of theoretical model of flow of the epoxy-clay

mixture in high speed stirring

The ultimate goal is to determine if it is theoretically possible to separate two layers of

clay. The mixer flow geometry (cross-section) is in Figure 4.76. In this schematic, the

199



dots represent the particles in the fluid. The mixer consists of 2 concentric cylinders, each
containing several small notches as shown. The inner cylinder (radius R; of 9 mm) spins
at a constant angular velocity, £2. The centrifugal force moves the liquid from the middle
of the inner cylinder to the gap between the two cylinders where it is sheared before

exiting through the notches in the outer cylinder (radius Ro of 9.5 mm).

Figure 4.76. The mixer flow geometry

To simplify the flow of epoxy and clay mixture in this mixer, the mixer geometry can be
considered as in Figure 4.77. That is, a tangential annular flow of a fluid between 2
concentric cylinders when the inner cylinder is turning. The inner cylinder spins at a

constant angular velocity, 02
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Figure 4.77. Tangential annular flow between rotating cylinders

One considers an incompressible, isothermal, Newtonian fluid in steady, laminar flow
between the two coaxial cylinders, whose inner and outer wetted surfaces have radii of R;
and R,, respectively. We assume additionally that the effects of the clay particles on the

flow are negligible. Under these conditions 9 = —aa— =0
74

For an incompressible fluid, the continuity equation is

V.p=0 (4.25)

where v is the velocity vector

In cylindrical coordinates, Equation 4.25 is written as
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1 6(rur)+l ov, N ov,
r Or r 00 Oz

=0 (4.26)

where 7, 8 and z are the radial, tangential and axial components in cylindrical coordinates.

In steady laminar flow, the fluid is expected to travel in a circular motion. Only the
tangential component of velocity exists. The radial and axial components of velocity are

zero, so v, = 0 and v, = 0.

v, 0
v=|v, | =|v, (4.27)
UZ rée 0 rée

Thus, the continuity equation reduces to:

av,

=0 4.28
Y (4.28)

The equation of motion for an incompressible Newtonian fluid [127, 128] is:

p(%?— +v- VQ) =-Vp+uViv+ Pg (4.29)

In cylindrical coordinates we have [127, 129]

pQ;J= pP—" (4.30)

réz
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pLVV=p|lv,| —=

v
o
v, 1% V), (90 4.31)
r 00 r oz
+

ré

o
%
1 op
—-Vp=| -2 4.32
P r 06 (+32)
_o%
0z /.
] 21), 0 v, 2u v,
6r rar H r? 692 8 2,7 00
1 GRY 6 v, 2uov
Vio=|pu 4 A s 4.33
/u = [ (l" 9)] lu 692 a 2 r2 69 ( )
( 1 d’v 620
r ror = 86’2 6 022 o
rg,
PE =\ P8y (4.34)
’Dgz réz
From the assumptions and analysis of the flow, we obtain
0
p(a—g] =0 4.35
Py . (4.35)
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poVu=p 0 (4.36)
0
ré
0
-Vp= 4.37)
0 ré
0
o(10
Vio=u 2| 2% (o 4.38
MV o= p ar(rar(r 0)) (4.38)
0 ré
0
pg=|0 (4.39)
0

The equation of motion for an incompressible Newtonian fluid in our flow then becomes

v,
0 - 0 501 g 0
plol +p 0 |={0| +u —(——(rl)g)] +0 (4.40)
Or\r or
0 ré 0 0 réz 0 0 réz
From which the 6- component is:
o(10
== =0 4.41
or (r or (rue )) (4.41)

or
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or

Y, =C17+C2

U, =C —+

r, G
2 r

By implementing the following boundary conditions:

v =Ro, Dg= 0
r=R;, vg=R;2

The Equation 4.45 becomes

R
0=C,—2+C,—
2 R

o

ro=c o L
2 R

From there the equation 4.48 can be written as

(4.42)

(4.43)

(4.44)

(4.45)

(4.46)

(4.47)

(4.48)

(4.49)
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C,=-C, = (4.50)

. R?
R,.Q=Cl%—C1 2” E}— (4.51)
We obtain
2R,.2Q
C = 2R (4.52)
R} —-R'R!Q
G, =-C > = R (4.53)

R’R’Q
v, = #(1 - —’—l) (4.54)

In the above form, the term on the right-hand-side of the equation corresponds to the
velocity profile when the outer cylinder is stationary and the inner cylinder is rotating

with an angular velocity (2.

The stress tensor for an incompressible Newtonian fluid is

T= —,uZ (4.55)
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where 7 1s stress tensor, Y israte of strain tensor and y is viscosity

The rate of strain tensor is

=Vo+ (Vo)

)

or

VU: 1_@’;_.1_).2_
- r 068 r

)

I -

Simplifying gives

U
= -
Il
N
9|
|
~ S
Se—

1

r

%)

s |,
00

&

b
r

TN
R

o))

(
(aazz ]

N | -
C @

dréz

OU,J |
UZ
6

Jdré

(4.56)

(4.57)

(4.58)

(4.59)
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R'R? 1
T= [Z,u R K Q?] 0 0 (4.60)
0 0 0

4.5.4. Determination of velocity needed to disperse the clay sheets
The force on a surface with unit normal 7 is given by

F=An"11 (4.61)

where 4 is the surface area of clay, Il is the total stress tensor, and ﬁ.I='I is the stress

vector acting on an area 4 with normal 7, and IT is

=
Il
=

=
+

IS

(4.62)

where [ is the identity tensor, P is thermodynamic pressure. Considering the geometry in

Figure 4.78 we develop the following relation for the surface normal unit vector:

sin@
and n=| cos@ (4.63)
0

In our flow the force vector acting on the surface of the clay particle is:

F = A4n".

1

(4.64)
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Figure 4.78. Flow of epoxy-clay mixture between rotating cylinders

RIR? 1
0 (2;1R2_R_2Q;7) 0
. R’R? 1
EzA[smé’ cos @ O] LZyWQr—zj 0 0 (4.65)
0 0 0
R’R; 1 .
F = A(Zy ﬁﬂ r—2][cos € sin 8 0] (4.66)

We are interested in the force tending to separate the two layers in shear shown in Figure

4.79 which is:

2p2
F=F-i= A(Zlu R R, Q—lz—}(cosz 0 —sin” 0) (4.67)

R} -R} r
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and the force tending to separate the two layers in the surface normal direction is:

R’R}

i

F=F -h= A[4,u Q %)(sin 6 cos 6) (4.68)

From Figure 4.79 it is clear that the particles will be rotating around their center lines
because of the unbalanced moment couple due to F; = —F,. This is a well known
behavior exhibited by particles in dilute suspensions. The rotation of particles in dilute
non-Brownian suspensions continues indefinitely under shear flow. It is only under
either (1) the conditions of significant particle-particle interactions (i.e. jamming) or (2)
conditions of significant Brownian behavior that this rotation stops (or slows). We recall
that our model is built on the assumption that the particles have a negligible effect on the
flow of the liquid phase. Clearly this assumption is invalid in the case of significant
particle-particle interactions. Therefore, our model is only strictly valid when the
particles are not jamming and @ in the above equation is a function of time. In the case
of significant Brownian motion, & will vary only slowly with time and the particles will
spend most of the time approximately parallel to the flow direction (this orientation is
shown in Figure 4.79). We consider a suspension to be Brownian if the rate at which the
particle moves due to Brownian motion is similar to the rate at which it moves due to the

flow. We can evaluate this exactly using the rotational Peclet number [130]:

pe =R (i) (4.69)

In the above equation D,, the rotary diffusivity, is given by the following equation for a

circular disk-like particle of diameter d:
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3k, T

D, = 3
4ucd

(4.70)

where kg is Boltzmann’s constant, T is the absolute temperature, and g is the viscosity of
the suspending fluid. For our case, at room temperature D, = 30 1/s and the Peclet
number is approximately 14000. Since Pe >> 1 we can consider our particles to be non-
Brownian. This means that we expect the angle 8 to be the following specific function of

time:

tan(9 - 90) = ptan[( R )( ! )}L tan(6, —90) @.71)

Ry —R, p+1/p

where ¢ is time, 6 is the angle at time 7 = 0, and the aspect ratio, p, is:

20+ h
L

(4.72)

Equation 4.71 results from the integration of the equation of motion for a non-Brownian
particle in a flow field [131]. Since the particle consist of two layers, the geometrical
parameters for the clay layers are defined in Figure 4.80. In the following analysis we are
going to consider the maximum force F' which occurs at = 0° for shear direction and 8=
45° for the surface normal direction, while remembering that each particle will only
experience this force during part of its rotation period, P, which is given by the equation

below.

P= f—(%)R—’)(p +1/p) (4.73)
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Next we note that although our model for the force is only strictly valid for the case of a
dilute suspension we can use it to approximate the situation in a semi-dilute suspension
by using the suspension viscosity in Equations 4.67 and 4.68 rather than the viscosity of
the suspending fluid. The strictly correct approach, valid for dilute suspensions, involves

the viscosity of the suspending fluid.

To be able to delaminate the clay we need to have F - F, > 0 or F > F,, where F is the
force imposed on clay by shearing (see Figure 4.79) and F, is the force holding the clay

together.

The limiting case of F = Fis:

2 2

R2R?
A(zy—'RLQ-lz—](cos2 0 -sin’ 0)=F, (4.74)
r

] i
for the shear direction

R}R’

or A(4'u_1€;2_TR—12—

Q 1—2](sin 0 cos 6)=F, (4.75)
r

for the surface normal direction

The maximum shearing force experienced by a clay particle will occur at » = R;and 6= 0°
and the maximum stretching force will occur at » = R; and € = 45°, The magnitudes of
these maximum forces are identical. The relationship between 6 and time (Equation

4.71) is shown in Figure 4.81. This analysis indicates that most of the time the clay

particles are experiencing shearing forces rather than stretching forces.
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Therefore by substituting the geometrical conditions for maximum force specified above

we find the minimum rotational speed that will allow clay layers to be separated:

(4.76)

Figure 4.79. Flow of epoxy-clay mixture between rotating cylinders (Assumption:
clay sheet parallel to rotor and stator). F; and F; are the forces applied on the
surfaces of a particle consisting of 2 layers due to the shear flow. They are not

exactly equal because of the thickness of the particle. In this analysis we neglect the

small difference between F; and F,, assuming F = F;= F,

The attraction energy holding 2 clay sheets together is
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H. |1 1 2
E,| =-2L— - 477
, 127 | h? +(h+25)2 (h+5)2] (4.77)

where Hj; is the Hamakar constant (7.8x107° J) [132, 133, 134], & is the distance
between the surfaces of the plates, Jis the thickness of the clay plate, and the dimensions

of clay layers are shown in Figure 4.80.

- L .
| T o
L p
|
Clay layer
Figure 4.80. Dimensions of clay particles
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Figure 4.81. Relationship between & and time
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= (4) (4.78)

.| [ 1er)| | 1)

(4.79)
dh 12z|| dn dh dh
dE, H, _(-2) -2 ~4
__ =2y, _ 4.80
dh 12z|\ k) \(h+25) ) \(h+6) (*:50
dE, H,|( 4 ( 2 ) 2
—_ 481
dhn 12z ((h +8) ) (r+20) @0
Finally we present F, and E4 in terms of the parameters listed above:
dE H 4 2
F| =24(4)=-2"4 *(—)— 4.82
‘e gp (4)=- 127 [((h+5)3) [(h+26)3 ﬂ( 4) (4-82)

We now assume that the van der Waals forces holding the two platelets together are not

directional, giving the following equation for the total attractive force:

Fly = A(f)_ 12n[((h35)’)_(£)—((h 25)’}]( /) (*83)

where f'is the ratio between the attractive area and total area. Practically speaking this

means that we assume that the force to separate the two plates in shear is the same as the
force required to separate the plates in the surface normal direction. This assumption is

not strictly correct because it applies only for particles having spherical symmetry which
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our plates clearly do not have. To further justify this approximation, we recall that the
magnitude of the maximum shear force (occurring at @ = (°) is equal to the magnitude of
the maximum normal force (occurring at & = 45°). Therefore whether we are considering

that the delamination occurs in tension or in shear our analysis gives the same results.

Finally we present F; and E in terms of the parameters listed above (f= 1):

Now we combine this with Equation 4.76 under the conditions for maximum force to

F

c

find:

o gl;z K ( +45)’J_ %)_ (mﬂ (4.85)

4.5.5. Application of the above solution to the experimental system

The high speed mixer has the following parameters: R; = 9.0 mm, R, = 9.5 mm and 2
ranges from 6500 rpm to 24000 rpm. We consider that the clay sheet is a plate with a
side length of L = 100 nm and a plate thickness & of 0.96 nm. The relationship in
Equation 4.85 between minimum rotational speed and viscosity and interlamellar spacing
h is presented in Figure 4.82. It is clear from this figure that, the larger is the interlamellar
spacing of clay before mixing; the lower is the speed of stirring necessary to disperse the

clay. For example, with the viscosity of the epoxy-clay suspension at 0.1 Pa.s (the third
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curve from the top), if the interlamellar spacing / is 4.0 nm, the minimum velocity
necessary to separate the clay platelets is at least 82000 rpm. However if 4 is 6.0 nm, the
minimum velocity will reduce to 14500 rpm. Also we can observe that the minimum
required rotational speed decreases as viscosity increases. With the interlameilar spacing
h of 4.0 nm, if the viscosity is 0.01 Pa.s, the minimum required rotational speed will be
821000 rpm. However if the viscosity increases to 1.0 Pa.s, the minimum required
rotational speed will reduce to 8210 rpm. Therefore this model can be used as a guide for
the parameters including viscosity, rotational velocity, and the interlamellar spacing that

are needed to separate the clay layers.

Taking into account that the d-spacing of the clay after swelling in epoxy resin is around
38 A (see Section 4.3.2) and the maximum velocity of the homogenizer of 24000 rpm we
can divide the processing space in Figure 4.82 into four areas. The horizontal line in this
figure represents the velocity of 24000 rpm (maximum for our mixer) and the vertical
line represents the interlamellar spacing 4 of 28.5 A (h=dyy; - 5=38.1 A -9.6 A=28.5
A or 2.85 nm) . These two lines divide the figure into four areas (A, B, C, D). Due to the
limitation in speed (24000 rpm) and the interlamellar spacing /4 (2.85 nm) of the clay
layers after swelling in epoxy, only area A represents processing conditions sufficient to
obtain the exfoliated structure of C30B in the EPON828-C30B system at the mixing step
with this homogenizer device. Practically speaking, it means the viscosity of the
EPONB828-C30B system has to be at least 1.5 Pa.s in order for delamination to occur in

the present mixer
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The results of the XRD studies indicate that good intercalation/exfoliation of clay can be
obtained using high speed stirring method at 120°C and 180°C and curing at 120°C
(Section 4.3.2). However it is also clear from these results, that it was not possible to
separate the clay layers until full exfoliation at the mixing step. We can understand this

by considering the model presented above and the viscosity of our suspension.

E

g 0.001 Pa.s

QS

2

'g Viscosity u

I =0.001, 0.01,

> 0.1, 1.0,1.5,
10 and 50
(Pa.s)

— T | ¥ r 1 LA LA T v T T T

4 6 8 10
Interlamellar spacing h (nm)

Figure 4.82. Velocity (2 versus interlamellar spacing A

On the way to disperse the clay with high speed mixer, we should consider two aspects:
first the big clay aggregates are broken down into smaller aggregates, and then the
smaller aggregates are delaminated. The delamination can also happen during the
breaking down of big aggregates. However, breaking down the big aggregates is easier to
achieve than the delamination of clay platelets. There is still work to be done to develop

nanocomposites with fine dispersions and exfoliated morphologies. Achieving such morphologies

with epoxy-based nanocomposites is a challenge. The model here deals only with the second
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aspect. It should be noted that the viscosity of the epoxy-clay mixtures may increase
during the stirring due to the dispersion of clay in epoxy due to the breaking of spherical
clay particle agglomerates into smaller particles which have higher aspect ratio (see the
viscosity results in Chapter 4). It may have a certain effect on the delamination of clay
platelets as described in Figure 4.82. By increasing the viscosity of the epoxy-clay
suspension, the speed required for delamination of clay can be reduced. In addition,
stirring temperature and time also need to be considered, since they have a slight
influence on the dyy; (Chapter 4), and hence on the interlamellar spacing 4. This also may

help to reduce the velocity needed to separate the clay platelets.

To answer the above question, the viscosity of the epoxy EPONS828 and its mixtures with
C30 at different temperatures was examined with Brookfield Digital Viscosity Model
DV-II+. The results are shown in Figure 4.83. As expected, EPON828 has the lowest

viscosity at the a give temperature compared to its mixtures with C30B.

From Figure 4.83, at temperatures above 120°C, the viscosity of all EPON828-C30B
mixtures and pure EPON828 is lower than 0.1 Pa.s. This value of viscosity is much
smaller than 1.5 Pa.s, therefore according to our model we do not expect to be able to
achieve the desirable exfoliation of clay at the stirring step. Clearly, if we want to
separate the clay by using this equipment for a suspension viscosity around 0.05 Pa.s, we
need to have a d-spacing at the beginning of 60.0 A (6.0 nm) or more. In other words,
we need to increase the clay layer separation by another process prior to stirring with this

mixet.
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Figure 4.83. Viscosity of epoxy and its mixtures with C30B at different temperatures

The present model can also be used to design a new mixer to give the desired shearing
force. For example, if we examine Equation 4.85 it is clear that by decreasing the gap
between the concentric cylinders in the mixer we can decrease the minimum required
rotational speed. If we assume a viscosity of 0.05 Pa.s and an Ry of 9.5 mm we find that
R; = 9.33 mm (instead of 9.0 mm) is sufficient to reduce the minimum speed for

delamination (Equation 4.85) to 24000 rpm.

4.6. Summary

Dispersion of organoclays in ENCs is a very complex process. The results have
confirmed that there are several different levels of dispersion of organoclays in ENCs
depending on the processing conditions. They include: 1) exfoliated or delaminated clay

layer (single platelet); 2) non intercalated stacks (multiple layers not intercalated by the
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matrix) or intercalated stacks (multiple layers intercalated either uniformly or not
unifdrmly by the matrix); 3) multiple-stack aggregates (multiple stacks forming
aggregates, on the micro-scale) and macro-aggregates (combination of many multiple-
stack aggregates). The quality of dispersion can be controlled during the stirring (pre-
mixing) of the clay with epoxy as well as during curing. Mechanical force and
thermodynamic rules govern the dispersion process. Since it is difficult to apply
conventional mechanical forces and because of the limited gellation time of the resin in
the curing step, it is favorable to emphasize the effort in the stirring step, in which the
resin has extended shelf life and it is possible to use different type of forces to facilitate
the dispersion process. The results also demonstrated that intercalation is controlled by
the diffusion of epoxy resin (both epoxy and hardener) into the clay galleries, which is
governed by thermodynamic rules. The chosen organoclays (C30B and I30E) have an
acceptable compatibility with the epoxy; therefore, it can diffuse quite easily into the clay
galleries even at room temperature. However, high temperature and sufficient time are

required to facilitate the diffusion and to obtain uniform intercalation.

On the other hand, breaking the macro-aggregates down into multiple-stack aggregates
can be effectively achieved by using mechanical shear forces. However, exfoliation
cannot be achieved by using the shear force alone that was generated from the devices
used in this study. Exfoliation is more likely controlled by diffusion of the resin into the
galleries. It is also evident that although the shear force cannot delaminate the clay stacks
into individual platelets, it breaks down the large aggregates into smaller stacks, thus
facilitating the diffusion of polymer molecules into the clay galleries. As a consequence,

the organoclays have a finer dispersion as well as a more uniform distribution and a more
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uniform intercalation in the pre-mixing of clay and epoxy. The dispersion, intercalation

and exfoliation are favorable when the stirring intensity and temperature increase.

Intercalation and exfoliation continue to take place during the curing step through the
diffusion of the monomers and oligomers into the clay galleries. However, the diffusion
of monomers and oligomers into the clay galleries in this step may be inhibited by the
curing reaction that limits or restricts the molecule mobility. It is important to control the
curing process either by controlling the curing temperature or the chemistry of hardener
in order to favor the intercalation and exfoliation process. A good temperature range for
favoring the intercalation and exfoliation is dependent on the chemical reactivity and

mobility of hardener, and the compatibility between hardener and organoclays.

To facilitate the dispersion, a new processing method using a homogenizer (with high
speed and high temperature) have been employed and adopted. This technique is simple,
inexpensive and fast. No solvent is needed to achieve a good dispersion and
intercalation/exfoliation of clay into epoxy system. High stirring temperature and speed,
and longer mixing time improve significantly the dispersion, intercalation and exfoliation
of organoclay in the ENCs. Stirring speed (shear force) appears to be a more important
parameter because the organoclays and epoxy systems in this study have an acceptable

compatibility.

Clay chemistry of the chosen organoclays does not seem to have a strong effect on the
intercalation and exfoliation of clay at the stirring step. However, it affects the quality of
clay dispersion and clay intercalation in the curing step. The nanocomposites based on

I30E were better intercalated than the C30B ones. On the other hand, C30B shows a
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better micro dispersion in epoxy than I30E. I30E, which contains the intercalant based on
primary amine, can offer a better chemical interaction with the epoxy group of the matrix
via the hydrogen atoms of the amine group and this kind of reaction may take place even
at low temperatures. C30B consists of quaternary ammonium intercalant containing
hydroxyl groups, which can also undergo chemical interaction with the epoxy groups, but

only at elevated temperatures.

Chemistry of hardener is also one of the main factors that control the dispersion and
intercalation and exfoliation of clay in ENCs. It is important to stress here that in
thermoset systems, the intercalation and exfoliation process can continue to occur during
the curing step. These processes are controlled not only by the rate of diffusion of organic
molecules (in this case, the curing agent and the epoxy molecules) into the clay gallery
but also by the curing rate of the epoxy system as well as the size of epoxy and hardener
molecules. For medium reactivity hardeners like the Jeffamine series it seems that the
larger size and lower curing rate of hardener results in better intercalation/exfoliation of
epoxy nanocomposites based on nanoclay C30B. However for high reactivity and short

chain hardener like DETA exfoliation can be favored even at high curing temperature.

A model of flow in a concentric cylinder high shear mixer was developed and applied to
predict the processing conditions necessary for achieving delamination of the clay layers.
The model provides a useful tool for determining the required processing parameters to
separate the clay layers in thermosetting polymers. It can also be used to design a new

mixer to give the desired shearing force.
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Chapter 5

The curing process of epoxy

nanocomposites

5.1. Challenges and objectives

Effects of the fabrication process and compositions on the dispersion and
intercalation/exfoliation of clay have been investigated in Chapter 4. What will happen to
the processing of epoxy resins at the curing step in the presence of nanoclay? It is well
known that, depending on the type of curing agent and curing conditions, the structure of
the crosslinked molecular network formed can vary significantly and greatly influence
the properties and performance of the cured material. The curing processes of the
thermosetting resins involve a multi-step sequence proceeding from a reactive fluid to an
elastomer (gelled rubber) to finally a crosslinked solid, and at various stages the reaction
mechanism changes from kinetic to diffusion control and the material vitrifies from an
elastic gel to gelled glass. Due to the complexities involved that might influence the
exfoliation behavior of the clays in the thermosetting matrix, work in this area must be
more thoroughly studied. In particular, the question of at which stage complete

exfoliation will take place must be clearly understood. In addition, hydrophilic clay is not
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highly compatible with the epoxy matrix, resulting in poor dispersion and a weak
interface. To improve the interfacial interaction between the nanoclay and the matrix,
surface modification of the nanoclay by organic compounds (so-called “intercalants™) is
essential as discussed in section 2.2.2. The most popular intercalants are compounds
based on onium ions, which contain an amine cation and a long hydrocarbon chain. The
presence of intercalant may affect the curing process in terms of chemistry while the
presence of clay platelets at an atomic scale may inhibit the curing reaction through a
steric effect of the clay. There have been few investigations on the impact of such effects

on the mechanism and kinetics of the curing process of epoxy nanocomposites.

The objective of this chapter was to investigate the effect of clays, hardeners and levels of
dispersion of clay on the curing process of epoxy nanocomposites. The DSC instrument
was used to follow the cure behavior while some empirical approaches were applied to
model the kinetics of the cure reaction. The Kissinger and isoconversional models were
used to calculate the kinetics parameters while the Avrami model was utilized to compare

the cure behavior.

5.2. Methodology and experimental set up

In order to understand the curing of epoxy nanocomposites, it is necessary to understand
what factors may contribute to the curing. Several important factors have been identified

and are summarized in the flowchart in Figure 5.1.
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Figure 5.1. Factors affect curing process of epoxy nanocomposites

Although curing conditions, level of dispersion of clay, chemistry of epoxy, hardener and
clay have effects on the curing of epoxy nanocomposites, only level of clay dispersion,
chemistry of clay and hardener are discussed in this chapter as only one type of epoxy
was used. The experiments were organized in three series: epoxy with different types of
clay, with different levels of dispersion in the presence of the same hardener, epoxy with
different hardeners in the presence of one type of clay. Pure epoxies with different

hardeners were also used as references.

The DSC data were obtained on a Perkin-Elmer Pyris 1 instrument using nitrogen
atmosphere. The epoxy or epoxy-clay mixtures with hardener were heated from 30°C to
250°C (dynamic scan) at five different heating rates (2.5, 5, 10, 15, and 20°C'min™) to
follow the heat evolution due to the chemical reaction occurring in this temperature
range. The cured sample was then cooled to 30°C at 20°C'min”' to minimize the enthalpy
relaxation in the second heating scan. Finally, the sample was reheated to 250°C at
20°C'min” in order to determine the glass transition temperature (7, 2) and confirm the

absence of any residual curing.

The experimental procedure for the curing process of epoxy nanocomposites is shown in

Figure 5.2.
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Mixing: Tm
method

(b)
Figure 5.2. Flowchart presenting the experimental steps for studying the curing

process of epoxy nanocomposite (a) the effect of clay chemistry and level of

dispersion, (b) the effect of hardener chemistry
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5.3. Modelling

To estimate the variation of activation energy of the curing process, the Kissinger [135]
and isoconversional models [136, 137] have been widely used. The Kissinger equation
calculates an overall activation energy of the curing process while the isoconversional
equation provides access to apparent changes in the activation energy throughout the

entire conversion.

In another approach that is more physical than chemical, the Avrami model of phase
change has also been used to analyze the curing process of thermoset systems in terms of
a more macroscopic process involving a heterogeneous structure containing microgel
particles [138-141]. The change in the growth of microgels during polymerization should
be reflected in the calculated Avrami exponent n for the different stages of the curing

reaction.

In order to determine the evolution of the cure for modeling, DSC data was used. The
cumulative exothermic heat (4H;) evolved at time ¢ during the DSC heating scan is
assumed to be proportional to the degree of cure conversion a in the system. Provided
that the cure reaction is the only thermal event and that the specific heat capacity of the
resin remains constant, the degree of cure « at time ¢ can be obtained from the DSC curve

based on the equation:
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: (5.1)

where AHs is the total heat of the curing reaction, which is determined by a non-
isothermal scan run at a heating rate as low as 1°C-min” from 0 to 250°C in order to

ensure that the curing reaction is fully completed during the scan.
5.3.1. Empirical model

The cure kinetics of thermosets are often described in terms of an wmth-order or
autocatalyzed mechanism [86, 142, 143]. The nth-order model is defined by the

equation:

de _ .
;t—_k(l ) (5.2)

where n is the reaction order and k& is the reaction rate constant, whose temperature

dependence is usually expressed by the Arrhenius equation:
E
k=Aexp| —— 53
p( z T) (5.3)

where E is the activation energy, R is the gas constant, A is the pre-exponential factor,
and T is the temperature. Autocatalysis can be included by introducing a term in " as

follows
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Z=ka"(l-a)' (5.4)

A more general autocatalytic expression has also been widely used [144]:

% = (k, +k,a™ Xl —a) (5.5

In this case, the influence of the reaction products on the conversion rate is given by the
term k,a™. Other non-autocatalytic complex processes can also be represented by the

same model.
5.3.2. Activation energy

Activation energy is commonly evaluated by one of two methods: the Kissinger equation

or the isoconversional equation.

From the Kissinger equation, only an overall activation energy can be calculated [135].
For non-isothermal curing, the relationship between activation energy E, the heating rate

g, and the temperature 7,at which the exothermic peak has its maximum can be

described as:
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where R is the gas constant, equal to 8.3144 ] K '-mol™. From the dynamic DSC curves
measured at different heating rates, the relation between ln(q/sz) and T, p_l can be

obtained, and then the activation energy can be calculated from the slope [135].

Unlike the Kissinger approach, the isoconversional approach makes it possible to
determine the activation energy corresponding to different stages of cure throughout the
entire conversion [135, 136]. The equation used is:
d(Ing)
E=-R 5.7
ar) (5.7)
where T is the temperature corresponding to a selected degree of conversion « at a given

heating rate g. From the slope of a plot of Ing vs. T for a chosen degree of conversion,

the activation energy corresponding to that degree of conversion can be obtained.
5.3.3. The Avrami model

A number of theories have been proposed to provide insight into underlying molecular
processes and the resulting morphology [145]. Among them, the Avrami theory is
widely accepted for describing the isothermal crystallization process. The Avrami

equation for an isothermal process is:
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l-a :exp(— kt") (5.8)
where k and n are the rate constant and the Avrami exponent, respectively.

The Avrami exponent 7 is often used to obtain information about the growth geometry,
nucleation behavior, and impingement behavior. After impingement, the spherulitic
growth may be restricted in certain directions, and the impingement of the spherulites
causes a reduction in the Avrami exponent. Consequently, it is impossible to use a single
Avrami equation to describe the whole bulk growth process. Therefore, only data
obtained from the early stage of crystallization (less than 10% transformation) are usually
used to characterize the crystallization kinetics. In the case of thermoset curing,
microgels are formed at an early stage of curing, even at a degree of conversion lower
than 5% [141, 143]. Thus intramicrogel polymerization is predominant during the early
stage. The number of microgels and their average diameter increase during the cure, so
the situation resembles that of polymer crystallization. Hence, the Avrami theory, used
for analyzing crystallization kinetics, can be used to describe a polymerization process

via growth of microgels [141, 145].

For non-isothermal crystallization, Ozawa [146] has modified the Avrami equation using
the assumptions that the cooling crystallization function is constant at a designated
temperature 7" and the exponent n is temperature-independent. Apparently, for a large
cooling rate range, only a limited number of transformation data, «, at the same
temperature for different cooling rates are available for the foregoing analysis, as the
onset of crystallization varies considerably with the cooling rate. In addition, the

equation is valid exclusively for primary crystallization before crystal growth
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impingement takes place at high transformation. To overcome such problems, Chuah et
al. [147] have modified the Ozawa equation so that the cooling function is considered to
be temperature-dependent. The Avrami equation for a given heating rate g has been

transformed to:
In[-In(l-a)]=a(T -7, ) (5.9)
where a and T, are constants. The data for different heating rates are then related by:

T =n—d4T, (5.10)

where the slope is the Avrami exponent and the intercept 7; corresponds to the 7, at g =1

K-min™.
5.4. Effect of clay and level of dispersion on curing process

Sample specifications for experiment set 5.4 are given in Table 5.1.

Table 5.1. Sample specifications for experiment set 5.4

Designation | Epon 828 Epicure 3046 Nanoclay Stirring Method
SEP 100 35 0 -
Cloisite 30B
SEP-2pB-Rm 100 35 2 Rm
8EP-2pB-Tm 100 35 2 Tm
8EP-4pB-Tm 100 35 4 Tm
Nanomer I30E
8EP-2pE-Rm 100 35 2 Rm
8EP-2pE-Tm 100 35 2 Tm
8EP-4pE-Tm 100 35 4 Tm
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5.4.1. DSC results

DSC curves of the epoxy-amine system and its nanocomposites at different heating rates
are shown in Figure 5.3. The presence of nanoclay has some effect on the curing process
as reflected by the difference in the shape and area of the DSC curves of the epoxy and its
nanocomposites. This difference is more apparent at lower heating rates than at higher
ones. For the mixture of epoxy and Cloisite 30B, the stirring temperature also affects the
curing process. At the same clay loading of 2 phr (based on epoxy resin), the DSC
curves of the nanocomposite in which clay and epoxy were stirred at high temperature are
different from those of epoxy and the nanocomposite in which clay and epoxy were
stirred at room temperature (compare 8EP, 8EP-2pB-Rm and 8EP-2pB-Tm). This may
be caused by the presence of clay and the level of dispersion of clay in the epoxy (see
Figure 5.3 at heating rates 2.5 and 5°C'min™). On the other hand, with Nanomer I30E,
the stirring temperature does not affect the curing process, and the DSC curves of epoxy
nanocomposites based on Nanomer I30E are all very similar, although different from the
curves of the sample without clay (see Figure 5.3). It is noted here that the reaction
between Nanomer I130E and epoxy (the homopolymerization) may take place during the
heating in DSC (as indicated in Chapter 4 (section 4.4.2)). However, the reaction between
epoxy and amine takes place quite fast even at room temperature, so since in this study
the temperature was raised slowly in the DSC device, the epoxy and hardener had enough
time to react before the sample reached the critical temperatures. Therefore, the reactions

of I30E with epoxy were almost negligible.
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Figure 5.3. DSC curves obtained at different heating rates for the epoxy-amine

system and its nanocomposites based on Cloisite 30B and Nanomer I30E
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The transformation curves derived from the DSC results are shown in Figure 5.4. Gener-
ally speaking, the reaction onset and completion occur at lower temperatures at lower
heating rates, as can be seen from the 7, values given in Tables 5.2 and 5.3. There is
no large difference between the systems with respect to the 7., nor with respect to 7,
(the temperature of the peak maximum in the heat flow curves). However, Figure 5.5
shows that the presence of clay results in a slight difference in curing rate. The curing
rate of epoxy nanocomposites is lower in the early stage and faster in the later stage
compared to epoxy, especially for the 30B series. This may be because in the early stage
of curing (lower temperature), the steric effect of clay reduces the mobility, or because
functional groups such as OH groups on the clay surface are attached to epoxy groups via
hydrogen bonding and this reduces the possibility of reaction. In the later stage, clay can
accelerate the reaction through either epoxy etherification or hydroxyl-hydroxyl
reactions. The curing of epoxy with amine involves several different reactions, and the
rates of these reactions will vary with temperature in different ways. Thus a change in
the heating rate may favour one reaction with respect to another and change the structure
of the crosslinked molecular network. This could explain the decrease in the ultimate 7,
observed on increasing the heating rate (Tables 5.2 and 5.3), as well as the variations in
AH. For a given heating rate, the presence of clay does not seem to have a significant
effect on 7, with the possible exception of sample 8EP-4pE-Tm, where the values are
generally a couple of degrees lower. If this effect is real, it could be explained either by a
reduction of the crosslink density or by crowding by the intercalant, whose alkyl chain
may increase the mobility of the crosslinked network and affect the curing mechanism as

well.
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Figure 5.4. Transformation curves corresponding to different heating rates for SEP

and its nanocomposites based on Cloisite 30B and Nanomer I130E
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Table 5.2. Curing characteristics for SEP

q (oc'min_l) Tonset (°C) T, (°C) T, (°C)
2.5 51.4 92.9 87.7
5 59.2 106.3 86.8
10 69.9 119.0 79.2
15 74.7 126.7 73.9
20 81.6 133.3 72.7

Table 5.3. characteristics for SEP nanocomposites

Cloisite 30B Nanomer I30E
q Tonset T'p Tg Tonset Tp Tg
(Cmin) | (°C) | (°C) | (°C) | CCmin™) | (°C) | (°C) | (°C)
8EP-2pB-Rm 8EP-2pE-Rm
2.5 548 | 93.0 | 874 2.5 50.1 93.3 87.5
5 60.2 | 103.8 | 83.8 5 59.8 | 1064 | 83.0
10 69.7 | 116.5 | 76.6 10 69.7 | 119.6 | 76.4
15 752 | 1232 | 724 15 73.8 | 127.0 | 72.8
20 81.8 | 131.7 | 71.6 20 80.1 | 133.8 | 70.5
8EP-2pB-Tm 8EP-2pE-Tm
2.5 53.0 | 934 | 87.5 2.5 48.4 92.2 86.3
5 60.7 | 104.6 | 86.3 5 59.8 | 105.7 | 82.2
10 69.5 | 1185 | 77.5 10 66.7 | 1196 | 74.0
15 76.1 | 126.5 | 71.9 15 73.8 | 126.8 | 73.9
20 80.8 | 132.7 | 71.0 20 78.2 | 132.8 | 69.3
S8EP-4pB-Tm SEP-4pE-Tm
2.5 549 | 92.0 | 87.2 2.5 48.3 92.7 83.7
5 62.0 | 1052 | 859 5 59.1 105.7 | 79.1
10 71.6 | 117.2 | 77.1 10 642 | 1196 | 72.5
15 76.6 | 1255 | 74.7 15 70.8 | 126.8 | 72.1
20 83.3 | 132.1 | 73.0 20 75.8 | 132.8 | 69.4
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5.4.2. Activation energy

The Kissinger analysis is based on the relationship between the heating rate ¢ and the
temperature 7, corresponding to the peak in the heat release curve. The Kissinger
equation calculates an overall activation energy of the curing process while the
isoconversional equation provides access to apparent changes in the activation energy
throughout the entire conversion. Figure 5.6 shows the relationship between In (4.7, p'z)
and 7},’1 for both the epoxy-amine system (8EP) and its nanocomposites. The five points
correspond to the five heating rates of 2.5, 5, 10, 15, and 20°C-min”". There is an
excellent linear fit in all cases, indicating that the experimental data fit the Kissinger
model quite well. From the slopes of these plots the overall activation energy values for
epoxy-amine and nanocomposites were calculated and are shown in Table 5.4. The
variations observed are believed to be within experimental error and are not considered
significant. This is to be expected, given that the 7, values in Tables 5.2 and 5.3 are
effectively the same for a given heating rate. The average activation energy value of 58.4

kJ-mol™ is typical for the reaction between epoxy and primary amine.
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Table 5.4. Activation energies obtained from the Kissinger analysis for E828-EP and

its nanocomposites

System Activation energy (kJ-mol™)

SEP 57.9
8EP-2pB-Rm 60.9
8EP-2pB-Tm 58.7
8EP-4pB-Tm 58.2
SEP-2pE-Rm 57.9
8EP-2pE-Tm 56.9
8EP-4pE-Tm 58.1

The isoconversional analysis is based on the relationship between the heating rate g and
the temperature T at which a certain degree of conversion is reached. Figure 5.7 shows
the relationship between /n g and 7/ for nine different degrees of conversion ranging
from 0.1 to 0.9. The linear relationship observed in all cases indicates that the approach
is applicable for this case. The activation energies E, calculated for the four systems are
given in Figure 5.8.‘. Some differences are clearly apparent. For the epoxy-amine system
without clay, as expected E, increases steadily with the degree of cure, particularly in the
later stages (o > 0.7). For the mixtures of epoxy and Cloisite 30B, when 2 wt% Cloisite
30B is mixed in by Method 1, E, behaves in a similar manner except that the values are
consistently somewhat higher. Thus, even when not well dispersed, the clay appears to
have an effect. However, when the clay is better dispersed using high stirring
temperature, whether at 2 or 4 wt % (8EP-2pB-Tm and 8EP-4pB-Tm), the shape of the
E, vs. a curve changes considerably. The E, decreases slightly as a increases in the
initial stages of cure, then levels off, then rises towards the end, but not as much as when
the clay is absent or less well dispersed. It is obvious that the stirring temperature affects

the E, for epoxy and Cloisite 30B systems. However, for the mixtures of epoxy and
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Nanomer 130E, whether stirred at room temperature (8EP-2pE-Rm) or high temperature
(8EP-2pE-Tm), E, behaves in a manner similar to the epoxy-Cloisite systems stirred at

high temperature, except that the values are generally somewhat lower.

Generally speaking, well dispersed clays and clays well intercalated by the matrix lead to
a higher E, in the early stage of cure. Again this may be because the steric effect of clay
reduces the mobility or because functional groups such as OH groups on the clay surface
are attached to epoxy groups via hydrogen bonding and reduce the ability of reaction.
Moreover, the later stage of cure (at higher temperature) may involve reactions with
higher activation energy that could be accelerated by the presence of clay (epoxy
etherification, hydroxyl-hydroxyl), as well as the onset of diffusion control. For Cloisite
30B, E, is higher for poor dispersion and lower for good dispersion (compared to epoxy
without clay). For Nanomer I30E, E, is lower in all cases compared to epoxy without
clay. This can be explained by the difference in chemistry of the intercalants and the
polymerization of epoxy groups initiated by the primary amine onium ion of the organo-

nanoclay I30E (See Figure 4.45).
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Figure 5.8. Activation energies obtained for the isoconversional model

The activation energies obtained by the Kissinger approach (Table 5.4) are lower than the
average values obtained by the isoconversional approach (Table 5.5). This can be
explained by the differences in assumptions and mathematical approach between the two
models. The isoconversional results are more meaningful than the Kissinger ones
because the evolution of the chemistry of the system during the cure is partially taken
into account. The Kissinger approach is based entirely on the maximum rate of cure,
which occurs in this case around the beginning of the curing reaction. Thus it is not
surprising that the E, values obtained by the Kissinger approach are closer to those
obtained at lower degrees of cure by the isoconversional approach rather than to the

average isoconversional values.
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Table 5.5. Average activation energies obtained for the isoconversional model

System Average activation energy
(kJ-mol™)

S8EP 79.9
8EP-2pB-Rm 86.1
8EP-2pB-Tm 78.2
8EP-4pB-Tm 76.0
8EP-2pE-Rm 72.4
S8EP-2pE-Tm 72.9
8EP-4pE-Tm 74.5

5.4.3. Avrami analysis

The change in the growth of microgels during polymerization should be reflected in the
calculated Avrami exponent n for the different stages of the curing reaction. From the
DSC results, curves of Inf-In(I-a) ] vs. T were plotted for two different conversion ranges,
namely 0-10% and 10-25%. A linear fit in each range gave the parameters a and 7, in
Equation 5.9. The results for the five different heating rates g were then used to make
plots of T, vs. (In g)/a according to Equation 5.10. The long polymer chains tend to form
spherical structures (so-called “microgels”) with high cyclization and crosslinking
density after the initial period of polymerization [141, 142]. The number of microgels
increases during the early stages. The epoxy and hydroxyl groups of the epoxy resin and
the amine groups of the hardener within the microgels continue to react to improve the
crosslinking density, while those near the surface react with surrounding monomers and
oligomers, leading to increased microgel diameter and microgel interconnection. The

Avrami exponent reflects the steric freedom of microgel growth. A higher n value
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indicates greater freedom of growth, and a change of n value during the cure indicates a

marked change in polymerization mechanism.

The results are shown in Figure 5.9. The Avrami exponents » obtained from the slopes
are given in Table 5.6. Similar values were obtained for the more highly exfoliated
samples prepared with the use of a solvent [148]. For both epoxy-amine and
nanocomposites, the Avrami exponent » in the early stage of cure is greater than in the
second stage. It can be understood that at low conversions, the concentration and the size
of the microgels are still small, and their growth is less space-restricted. With the
advancement of cure the number of microgels and their size increases, so their growth is
restrained and inter-microgelation may occur. When the cure reaches its end,
intermicrogelation becomes dominant, a three-dimensional network is formed, and the

reaction nearly stops [148].

It can also be seen in Table 5.6 that there is no significant variation in the Avrami
exponent n among the samples. Thus, the presence of clay, regardless of the quality of
dispersion, does not seem to have a tremendous effect on the growing of microgels in the

systems during curing.
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Figure 5.9. Determination of the Avrami exponent n for the epoxy-amine system and

its nanocomposites in the conversion range o = 0-10%
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Table 5.6. Exponents n obtained from Avrami analysis

System o=0-10% o=10-25%

8EP 1.27 1.09
8EP-2pB-Rm 1.33 1.07
S8EP-2pB-Tm 1.30 0.97
8EP-4pB-Tm 1.26 1.02
8EP-2pE-Rm 1.38 1.05
8EP-2pE-Tm 1.28 1.01
8EP-4pE-Tm 1.27 1.00

5.5. Effect of hardener

Sample specifications for experiment set 5.5 are given in Table 5.7.

Table 5.7. Sample specifications for experiment set 5.5

Designation | EPON 828 | Hardener | Cloisite 30B | Stirring method
DETA (DE)
8DE 100 10.9 0 -
8DE-4pB-Tm 100 10.9 4 Tm
EPICURE 3046 (EP) (from section 5.4)
8EP 100 35 0 -
8EP-4pB-Tm 100 35 4 Tm
Jeffamine D230 (d)
8d 100 32 0 -
8d-4pB-Tm 100 32 4 Tm
Jeffamine T403 (T)
8T 100 42 0 -
8T-4pB-Tm 100 42 4 Tm
Jeffamine D400 (6)
) 100 55 0 -
83 -4pB-Tm 100 55 4 Tm
Jeffamine D2000 (D)
gD 100 270 0 -
8D-4pB-Tm 100 270 4 Tm
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5.5.1. DSC results

DSC curves of the epoxy-amine systems with different hardeners and their
nanocomposites at different heating rates are shown in Figures 5.10a, 5.11a, 5.12a, 5.13a,
5.14a, and 5.15a. As shown by the results in section 4.4 of Chapter 4, the curing rate of

the studied systems can be arranged in the order of DETA > EPICURE 3046 > D230 =~

T403 > D400 > D2000.

The presence of nanoclay has some effect on the curing process as reflected by the
difference in the DSC curves of the epoxy and its nanocomposite. For curing with
DETA, there is a simple cure peak at relatively low temperature cure and the presence of
clay results in somewhat faster cure as compared to the one without clay, especially at
higher heating rates. The cure is more complex for systems cured with EPICURE 3046,
D230, T403 and D400 than for those cured with DETA. An apparent shoulder peak
appears at higher temperature for both epoxy and nanocomposite. Again, the clay results
in somewhat faster cure than without clay (similar to DETA). The cure is significantly
slower for the system cured with D2000 compared to the other two hardeners (DETA and
T403), and is barely complete at 250°C. The acceleration effect of clay is not as clearly

defined.
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The transformation curves derived from the DSC results are shown in Figures 5.10b,
5.11b, 5.12b, 5.13b, 5.14b, and 5.15b. Generally speaking, the reaction onset and
completion occur at lower temperatures at lower heating rates, as can be seen from the
T,nser values given in Table 5.8. There is no significant difference between the epoxy and
nanocomposite systems with respect to the Tjnsr, nor with respect to 7, (the temperature
of the peak maximum in the heat flow curves). The curing of epoxy with amine involves
several different reactions, and the rates of these reactions will vary with temperature in
different ways. Thus a change in the heating rate may favour one reaction with respect to
another and change the structure of the crosslinked molecular network. This could
explain the decrease in the ultimate 7, observed for systems on increasing the heating
rate, as well as the variations in AH. However, it appears that the presence of Cloisite

30B has negligible effect on the matrix 7.
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Table 5.8. Characteristics for epoxy systems and their nanocomposites with

different hardeners

Epoxy systems Nanocomposites
q Tonset Tp Tg q Tonset Tp Tg
CCminh) | (C) | ¢O) | O | CminT) | (°C) | €O) | (O)
8DE 8DE-4pB-Tm
2.5 464 | 72.6 | 126.8 2.5 44.2 70.2 | 126.9
5 53.5 | 82.2 | 126.7 5 51.3 81.6 | 126.3
10 62.6 | 945 | 126.2 10 60.5 92.7 | 126.3
15 71.3 | 104.8 | 123.3 15 65.2 97.8 | 126.3
20 76.4 | 110.9 | 121.7 20 68.0 | 103.6 | 125.8
8EP 8EP-4pB-Tm
2.5 514 | 929 | 87.7 2.5 549 | 92.0 87.2
5 59.2 | 106.3 | 86.8 5 62.0 | 105.2 | 859
10 699 | 119.0 | 79.2 10 71.6 | 1172 | 77.1
15 74.7 | 126.7 | 73.9 15 76.6 | 125.5 | 74.7
20 81.6 | 1333 | 72.7 20 83.3 | 132.1 | 73.0
8d 8d-4pE-Tm
2.5 67.7 | 101.0| 85.7 2.5 66.4 99.9| 85.6
5 82.8 | 113.8 | 84.8 5 75.8 111.7} 84.8
10 87.7 | 126.8 | 83.4 10 86.5 125.6 | 84.6
15 95.2 | 1364 | 824 15 92.6 133.6 | 82.8
20 101.5 | 142.8 | 82.3 20 98.9 | 140.1 | 82.2
&T 8T-4pB-Tm
2.5 503 | 975 | 834 2.5 57.6 95.3 84.9
5 67.8 | 111.2 | 83.2 5 62.3 | 106.6 | 849
10 79.8 | 126.5 | 82.8 10 77.2 | 1240 | 83.5
15 90.2 | 137.3 | 82.2 15 85.2 | 1325 | 833
20 959 | 1455 | 81.1 20 90.7 | 1379 | 83.2
80 86-4pB-Tm
2.5 71.7 | 108.1 | 47.9 2.5 70.5 | 1064 | 47.3
5 82.5 1 122.0| 47.4 5 79.8 | 1202 | 47.2
10 95.1 [ 139.9 | 474 10 92.1 | 1353 | 47.0
15 100.1 | 144.9 | 47.0 15 98.1 | 143.9 | 46.3
20 107.0 { 152.8 | 47.0 20 103.9 | 150.5 | 45.3
8D 8D-4pB-Tm
2.5 101.9 | 148.4 2.5 106.8 | 146.8
5 111.8 | 163.6 5 116.4 | 159.7
10 125.1 | 175.3 10 126.9 | 179.0
15 127.0 | 187.7 15 126.6 | 183.7
20 135.5 | 191.3 20 123.0 | 190.7
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5.5.2. Activation energy

Figure 5.16 shows the relationship between In (g.7T; ,{2) and Tp'l for both the epoxy-amine
systems and their nanocomposites. The five points correspond to the five heating rates of
2.5, 5,10, 15, and 20°C-min”'. There is an excellent linear fit in all cases, indicating that
the experimental data fit the Kissinger model quite well. From the slopes of these plots
the overall activation energy values for epoxy-amine and nanocomposites were calculated
and are shown in Table 5.9. The apparent very slight increase in E, for the
nanocomposites with DETA, EPICURE 3046, D230, T403 and D400 suggesting that the
positive effect of the organic intercalant to promote the chemical reaction is weaker than
the negative impact of the steric effect of the intercalated/exfoliated clay for these cases.
However, with the presence of C30B, the E, for the nanocomposite decrease as compared

to the neat epoxy when the system cured with D2000.
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Table 5.9. Activation energy for EPONS28 and its nanocomposites with different

hardeners from Kissinger analysis

Hardener Activation energy (kJ'mol'l) Activation energy (kJ-mol'l)
(resin) (nanocomposite)

DETA 52.8 62.0
EPICURE 3046 57.9 58.2
D230 57.9 59.5
T403 49.5 52.8
D400 55.7 56.3
D2000 70.3 67.4

The results for EPICURE 3046 and its nanocomposite are from section 5.4

Figures 5.17 to 5.22 show the relationship between /i ¢ and T~ for nine different degrees
of conversion ranging from 0.1 to 0.9 for epoxy systems and their nanocomposites with
different hardeners. The linear relationship observed in all cases indicates that the
approach is applicable for this case. The activation energies E, calculated for the four

systems are given in Figure 5.23.

For the system cured with DETA, in the epoxy-amine system without clay (Figures 5.17a
and 5.23a), E, decreases steadily with the degree of cure. With 4 wt% Cloisite 30B
(Figures 5.17b and 5.23a), F, behaves in a similar manner except that the values are
consistently higher; the differences are more clear at the lower degrees of cure. Thus, the

clay appears to have an effect.

As discussed above, for systems cured with EPICURE 3046 (Figures 5.18a and 5.23b), in

the epoxy-amine system without clay, as expected E, increases steadily with the degree
of cure, particularly in the later stages (o > 0.7). For the mixture of epoxy and Cloisite

30B (8EP-4pB-Tm), the shape of the E, vs. & curve changes considerably. The E,
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decreases slightly as « increases in the initial stages of cure, then levels off, then rises

towards the end, but not as much as when the clay is absent.

For the system cured with D230, in the epoxy-amine system without clay (Figures 5.19a
and 5.23c¢), there is a slight decrease of E, with degree of cure. With 4 wt% Cloisite 30B
(Figures 5.19b and 5.23c), E, behaves in a similar manner except that the values are

consistently higher.

For the systems cured with T403 (Figures 5.20 and 5.23d), the E, (for both systems with
or without clay) changes considerably with the degree of cure. The E, decreases slightly
as o increases in the initial stages of cure, then levels off, then rises towards the end, and
again at the early stage of cure the presence of clay has more effect on the £, than in the
later stage of cure. The E, of the system with the presence of clay is higher than without

clay.

For systems cured with D400 (Figures 5.21 and 5.23e), the E, of the epoxy-amine system
without clay increases steadily with the degree of cure, particularly in the later stages (&
> (.8). For the mixture of epoxy and Cloisite 30B, the £, behaves in a similar manner

except that the values are consistently higher.

However for the one that was cured with D2000 (Figures 5.22 and 5.23f), E, behaves
completely contrary to the two other amines; it increases steadily. The curing agent has a
different effect on the curing kinetics behavior. The influence of clay also depends on the

rate of cure or behavior of hardener.
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Generally speaking, hardeners show a different effect on the E,. The presence of clay
leads to a higher E, except for the system cured with very low curing rate D2000 where

the intercalant can help to accelerate the curing.
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Figure 5.17. Isoconversional plots at various conversions for (a) 8DE system and (b)

8DE-4pB-Tm system
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Figure 5.18. Isoconversional plots at various conversions for (a) 8EP system and (b)

S8EP-4pB-Tm system (results from section 5.4)
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Figure 5.21. Isoconversional plots at various conversions for (a) 85 system and (b)
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Figure 5.22. Isoconversional plots at various conversions for (a) 8D system and (b)
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Table 5.10. Average activation energies obtained for the isoconversional model

Hardener Average activation Average activation

energy (kJ -mol™) energy (kJ -mol™)

(resin) (nanocomposite)
DETA 58.8 66.3
EPICURE 3046 79.9 76.0
D230 62.8 65.7
T403 58.7 63.6
D400 66.2 68.0
D2000 110.8 113.6

Again, the activation energies obtained by the Kissinger approach (Table 5.9) are lower
than the average values obtained by the isoconversional approach (Table 5.10). This can
be explained by the differences in assumptions and mathematical approach between the
two models. The isoconversional results are more meaningful than the Kissinger ones
because the evolution of the chemistry of the system during the cure is partially taken
into account. The Kissinger approach is based entirely on the maximum rate of cure,
which occurs in this case around the beginning of the curing reaction [145]. Thus it is not
surprising that the E, values obtained by the Kissinger approach are closer to those
obtained at lower degrees of cure by the isoconversional approach rather than to the

average isoconversional values.

5.5.3. Avrami analysis

The curves T, vs. (In g)/a according to Equation 5.10 for different hardeners are shown in
Figures 5.24, 5.25, 5.26, 5.27, 5.28, and 5.29. The Avrami exponents » obtained from the
slopes of the curves T, vs. (In g)/a are given in Table 5.11. For both epoxy-amine and

nanocomposites, the Avrami exponent » in the early stage of cure is greater than in the
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second stage. As discussed above, at low conversions, the concentration and the size of
the microgels are still small, and their growth is less space-restricted. With the
advancement of cure the number of microgels and their size increases so their growth is
restrained and inter-microgelation may occur. When the cure reaches its end,
intermicrogelation becomes dominant, a three-dimensional network is formed, and the
reaction nearly stops. It can also be seen in Table 5.11 that there is no significant
variation in the Avrami exponent n among the system with and without clay except for
the system that was cured with DETA, where the n values are generally lower with the
presence of clay. If this effect is real, it could be explained by the steric effect of the clay
in these systems. The curing reaction of the system takes place very fast even at low
temperature. The growth of microgels is fast in the absence of clay. Because of this, the
presence of clay may restrict the growth of the microgels and results in a reduction of n.
Thus, the presence of clay does not seem to have a tremendous effect on the growing of
microgels in the epoxy systems during curing, with the possible exception of fast cure

epoxy systems such as DETA.
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Figure 5.24. Determination of the Avrami exponent » for the 8DE system and its

nanocomposites in the conversion range a = 0-10%
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Figure 5.26. Determination of the Avrami exponent n for the 8d system and its

nanocomposites in the conversion range a = 0-10%
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Figure 5.27. Determination of the Avrami exponent » for the 8T system and its

nanocomposites in the conversion range a = 0-10%
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Figure 5.29. Determination of the Avrami exponent » for the 8D system and its

nanocomposites in the conversion range a = 0-10%

Table 5.11. Exponents n obtained from Avrami analysis

o a=0-10% o=10-25%
Resin | Nanocomposite | Resin | Nanocomposite
Hardener

DETA 1.87 1.67 1.35 1.22
EPICURE 3046 1.27 1.26 1.09 1.02
D230 1.40 1.39 1.13 1.10

T403 1.23 1.17 1.09 1.02

D400 1.30 1.28 1.10 1.05
D2000 1.23 1.47 0.94 0.98
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5.6. Summary

It is interesting to find out that depending on the intercalant chemistry of the organoclay,
the organoclay either can generate or promote certain chemical reactions with the matrix.
The C30B, which is based on quaternary ammonium intercalant does not undergo direct
chemical reaction with the epoxy matrix. The I30E was treated with an excess amount of
primary amine intercalant. Both the primary amine bound to the clay surface and the free
amine can react with the epoxy matrix in different ways. The primary amine bound to the
clay surface can catalyze the polymerization of the epoxy ring and the hydroxyl group of
the DGEBA while the free primary amine can react with the epoxy group (i.e. in the
absence of hardener). The first case leads to a dangerous practice since the
polymerization liberates a high amount of heat that can generate fire and possible
explosion if a large quantity is used. However, the reaction only takes place at high
temperatures (above 150°C). The second case is also not favorable because it causes a
significant increase in viscosity which is always a challenge in the fabrication of epoxy-
based products. However, the reaction is more noticeable at temperatures above 120°C. It
is very important to remark here that in the preparation of ENCs with I30E, full attention
must be paid to these reactions in order to avoid accident, especially when high
temperature is involved. The recommended temperature for the preparation of ENCs with
I30E is 120°C and below. If a curing temperature above 120°C is required, it is
recommended to raise the temperature slowly or begin the reaction at low temperature for

a certain period of time in order to allow the epoxy to react with hardener first.
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There 1s a certain effect of the organoclay type and clay dispersion on the curing kinetics
epoxy study by dynamic scan but it is quite minor. The I30E was expected to have a great
impact on the results due to its chemical reactivity with the epoxy. However, the reaction
between epoxy and amine takes place quite fast even at room temperature and because in
this study the temperature was raised slowly in the DSC device, the epoxy and hardener
had enough time to react before the sample reached the critical temperatures. Therefore,

the reactions of I30E with epoxy were almost negligible.

Generally speaking, the activation energy E, increases more or less steadily as a function
of the degree of cure. This is probably because at higher degrees of cure (i.e. at higher
temperature) the epoxy-hydroxyl reaction, which is known to have higher activation
energy, plays a greater role relative to the epoxy-amine reaction. The E, of the mixture
containing poorly dispersed C30B (stirred at room temperature) is somewhat higher than
that of epoxy-amine at all stages of dynamic DSC cure. However, for systems having
better dispersion (stirred at high temperature), E, is slightly higher in the early stages of
cure (1.e. at lower temperature) and lower in the later stages (at higher temperature). The
E, of the Nanomer I30E mixture is lower than that of the Cloisite 30B mixture (except
when the cure approaches 90%) which can be related to the reactivity of I30E with
epoxy. On the other hand, the Avrami approach indicates a steric effect of the
intercalated/exfoliated clay on the cure of the nanocomposite. The use of these two
approaches provides a better understanding of the cure kinetics and mechanism of the
nanocomposite formation. Thus the presence of nanoclay and the stirring temperature

both affect the cure kinetics.
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There is a minor difference in cure kinetics between the epoxy nanocomposites based on
Cloisite 30B nanoclay and the corresponding epoxy-amine system without clay. The
influence of clay also depends on the rate of cure and behavior of curing agent. The
change of activation energy E, vs o cure for epoxy and epoxy nanocomposites depends
on hardeners. The presence of clay does not seem to have a tremendous effect on the
growing of microgels in the epoxy systems during curing with possible exception of fast

cure epoxy system such as DETA.

The results have presented the effects of the chemistry of clay and hardeners and the level
of dispersion of clay on the curing kinetics of epoxy nanocomposites. For generalization
of the effects, we recall the effect of clay chemistry as the chemical reactivity of clay, the
chemistry of hardeners as the chemical reactivity of hardeners. The generalization of the
effects of chemistry of clay and hardeners and the level of dispersion of clay on the
curing kinetics of epoxy nanocomposites compared to epoxy systems was made and is

presented in Table 5.12.
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Table 5.12. The generalization of the effects of chemistry of clay and hardeners and

the level of dispersion of clay on curing rate, E, and exponent n of epoxy

nanocomposites compared to epoxy systems

Outputs . .
Curing E, (Kissinger) E, (Isoconversional n (0-10%)
rate model)
Inputs
poor Shghtly
= %‘ o slightly higher |  slightly higher .
E « | dispersion higher
i
° better slightly
z g slightly higher |  slightly lower
= & | dispersion higher
poor slightly
= E’ equal slightly lower
‘g’ « | dispersion higher
Sz
; = better slightly
&b § slightly | slightly lower slightly lower
T @ | dispersion higher
higher
slightly
high slightly higher slightly higher
- lower
E
.ﬂé slightly higher .
= slightly
< medium slightly higher | (except slightly lower
; lower
= for EPICURE 3046)
§
& slightly
low slightly lower slightly higher
higher
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Chapter 6

Properties of epoxy nanocomposites

6.1. Objectives

The dispersion and curing process of nanoclays in epoxy have been studied in Chapters 4
and 5. The following stage is the performance properties of epoxy nanocomposites. One
knows that the properties of composite materials are strongly influenced by the properties
of the components, by the geometry of the filler phase (the size, the shape and the size
distribution, thus the aspect ratio), by the morphology of the system, by the nature of the
interface between the phases and by the volume fraction of reinforcements etc. For
nanocomposites reinforced with nanoclay, their properties also depend on the level of
dispersion and intercalation/exfoliation of nanoclay in the matrix. Nanoclay fillers can be
present in the form of sheets of one nanometer thick and hundreds to thousands
nanometers wide or in the form of stacks or even large aggregates, depending on the
quality of dispersion of clays in the matrix. Therefore, they can make a great contribution

to the properties of the materials.

From the literature, no improvement in tensile strength but great improvement in
compressive strength in glassy ENCs has been reported [11, 12, 18, 27, 41, 45, 91]. The
mechanism behind this is still unclear, but it may be speculated that if large clay

aggregates or voids (voids are often trapped inside the large aggregates) exist in the
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samples they will initiate and propagate the failure across the sample under sufficient
tensile stress of the test. Thus there is negligible positive impact of nanoclays on the
tensile strength. Tensile strength is sensitive to such defects but not compressive strength.
Most of the reports focused on the intercalation and exfoliation aspects but not the micro-
dispersion aspect. As pointed out in Chapter 4, the dispersion of organoclay in ENCs
(also true for PNCs) consists of a broad range of structures from macro-aggregates to
micro-aggregates, multi-stack aggregates and individual layers, depending strongly on
the means of preparation of the ENCs. The best intercalation and exfoliation do not
automatically provide the best mechanical performance because the mechanical
performance is controlled not only by the nano-structure but also by the macro- and
micro-structure, that exist in the system. From the fundamental understanding point of
view, it is important to clarify the effect of dispersion on the mechanical performance in
order to optimize the reinforcing effect of nanoclays. With the improved ENC fabrication
processes (mixing process and controlling the curing process) developed in Chapter 4,

one can generate different levels of dispersion.

The objective of this chapter was to investigate the performance of the ENCs with
different levels of dispersion and different chemistries of clays and hardeners. The
experiments were organized in three different series: ENCs with the same clay and matrix
but different dispersion levels of clay (prepared by different mixing methods), ENCs with
two different types of clays, and ENCs with three different hardeners. Neat epoxy was the
same in all studies and the neat epoxy systems with corresponding hardeners were also
used as references. Different analysis techniques were used to characterize the properties

of ENCs.
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6.2. Methodology and experiment

To our knowledge, several factors that may affect the performance of epoxy

nanocomposites are: crosslink density of cured epoxy nanocomposites (curing); interface

interaction between epoxy matrix (epoxy plus hardener) and clay; the intercalation or

exfoliation of clay in epoxy systems; aspect ratio; volume fraction of nanoclay and

chemistry of epoxy; curing agent; and clay. These factors are shown in Figure 6.1.

Performance of ENC
(DSC, MTS, DMTA, TGA,
LOL.)
|
[ t l ' '
d'I_evel _Of . Cui Volume Chemistry of
ispersion, Interface fng fraction clays, epoxies and
Intercalation/ interaction
erc hardeners
exfoliation of clay

Figure 6.1. Factors affecting the performance of epoxy nanocomposites

In order to fulfill the objectives of this chapter, many experiments were designed as

described in Table 6.1.
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Table 6.1. Study parameters for Chapter 6

Stirring Clay concentration .o
Clay method Hardener W% Curing (CC)
Temperature and stirring conditions (Epoxy-clay mixtures from stirring step)
Rm 2
Tm 2,4,6
™ 2 120°C for 2 hrs and post
€308 RS D230 2 cure at 140°C for 2 hrs
TS 2,4,6
HP 2
Chemistry of clay
C30B, Epicure « 120°C for 2 hrs and post
I30E Rm, Tm 3046 ) cure at 140°C for 2 hrs
Chemistry of hardener
DETA 0
et [T || 20CE e
D2000
115°C for 1 hr + 125°C for
8 hrs and post cure at
C308 BF; 175°C for 4 hrs in nitrogen
TS 6 atmosphere
120°C for 2 hrs and post
D230 cure at 140°C for 2 hrs
D2000
(*) 100 g of EPON828 was stirred with 2g and 4 g of C30B by Rm and Tm and then
the stoichiometric amount of hardener (See Chapter 3) was added in the mixtures for
curing.

6.3. Effect of the stirring process

Sample specifications for experiment set 6.3 are given in Table 6.2.
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Table 6.2. Sample specifications for experiment set 6.3

Designation | EPONS828 D230 C30B Stirring method
&d 100 32 0 -
8d-2B-Rm 100 32 2.69 Rm
8d-2B-Tm 100 32 2.69 Tm
8d-2B-TM 100 32 2.69 ™
8d-2B-RS 100 32 2.69 RS
8d-2B-TS 100 32 2.69 TS
8d-2B-HP 100 32 2.69 HP
8d-4B-Tm 100 32 5.50 Tm
8d-4B-TS 100 32 5.50 TS
8d-4B-HP 100 32 5.50 HP
8d-6B-Tm 100 32 8.43 Tm
8d-6B-TS 100 32 8.43 TS
8d-6B-HP 100 32 8.43 HP

6.3.1. Tensile and compressive properties

6.3.1.1. The effect of stirring temperature and speed on tensile properties

Tensile and compressive properties of EPON828 resin and its nanocomposites were

evaluated. The tensile properties of EPON828-D230 with 2 wt% C30B prepared with

different stirring methods are shown in Figure 6.2. The presence of clay results in

improvement in modulus for all cases of stirring (Figure 6.2a). A similar effect was

reported by other researchers that addition of clay (from 5wt% and above) increases

modulus [10, 11]. However, this study demonstrates that even with a small amount of

clay of 2wt% the modulus can also significantly be improved. Since clay has a much

higher modulus than the epoxy matrix, it is easy to understand, based on the rule of

mixtures, why the modulus of the ENCs can be improved by adding nanoclay.
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tirring methods (a) tensile modulus, (b) tensile strength (the maximum
on the stress-strain curve)

different s
point on the stress-strain curve), (c) tensile strength at break (the last or break point

Figure 6.2. Tensile properties for EPONS828 resin and its nanocomposites made by
In addition, the modulus of the nanocomposites can follow the order Eys > Epp > Egs >
Erv> Erm> Erm > Egpoxy. The level of increase in the modulus of ENCs prepared with TS,



HP, RS, TM, Tm, and Rm stirring methods compared to epoxy is 10.4%, 10.2%, 9.5%,
8.3%, 7.2%, and 5.6% respectively. From the results in Chapter 4, the dependence of
dispersion of clay in ENCs on stirring conditions also follows the order of TS > HP > RS
>TM > Tm > Rm. Relating to the clay dispersion and the modulus of ENCs, it seems that

the better is the dispersion of the nanoclay in ENCs, the higher is the modulus of ENCs.

It can be seen clearly that the modulus of ENCs prepared with Tm stirring method is
higher than Rm stirring method (E7 > Egm) and the modulus of ENC prepared with TS
stirring method is higher than RS stirring method (Ezs > Egs). From there, one can see
that the stirring temperature has a positive effect not only on the dispersion,

intercalation/exfoliation of clay in ENCs but also on the mechanical performance of

ENC.

Stirring speed also shows its effect on the modulus of ENC. At the same stirring
temperature of 120°C, the modulus of ENC prepared with high speed stirring method
(TS) is higher than that of ENC prepared with low speed stirring method (TM) and
without stirring (Tm) (Ezs> Eqy > Erpy). This is similar for stirring at room temperature;
the modulus of ENC prepared with RS stirring method is higher than that of ENC
prepared with Rm stirring method (Egs > Eg,,). Both stirring temperature and speed show
a positive effect on modulus of ENCs, however, stirring speed appears to have a greater

effect.

Unlike the modulus, the strength and strain at break of the materials depend not only on
the dispersion of the clay in the matrix but also on the presence of material defects (voids,

holes, etc.), the quality of the interface between clay and matrix, and the structure of the
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materials. Thus the strength and strain at break do not follow the same trends as the
modulus. The tensile strengths of the ENCs are almost the same as that of the epoxy
matrix if standard deviation is considered (Figure 6.2b). It is well documented in the
literature that improvement in tensile strength was reported only for rubbery epoxy
systems while for glassy epoxy systems great reduction in tensile strength was often
obtained [11, 12, 18, 27, 41, 45, 91]. For example, a record loss of 39.5% in tensile
strength for glassy ENC was provided by Zilg et al [91]. The reason why nanoclays can
only improve the strength of rubbery systems but not glassy systems is still unclear up to
now. In the following Chapter this matter will be better addressed with different
explanations. Therefore, no loss in tensile strength as found in this study should be
considered as a positive message, although it would be more gratifying to obtain a gain.
If the standard deviation bars are not considered, the general trend of the tensile strength
of the ENCs alone in Figure 6.2b is somewhat similar to the trend of the tensile modulus
(except for the sample prepared by HP) in Figure 6.2a, which means that the strength has
a tendency of increasing with the improvement in dispersion. It can be interpreted that
finer and more uniform dispersion can increase the clay surface area for interacting with
the matrix and reduce the possibility of stress concentration in the large aggregates that
will initiate the failure under stress. Thus the tensile strength is improved. Among them,
the sample prepared with TS provides the greatest strength while the poor stirring
approach Rm contributes the poorest strength. The exception for HP may be related to the

fact that the solvent used in this process was not removed completely from the system.

The tensile strengths at break of the ENCs are greater than that of the matrix and this can

be explained by the fact that the strength at break is strongly sensitive to the defects in the
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test samples (cracks, microcracks, flaws, voids, holes, etc) and how these defects initiate
and propagate the fracture. Epoxy resin is well known for its high residual stress during
curing, which can generate defects in the sample. The presence of nanoparticles or even

microparticles should improve the situation. Thus it improves the strength at break.

The strains of the ENCs are almost the same for all cases and are significantly lower than
that of the matrix (Figure 6.2d). The loss in strain by the presence of nanoclays can be
explained by the superior modulus of nanoclay which likely makes the materials more
brittle [45, 96], especially in glassy epoxy systems. This issue will be again studied more

in depth in the next chapter.

6.3.1.2. The effect of stirring speed and clay loading on tensile properties

Tensile properties of epoxy nanocomposites according to the various clay concentrations
prepared with high speed at high temperature (TS) and at high temperature without
mechanical stirring (Tm) are shown in Figure 6.3. The modulus increases almost linearly
with the clay loading. The modulus shows a similar trend for both stirring with and
without high speed at high temperature (Figure 6.3a). Again, the result shows the better
advantage of high speed mixing on the formation of nanocomposites and this advantage
becomes greater as the clay loading increases. At the same clay loading, the modulus of
the epoxy nanocomposite prepared by high speed is higher than that of the one made
without mechanical stirring. For example at a clay loading level of 6wt%, the modulus of
the epoxy nanocomposite prepared by the TS method increases 29.3 % with respect to

epoxy, compared to 21.3 % for the one without mechanical stirring.
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Figure 6.3. Tensile properties for EPONS828 resin and its nanocomposites at
different clay concentrations made by Tm and TS methods (a) tensile modulus, (b)

tensile strength, (c) tensile strength at break

The strength of epoxy nanocomposite is also affected by high speed stirring. The strength
of samples with high speed stirring appears higher than the strength of samples without

mechanical stirring especially at high clay concentrations (Figure 6.3b). Again it
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confirms that better dispersion gave better strength. This also occurs for tensile strength
at break.

Figure 6.3 also demonstrates that the increase of clay loading increases the modulus as
well as the strength. The modulus is quite linearly related to the clay loading in the
studied loading range, which likely indicates that this relationship obeys the rule of
mixture. Further studies on the rule of mixture and other mechanical theory will be
addressed in the following chapter. At higher clay loadings, the reinforcing effect of
nanoclays on the tensile strength of the ENC becomes more evident. As discussed earlier,
the findings in this study are quite superior to data reported in the literature for glassy
ENCs, which show only a loss in tensile strength [11, 12, 18, 27, 41, 45, 91]. The

increase in tensile strength seems to reach a plateau at 4 wt% clay loading.

6.3.1.3. The effect of stirring temperature and speed on compressive properties

In the literature, no improvement in tensile strength but great improvement in
compressive strength in glassy ENCs has been reported. Contradictory to the literature,
this study found significant improvement in tensile strength by improving the formation
of ENCs (mixing process and controlling the curing process). It should be interesting to
discover further the advantage of the improved process on the compressive properties of
ENCs. Figure 6.4 shows the compressive properties for epoxy and its nanocomposites
which were prepared by different stirring methods. Stirring method again shows an effect
on compressive properties of nanocomposites (Figure 6.4). The presence of clay results
in improvement in modulus for all cases of stirring (Figure 6.4a). In general, the

compressive modulus of the nanocomposites also follows the order Ers> Eyp> Ers> Ery

282



> Erm> Erm> Egpoxy- The level of increase in the compressive modulus of ENCs prepared
with TS, HP, RS, TM, Tm, and Rm stirring methods compared to epoxy is 10.1%, 8.8%,
5.7%, 3.4%, 2.8%, and 2.4% respectively, which is similar to the increase in tensile
modulus. Again, it confirms that the better the dispersion of the nanoclays in ENCs, the
higher is the modulus of the nanocomposites. Again, it confirmed a slightly better
advantage of the Tm over Rm stirring method (if standard deviation was not considered),
the TS over the TM and RS stirring methods, and the best advantage of the TS stirring

method among all of them.

Compressive strength at break is reduced for ENC prepared with the Rm stirring method
compared to neat epoxy (Figure 6.4b) as the result of its poor dispersion with large clay
aggregates. Compressive strength at break increases for ENCs prepared with Tm, TM,
RS, TS and HP stirring methods compared to neat epoxy and it follows the order of TS >
HP > RS > TM > Tm > Epoxy. The explanation for that should be similar to that for
tensile strength as discussed earlier. The improvement in compressive strength is more
significant than in tensile strength because compressive strength is less sensitive to the
defects of the testing sample. Compressive strain at break remains almost unchanged with
the presence of the clay, except for the ENC prepared with Rm (Figure 6.4c) where the

strain at break lightly decreases with the presence of clay.
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6.3.1.4. The effect of stirring speed and clay loading on compressive properties

Comparing the compressive properties of nanocomposites at different clay loadings for
stirring with high speed at high temperature (TS) and without mechanical stirring at high
temperature (Tm), the modulus shows a similar trend for both cases. The compressive

modulus and strength show an improvement with clay loading (Figure 6.5).
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Figure 6.5. Compressive properties for EPON828-D230 resin and its
nanocomposites at different clay concentrations made by Tm and TS methods: (a)

compressive modulus, (b) compressive strength at break

However it shows a better improvement when high speed is introduced (Figure 6.5a). The
compressive modulus of epoxy nanocomposites at 6 wt% of clay prepared by the TS
method increases 23.2 % with respect to epoxy, compared to 15 % for the one without
mechanical stirring (Tm). The compressive strength at break of ENC prepared with high
speed stirring appears higher than the compressive strength at break of ENC without

mechanical stirring at the same clay concentrations (Figure 6.5b). At 6 wt% of clay, the
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compressive strength at break increases 45.2% for TS and 32.1% for Tm compared to

neat epoxy. It confirms that better dispersion gave a better strength at break.

6.3.2. Fracture toughness properties

6.3.2.1. The effect of stirring temperature and speed on fracture toughness

properties

Epoxies are thermoset polymers having versatility in their chemical forms. The
characteristics of epoxy resins constitute an excellent combination of chemical and
corrosion resistance, and good mechanical and electrical properties. These characteristics,
along with a long service life, make epoxies a necessity in the future growth of new
technologies. Most of the epoxies are widely used as protective coatings and adhesives,
whereas others are used in structural applications such as laminates and composites,
tooling, molding, casting, electronics, and construction. Presently, there is high potential
for more sophisticated application of high-performance epoxies in both automotive and
aerospace industries. However, epoxies have brittle characteristics that may hinder their
potential applications in aerospace and automotive applications. For structural
applications, for example, epoxy resins tend to be either brittle or notch sensitive.
Therefore, tremendous efforts have been focused on improving the toughness of epoxy
systems, which has stimulated an overwhelming interest in filling epoxy with inorganic
fillers (such as particulates, fibers, and layered fillers) in the pursuit of toughening epoxy

resin.

Fracture toughness was measured using three point single-edge notched bending (SENB)

(see section 3.5.5.5 in Chapter 3). The critical stress intensity factor (K;¢) and the critical
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strain energy release rate (G;c¢) for the EPON828-D230 system and its nanocomposites at
2 wt% C30B made by different stirring methods are shown in Figure 6.6. Both K¢ and
Gic increase with the presence of clay C30B. The results also show that the stirring
methods have an influence on the critical stress intensity factor and the critical strain
energy release rate of nanocomposites. The K;¢ is increased 35%, 41%, 44%, 50%, 82%
and 49% respectively for the Rm, Tm, TM, RS, TS and HP stirring methods. The G,c is
increased 17%, 27%, 40%, 43%, 93% and 48% respectively for the Rm, Tm, TM, RS, TS
and HP stirring methods. It is clear that the effect of stirring methods on the improvement
for both K;¢ and Gj¢ is in the order of TS > HP > RS > TM > Tm > Rm. This means that
the better level of dispersion, intercalation/exfoliation of clay in nanocomposites results
in a higher improvement in the K;¢ and G;c. The results are similar to those reported by
Liu [22] that the presence of organoclay results in improvement in fracture toughness of
epoxy. From there, one can see that the stirring temperature has a positive effect not only
on the dispersion, intercalation/exfoliation of clay in ENCs but also on the mechanical
performance of ENCs. It can be seen clearly that K;¢ and G;¢ of ENC prepared with the
Tm stirring method are higher than K¢ and G;¢ of ENC prepared with the Rm stirring
method, respectively and K;¢ and G;¢ of ENC prepared with the TS stirring method are

higher than K¢ and G;¢ of ENC prepared with the RS stirring method, respectively.

Stirring speed also shows its effect on K;c and G;¢ of ENC. At the same stirring
temperature of room temperature, K;c and G;c of ENC prepared with the RS stirring
method are higher than K;¢ and G;¢ of ENC prepared with the Rm stirring method. This
is similar for stirring at 120°C; K¢ and G,c of ENC prepared with high speed stirring

method (TS) are higher than K;¢ and G;c of ENC prepared with low speed stirring
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method (TM) and without stirring (Tm), respectively. Both stirring temperature and
speed show a positive effect on K¢ and G;¢ of ENC. However, it seems that stirring

speed is more dominant.
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Figure 6.6. (a) Kic and (b) G,c for EPON828-D230 resin and its nanocomposites

made by different stirring methods

The effect of the size of particles on the K;¢ and G, is shown in Figure 6.7. The results
indicated that the size of clay aggregates has a great effect on K;¢ and G,¢. K;c and Gy¢
increase with decrease of the average size of clay aggregates. There is a jump in the
curves at the average below 1 pm. This may be related to the distribution of the clay
particles in epoxy (as discussed in Section 4.3.1- Chapter 4) and the level of nano-
dispersion at this point. Since particles dispersed in epoxy resin have different moduli
and Poisson’s ratios from the resin, they usually result in stress concentration. As

particles are further partitioned, the stress concentration can be reduced until particle size

reaches a certain value [149].
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Figure 6.7. The effect of size of clay aggregates on (a) K;c and (b) G;¢ for EPONS28-

D230 resin and its nanocomposites with 2 wt% C30B

The fracture surfaces of specimens made with different stirring methods were observed
by FEGSEM and are shown in Figures 6.8 to 6.14. It can be seen that neat epoxy resin
exhibits a relatively smooth fracture surface. There are cracks in different planes but
almost parallel to the crack-propagation direction, indicated by a white arrow (Figure
6.8). This is a typical fractography feature of brittle fracture behavior, thus accounting for
the low fracture toughness of the unfilled epoxy. Compared to the case of neat epoxy, the
fracture surfaces of the nanocomposites show considerably different fractographic
features. As a representative example, the failure surfaces of the nanocomposites
containing 2 wt% of nanoclay made with different stirring methods are shown in Figures
6.9 to 6.14. Generally, a much rougher fracture surface is seen upon adding clay into the
epoxy matrix. The increased surface roughness implies that the path of the crack tip is

distorted because of the clay platelets, making crack propagation more difficult. More
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precisely, the clay is readily able to interact with the growing crack front. Figures 6.9 to
6.11 show that many clay aggregates are observed on the fracture surface, and several
distinct agglomerations are indicated by white circles. With high speed or high pressure
stirring (Figures 6.11 to 6.13) the clay is already well dispersed in epoxy, so at low
magnification FEGSEM, it is difficult to observe clay aggregates in epoxy
nanocomposites. Again this confirms that clays have been dispersed better in epoxy with
the assistance of high speed stirring. In general, a better dispersion of clay in epoxy

results in a rougher fracture surface of epoxy nanocomposites.

Figure 6.8. Fracture surface for epoxy; sample cured at 120°C for 2 h: (a) low

magnification, (b) high magnification

It also can be seen that introduction of high speed in the stirring step (Figures 6.12 and
6.13) or high pressure (Figure 6.14) increases the toughness of epoxy nanocomposites
compared to without mechanical stirring (Figures 6.9 and 6.10) or with mechanical

stirring at low speed (Figure 6.11).
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The presence of clay particles or aggregates may cause perturbations along the crack
front, thus altering the path of the propagating crack from the straight unperturbed growth
seen in the neat resin (Figure 6.9). Consequently, the cracks are deflected by the clay
particles into regions surrounding them. Clearly, the crack deflection observed is
expected for the increase of strength and toughness obtained by incorporating clay into
the epoxy matrix. However, some microvoids can also be seen on the fracture surfaces,
as indicated by thick white arrows (Figure 6.9a). At higher magnification (Figure 6.9b), a
representative fractographic feature, microvoids, can be clearly observed, as indicated by
thick white arrows. Upon fracture the clay particles are very likely to be the stress
concentration sites, thus usually resulting in (1) debonding of clay-matrix and (2)
cleavage of clay tactoids, consequently producing some micro- or nanovoids and finally
reducing the performance. Therefore, it can be believed that the effect of the cleavage of
clay tactoids plays a more important role in the fracture toughness of this system.
Moreover, high speed and high pressure stirring contributed to reducing the micro-or
nanovoids in the epoxy mnanocomposite system. Therefore good dispersion,
intercalation/exfoliation can help to reduce the negative effect of the cleavage of clay
tactoids and bring back the strength of material by incorporating clay into the epoxy

matrix.
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Figure 6.9. Fracture surface for sample with room temperature srirring at low
speed (2 wt% C30B); samples cured at 120°C for 2 h: (a) low magnification, (b) high

magnification
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Figure 6.10. Fracture surface for sample with high temperature stirring (120°C) at
low speed (2 wt% C30B); samples cured at 120°C for 2 h: (a) low magnification, (b)

high magnification
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Figure 6.11. Fracture surface for sample with high temperature stirring (120°C) at
1000 rpm (2 wt% C30B); samples cured at 120°C for 2 h: (a) low magnification, (b)

high magnification
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Figure 6.12. Fracture surface for sample with room temperature stirring at high
speed (2 wt% C30B); samples cured at 120°C for 2 h: (a) low magnification, (b) high

magnification
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Figure 6.13. Fracture surface for sample with high temperature stirring (120°C) a