polymer

www.elsevier.nl/locate/polymer

E LS EVI E R Polymer 42 (2001) 1303-1310

Synthesis of epoxy—clay nanocomposites:
influence of the nature of the clay on structure
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Abstract

Epoxy—clay nanocomposites were synthesised using two montmorillonite clays (MMT) with different cation-exchange capacities (CEC)
(94 and 140 meqg/100 g). The purpose was to investigate the influence of the CEC of the clay on the synthesis and structure of epoxy—clay
nanocomposites. The dispersion of the 1 nm thick clay layers was investigated by X-ray diffraction (XRD) and transmission electron
microscopy (TEM). Although XRD data did not show any apparent order of the clay layers in the nanocomposite, TEM revealed parallel
clay layers with interlamellar spacing of QO(MMT of high CEC) and 110 AMMT of lower CEC) and the presence of remnant multiplets
of non-exfoliated layers. A mechanism responsible for the influence of CEC on nanocomposite interlamellar spacing is discussed. The
dispersion of the clay was investigated by SEM and found to be finer in the nanocomposites as compared with in conventional composites
although the nanocomposites still have clay aggregates at the microscale rather than a monolithic €r2€@eElsevier Science Ltd. All
rights reserved.
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1. Introduction by melt intercalation of thermoplastics or in situ polymer-
isation. However, full separation of the clay layers in the
Composite materials reinforced on a molecular scale, so-polymer matrix was only achieved in systems based on
called nanocomposites, are of increasing interest accordingpolyamide, polyimide and epoxy resins. This is primarily
to an expanding literature. Barrier properties [1,2], fire resis- because of fairly high polarity of these prepolymers and
tance [3] and increase of mechanical properties [4,5] are acuring agents which facilitates diffusion into the organophi-
few examples of the advantages provided by this new classlic clay galleries. The presence of polar hydroxyl groups in
of materials. One of the most promising approaches to the clay layers impedes non-polar species from fully enter-
synthesise these materials consists in dispersing an inor-ing the galleries and exfoliating the clay.
ganic clay mineral in an organic polymer on a nanometre A practical problem in the synthesis of the present class of
scale. nanocomposites is to disperse an inorganic clay in an
This concept was first introduced by researchers from organic medium on a molecular scale. This can be addressed
Toyota [6] who discovered the possibility to build a nano- by treating the clay so that it becomes organophilic. Clays
composite from polyamide 6 and an organophilic clay. such as montmorillonites (MMTSs) have a remarkable ability
Their new material showed dramatic improvements in to exchange ions. Their structure consists of two fused silica
mechanical and physical properties. Numerous othertetrahedral sheets sandwiching an edge-shared octahedral
researchers later used this concept for nanocompositesheet. Isomorphous substitutions of'Sfor Al** in the
based on epoxies [7-9], unsaturated polyester [10], tetrahedral lattice and of Al for Mg®" in the octahedral
poly(e-caprolactone) [11], poly(ethylene oxide) [12], sili- sheet cause an excess of negative charges within the MMT
cone rubber [13,14], polystyrene [15], polyimide [16], poly- layers. These negative charges are counterbalanced by
propylene [17], poly(ethylene terephthalate) [18], and cations such as G& and Na situated between the clay
polyurethane [19]. Those materials were produced either layers. An exchange of these cations for alkylammonium
ions renders the clay organophilic and lowers the surface
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separate them. The capability of the clay to exchange ionsrevealed that this colloidal suspension contained highly
can be quantified by a specific property known as the cation- pure MMT whereas the opaque layer contained mainly
exchange capacity (CEC). This property is highly dependentimpurities such as quartz and feldspar. The purity of the
on the nature of the isomorphous substitutions in the tetra- gel was further confirmed by chemical analysis using induc-
hedral and octahedral layers and therefore on the nature oftively coupled plasma-atomic emission spectroscopy (ICP-
the soil where the clay was formed. This explains why AES). The gel was isolated and washed several times with
montmorillonites from different origins show differences deionised water until no chloride was detected in the centri-

in CEC.

Lan et al. [20] have clarified the mechanism of clay exfo-
liation in epoxy—clay systems. They argued that the acidity
of the alkylammonium ions may catalyse homopolymerisa-
tion of the diglycidyl ether of bisphenol A (DGEBA) mole-
cules inside the clay galleries. The CEC of the clay
determines the amount of alkylammonium ions present

fugate by one drop of 0.1 N AgNsolution. The purified
clay was dried at 7 and stored in a desiccator. The CWC
clay was used as received.

2.3. Intercalation of the alkylammonium ions

The method was similar to the one used by Usuki et al.

between the clay layers and therefore controls the spacel22]- Fifteen grams of the purified SWy-2 clay were

available for diffusion of DGEBA molecules during mixing
of the organoclay with the epoxy resin. The highest CEC

provides the minimum space. In the present study we focus

on how the amount of alkylammonium ions intercalated
between the clay layers,
resulting nanocomposites. We consider effects of alkylam-
monium ions on the evolution of the exfoliation process
prior to curing (addition of amine). In particular, we

compare the effects of two MMTs (with different CEC) on

the exfoliation process and the final structure of epoxy-

based nanocomposites. The nanostructure is characterise

by X-ray diffraction (XRD) and transmission electron

dispersed into 1200 ml of distilled water at°80 Octade-
cylammonium chloride CK{CH,);;NH3 -CI~ was prepared
by mixing 5.66 g of octadecylamine GHCH,);;NH, with
2.1 ml HCl solution (10 N) in 300 ml distilled water. It was

influences the structure of the poured in the hot MMT/water solution and stirred vigor-

ously for 1 h at 88C. A white precipitate formed, was
isolated by filtration and washed several times with a hot
water/EtOH (50/50) mixture until no chloride was detected
in the filtrate by one drop of 0.1 N AgNGOsolution. The
octadecylammonium exchanged montmorillonite (C18-
gWy-2) was then dried several days af@5ground with

a mortar and a pestle, and the53um fraction was

microscopy (TEM), whereas the microstructure is observed collected. The organophilic clay was stored in a dessicator.

by scanning electron microscopy (SEM) and compared with
the structure of a conventional microcomposite. The micro-
composite is based on the same constituents (MMT an
epoxy) but since the MMT is untreated, exfoliation of the
clay layers does not occur.

2. Experimental
2.1. Materials

The clays used in this study were a Wyoming type MMT,
SWy-2, supplied by the Clay Minerals Depository (Univer-
sity of Missouri) and an industrially purified MMT, CWC,
provided by Nanocor Inc. Octadecylamine was provided by
Aldrich Chemicals. The epoxy resin was the diglycidyl
ether of bisphenol A, EPON 828, provided by Shell Chemi-
cals. It was used in combination with a polyoxyalkylene
diamine curing agent, Jeffamine D-230 from Huntsman
Corporation.

2.2. Purification of the SWy-2 clay

Twenty-five grams of the crude clay were first dispersed
into 5 1 of 1 N solution of NaCl for 24 h at 7C to obtain an
homoionic clay. It was noted that upon centrifugation of the
solution at high speed (326p an opaque whitish layer

Long chain alkylammonium ions were chosen because they
were shown to favour the formation of exfoliated nanocom-

gPosites [23]. A similar procedure was followed to prepare

octadecylammonium exchanged CWC (C18-CWC).

2.4. Measurements of the cation-exchange capacity

The CEC of both montmorillonites were first measured
by determining the amount of alkylammonium salt being
retained by the organoclays after careful washing. The
dried organophilic clays (C18-SWy-2, C18-CWC) along
with a sample of their corresponding untreated clay
(SWy-2 and CWC, respectively) were ignited at 1000
in a furnace. From the differences in the loss on ignition
of the sample and blank and the molecular weight of the
alkylammonium salt, the milliequivalents (meq) of the
organic substance retained by the clays were calculated
[24] and those values were taken as their CEC.

Chemical analyses of the two MMTs were also performed
by ICP-AES. From these results, the structural formula of
each MMT was determined as well as their CEC. The values
of the CEC were compared with the previous measure-
ments.

2.5. Preparation of epoxy—clay nanocomposites

Prior to curing, the epoxy resin was mixed with the

accumulates in the bottom of the centrifuge tubes beneathdesired amount of organophilic clay at°Zs5for several

a translucent gel [21]. The analysis of the gel by X-ray

hours. A stoichiometric amount of the curing agent
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Fig. 1. XRD patterns of the SWy-2 (left) and the CWC (right) clays before
(bottom) and after (top) alkylammonium treatment. The spectra are
displaced vertically for clarity.
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2.8. Scanning electron microscopy

The SEM samples were cut from nanocomposite and
conventional composite plates and etched for 15 s above a
beaker containing hot ethanol. After drying, the samples
were coated with a thin layer of carbon and observed in a
scanning electron microscope CAMSCAN S4-80DV. The
micrographs were obtained using backscattered imaging.

3. Results and discussion
3.1. Synthesis of the organoclays

The cation-exchange capacities (CECs) were first
measured by determining the amount of alkylammonium
salt being retained by the organoclays after careful washing.
The CEC for two MMTs, denoted SWy-2 and CWC, were

corresponding to 30 wt% of the epoxy resin content was 94 and 140 meq/100 g, respectively. This difference in CEC
added. The mixture was outgassed in a vacuum oven for ais probably due to the nature of the isomorphous substitu-
short period of time and poured in a steel mould covered tions present in the tetrahedral and octahedral sheets of the

with Mylar A film. All samples were cured for 3 h at 76
and post-cured 12 h at 1%D. A differential scanning calori-

clay [25]. The structural formulae for the two MMTs,
derived from their chemical analyses by ICP-AES were

metry analysis of the samples confirmed that they were fully Nag 33¢.0:Ca 0AMgo 26 297l 1 51) (Al 91553 89 O10(OH), for

cured.

2.6. X-ray diffraction

Powder XRD analyses were performed using a Siemens

D5000 diffractometer with Cu radiation (50 kV, 40 mA).
The scanning speed and the step size were”@®md8 and

0.0Z, respectively. The structure of the clay was determined
at different stages of the nanocomposite synthesis. The cla
powders were mounted on a sample holder with a large
cavity and a smooth surface was obtained by pressing the
powders with a glass plate. Analyses of the organoclay
swollen in the epoxy resin were performed by spreading

the mixture on an epoxy disc (50 mm diameter, 2 mm

thick) used as sample holder. It was designed so that a

maximum surface could be irradiated at low angle, giving
an optimum intensity to the XRD signal. The nanocompo-

site plates produced during the moulding process had a
fairly smooth surface. Therefore, disc-shaped specimens
(50 mm diameter, 2 mm thick) were cut from these plates

and were directly analysed by XRD.

2.7. Transmission electron microscopy

%

SWy-2  and  NgsiKo il 0dMJo.se-.14Al 1.49 (Al 0.13-
Sizg7)019(OH), for CWC. The corresponding CEC of

SWy-2 and CWC were, respectively, 101 and 159 meq/
100 g. The discrepancy between these CECs as compared
with the ones obtained by burning the alkylammonium ions
may arise from the fact that some interlayer cations in the
MMT structure are not exchangeable. These measurements
suggest that the CWC clay has a higher layer charge density
han the SWy-2. Fig. 1 presents the X-ray diffraction
patterns from the SWy-2 and the CWC clays before and
after alkylammonium treatment. The interlamellar
spacing of the clay, corresponding to the (001) plane
peak, increases from 9.7 for the purified SWy-2 clay

to 17.2 A for the organophilic clay (C18-SWy-2). This
shows that the long chain alkylammonium ions have
been intercalated between the layers during the cation-
exchange process adopting a lateral bilayer structure
[26]. The higher relative intensity of the (001) plane
peak is due to a more narrow distribution of the inter-
lamellar spacing when the alkylammonium ions are
present. Several basal (00l) reflections can be observed.
The peak at high angle26 = 20° d = 4.5 A) remains at

a similar position after cation exchange. It corresponds

TEM specimens were cut from nanocomposite blocks to crystallographic planes of the clay layer, (110) and

using an ultramicrotome, LKB 2088 Ultratome V equipped

(020) [27], and its position is independent of the basal

with a diamond knife. Thin specimens, 100-200 nm, were spacing. The (001) basal spacing of the CWC clay

cut from a mesa of about:d 1 mnf. They were collected in

increases from 12.1 Aor the crude clay to 21.4 Kor

a trough filled with water and placed on 200 mesh copper the organophilic clay (C18-CWC). According to Weiss
grids. Transmission electron micrographs were taken with a [28], the difference in interlamellar spacing between the

JEM-2000EX at an acceleration voltage of 200 kV. The
image analyses were performed with the software NIH
Image 1.61.

two organophilic clays (C18-SWy-2 and C18-CWC)
arises because the CWC clay has a higher layer charge
density than the SWy-2.
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Table 1 duration increases up to 24 h, the interlamellar spacing of
Basal spacings of the C18-SWy-2 and the C18-CWC organoclays, air dried the C18-CWC clay remains constant (éﬂ A
and swollen in DGEBA at 7% for different periods of time In contrast, the basal spacing of the C18-SWy-2 clay

(001) Basal spacing (A increases rapidly upon swelling and is not detectable by
XRD analysis after 18 h, indicating that the average separa-
C18-Swy-2 c18-CwC tion of the layers may be in excess of 88 is could also
Air dried 17.2 21.2 be because distribution of layer spacings leads to a broad
Swollen in epoxy at 7% for peak which is not clearly visible. Observation of the C1.8-
5 min 329 33.8 SWy-2/DGEBA swollen mixture, shows a dramatic
3h 33.9 34.0 increase in viscosity during the mixing. These observations
6h 34.7 34.0 suggest that the C18-SWy-2 clay, but not the C18-CWC
12h 36.3 34.0 clay, initiates a reaction involving the DGEBA molecules,
;iﬂ igg-g 33'3 which affects the structure of the clay. A possible mechan-

ism, suggested by Lan et al. [20], is self-polymerisation of
the DGEBA resin catalysed by the acidity of alkylammo-
3.2. Influence of the nature of the clay nium ions. The dissociation of the alkylammonium cations,

CH(CH,)1sNH3, in the clay galleries generates protons

The organoclays were swollen in the DGEBA resin for attacking the epoxide, causing acid catalysed ring opening
several hours at 7&. Table 1 presents changes in the (001) homopolymerisation. As the polymerisation proceeds
basal spacing of the two organophilic clays with swelling further (longer swelling duration), more DGEBA molecules
duration. After only 5 min of swelling in the epoxy, the migrate in between the layers. This causes the clay layers to
interlamellar spacing of both organoclays has increased tomove further apart from each other.

a value higher than 30.AThe hydrophilic nature of the The driving force for the exfoliation process is believed to
alkylammonium treated clays allows the epoxy molecules be the following. The high surface energy of the clay attracts
to migrate between the layers. The alkylammonium ions polar species such as DGEBA molecules so that they diffuse
have been suggested to reorient from their lateral bilayer in between the layers. If no polymerisation takes place, the
structure in the dry state to a perpendicular orientation system would reach a thermodynamic equilibrium and the
[20] in order to accommodate the prepolymer. The driving layers could not be separated further. As DGEBA molecules
force for this mechanism is controlled by the polarity of the react in the proposed homopolymerisation process, they
epoxy molecules. The suggested perpendicular orientationlower their polarity and displace the equilibrium. Then,
is thought to optimise the solvation interactions between the new polar DGEBA molecules are driven between the layers
alkyl groups and the DGEBA molecules. As the swelling inorder to restore equilibrium. As this mechanism proceeds,
the organic molecules driven between the layers exfoliate
the clay.

The increase in viscosity during the mixing is then due to
the combination of two distinct phenomena: the homopoly-
merisation of the epoxy as well as the increase in effective
clay patrticle size due to increasing separation of the clay
layers. This separation does not occur with the C18-CWC
clay. Apparently, the difference in layer charge density
between the two MMTs greatly affects the structure of the
clay during the swelling phase. This might be explained by
the amount of space occupied by the alkylammonium ions
in the clay galleries. Indeed, due to its relatively low layer
charge density (i.e. low CEC), the C18-SWy-2 clay contains
a lower amount of alkylammonium ions. This means that
6 hours there is more space available for the DGEBA molecules.
The self-polymerisation of the DGEBA resin can then occur
to a larger extent and causes diffusion of new DGEBA
molecules between the clay layers leading to exfoliation
of the clay. Furthermore, since a substantial amount of

26 - Cu (deg) homopolymerisation is apparently taking place in the
. , . . . galleries, the polymer network structure will be inhomoge-
Fig. 2. XRD patterns showing the influence of the swelling duration of the . . .
C18-CWC clay in DGEBA at 7% on the nanocomposite structure. All neous. In part_lcular, we eXp_eCt excess of amm? grQUpS in the
samples contain 5 wt% of organoclay and were cured 3 h°& @Bd post- network outside the galleries. Homopolymerisation prob-
cured 12 h at 11%€. The spectra are displaced vertically for clarity. ably also occurs to a limited extent in the galleries of the
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Fig. 3. XRD patterns showing the evolution of the reflection corresponding
to the (110) and (020) planes with the organoclay content. The intensity of
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After 6 h of swelling at 78C and subsequent polymerisa-
tion, the XRD pattern shows a large shoulder at low angle.
This indicates that a substantial part of the clay is only
partially exfoliated. As swelling duration increases, the
shoulder progressively disappears and an apparently fully
exfoliated structure is obtained after 24 h of swelling and
subsequent polymerisation. This last XRD pattern indicates
that clay layers are separated by more than 8thé largest
basal spacing detectable by XRD. It demonstrates that when
the synthesis is carried out with this epoxy system, the
organophilic clay needs to be swollen at least 24 h in the
DGEBA resin in order to form an apparently fully exfoliated
nanocomposite.

Fig. 3 presents the XRD patterns of three nanocomposite
samples containing 5, 10 and 15 wt% of organoclay. Even
though no (001) basal spacing reflections can be detected at
low angle, a peak situated around2 20 is observed and
its intensity increases with the clay content. This peak corre-
sponds to crystallographic planes of the clay layer, (110)
and (020). The presence of this peak is important because
it demonstrates that the XRD analysis is sufficiently sensi-

this peak is proportional to the clay content. The spectra are displaced tive to detect the presence of the clay in the nanocomposite

vertically for clarity.

C18-CWC clay although the limited space restricts the
mobility of the DGEBA molecules and prevents a larger
spread of the reaction.

3.3. Influence of the swelling of the C18-CWC clay in
DGEBA resin

The effect of swelling time on clay layer separation in the
cured nanocomposite is of interest. In Fig. 2, XRD patterns

are presented for Jeffamine D-230 crosslinked epoxy—clay tr

nanocomposites containing 5wt% of C18-CWC and
subjected to different swelling durations prior to curing.

Av. grey level

0 Distance (nm) 35

Fig. 4. TEM micrograph of a nanocomposite synthesised with C18-CWC.

Image analysis of the enlargement brings to the fore the presence of a stack

of (a) intercalated clay and (b) a multiplet of untreated clay (b). The clay
content is 5 wt%.

and to quantify it. This is important in order to allow us to
conclude that an exfoliated nanocomposite has been synthe-
sised. Indeed, if the XRD analysis is unable to detect the
clay, no (001) peak appears at low angle providing a risk for
the misleading conclusion that an exfoliated nanocomposite
has been obtained. Detection of the peak corresponding to
the (110) and (020) planes prevents this mistake.

3.4. Nanocomposite structure

The nanostructure was studied by TEM. Fig. 4 shows the
ansmission electron micrographs of the nanocomposite
synthesised with the C18-CWC clay. The overall picture
shows that the clay layers are not occupying the full volume
and large regions of pure polymer matrix are visible. At this
scale, considerable inhomogeneity is apparent rather than a
monolithic structure. A closer observation of the micro-
graph at high magnification reveals that each dark line
often corresponds to several clay layers (3-5). In some
cases, this is because the layers are closely stacked together,
suggesting the absence of alkylammonium ions in the
galleries. In other cases, the layers are intercalated with a
d-spacing of only around 30 fsee the enlargement in Fig.
4). The presence of those multiplets was also observed by
Akelah et al. in butadieneacrylonitrile/MMT nanocompo-
sites [29]. This interesting detail in the nanostructure
demonstrates that the epoxy resin does not diffuse into all
the clay galleries during the swelling period. As a conse-
guence, all layers are not separated individually upon poly-
merisation. The average distance between the stacks of
layers evaluated from the overall picture is around 90 A
This is in good agreement with XRD results where no
basal (00I) reflection is observed. XRD is unable to detect
regular stacking exceeding 88 Mne may note that the
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Fig. 5. TEM micrograph of a nanocomposite synthesised with C18-SWy-2. Image analysis of the enlargement reveals the presence of stackedf intercalat
clay (a) at about 11 nm distance from each other. The clay content is 5 wt%.

commonly used definition of an exfoliated nanocomposite is Indeed, when the polymerisation is initiated by addition of
based on a layer spacing larger than this value. In reality, the curing agent, self-polymerisation of the resin has already
TEM micrographs tell us, also a nanocomposite with a layer separated the layers significanthy &8 A). Addition of the
spacing larger than this value shows regular spacing and iscuring agent and the associated polymerisation may sepa-
of very similar structural nature as an intercalated compo- rate the layers further apart as compared with the C18-CWC
site. clay.

Fig. 5 presents a TEM micrograph of a nanocomposite  The distribution in layer spacing is also apparent from the
synthesised with C18-SWy-2 clay. A similar arrangement of TEM micrographs. This is important to keep in mind as
the layers as in Fig. 4 is observed with the presence of XRD data are interpreted and has perhaps not been fully
multiplets (see enlargement in Fig. 5). The average distanceappreciated in the past. Our previous interpretation of
between the stacks of layers is about 110TAe difference XRD data therefore needs some clarification. Although it

in morphology of the two clays in their nanocomposites is
apparently due to self-polymerisation of the DGEBA resin
induced by the C18-SWYy-2 clay during the swelling phase.

2
G
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R= a
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-
=
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144 974
1 5 10 15 20
26 - Cu (deg)

Fig. 6. XRD patterns of (a) an exfoliated nanocomposite and (b) a conven-
tional composite where the clay (CWC) is added as a conventional filler.
The clay content is 5 wt%. The spectra are displaced vertically for clarity.

is common practice to classify a nanocomposite as fully
exfoliated from the absence of (00l) reflections, TEM
micrographs reveal a more complex situation. The average
layer spacing may even be smaller than 88\/¢here the
absence of (00I) reflections is primary caused by a wide
distribution in layer spacings. Indeed, a very wide distribu-
tion in layer spacing would result in smooth shoulders rather
than distinct peaks in the XRD spectrum.

3.5. Comparison between a nanocomposite and a
conventional composite structure

Fig. 6 presents the XRD pattern of an exfoliated nano-
composite using C18-CWC compared with the one obtained
with a composite where the crude clay (CWC) has been
added as a normal filler. The comparison of the peak situ-
ated at @ = 20° suggests that a similar amount of clay is
embedded in the epoxy resin. The difference between the
two structures is observable in the diffraction patterns
obtained at lower angle. Indeed, whereas the nanocomposite
shows no basal reflection, the conventional composite
shows two peaks: a broad peak correspondingkspacing
of 14A and a sharp one corresponding tal-apacing of
9.7A The sharp peak corresponds to the interlamellar
spacing of the dry clay. The broad peak is related to the
presence of clay in the hydrated state. Hydration of the
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Fig. 7. SEM micrographs of (a) an exfoliated nanocomposite and (b) a
conventional composite where the clay (CWC) is added as a normal filler.
The clay content is 5 wt%.
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context of mechanical properties where the microstructure
rather than the nanostructure may control several phenom-
ena.

4. Conclusions

The cation-exchange capacity of the clays is of impor-
tance in the synthesis of epoxy—clay nanocomposites
because it determines the amount of alkylammonium ions,
which can be intercalated between the layers. In this
context, the swelling phase is of critical importance to the
final nanocomposite structure. An MMT with a low CEC
(94 meq/100 g) is exfoliated already during swelling in the
epoxy resin prior to curing. A possible mechanism explain-
ing this phenomenon is homopolymerisation of the epoxy
resin during the swelling phase, causing diffusion of new
epoxy molecules into the clay galleries. The large amount of
space available between the layers favours the diffusion.
The swelling duration of the clay with high CEC
(140 meq/100 g) is shown to be critical for the synthesis
of an exfoliated nanocomposite.

Regarding the structure, TEM micrographs reveal inter-
lamellar spacing of 90 llow CEC) and 110 Ahigh CEC).
However, multiplets of non-exfoliated layers were also
observed. Although itis common practice to classify a nano-
composite as fully exfoliated from the absence of (00I)
reflections, these micrographs reveal a more complex situa-
tion. The large distribution of basal spacings may, in fact,
cause the absence of (00l) reflections. In summary, these
nanocomposites contain clay-polymer composite particles
consisting of inhomogeneously distributed silicate layer
aggregates with polymer between these layers.

On the microscale, the nanocomposites do not present a
monolithic structure either, although the SEM micrographs
demonstrate a finer dispersion of the clay particles in the
nanocomposite as compared with the conventional compo-

crude clay occurs during the swelling phase and may be duesite based on the same constituents. Since fracture proper-

to the presence of water molecules in the epoxy resin.
Fig. 7 presents the microstructures of these two materials
observed by SEM. The bright spots on the backscattered

ties may be controlled by microscale phenomena, this
emphasises the need to also optimise the structure on the
microscale as new nanocomposite materials are developed.

images correspond to clay aggregates. Fig. 7a presents the

microstructure of a nanocomposite with 5 wt% of organo-
clay. The clay particles are finely dispersed in the material.
Moreover, the finest dispersion can probably not be detected
by SEM. In the conventional composite (Fig. 7b), large
aggregates around 10n in diameter are observed. Appar-
ently, the clay particles are more finely dispersed in the
nanocomposite as compared with in the conventional
composite. This difference must be due to the treatment of
the clay. The alkylammonium ions render the clay organo-
philic and allow a better dispersion of the clay in an organic
medium. However, it is interesting to note that the nano-
composite does not show a monolithic structure as defined
by Lan et al. [23]. Small particle aggregates are observable
at relatively low magnification. This is very important in the
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