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Effect of processing parameters and clay volume
fraction on the mechanical properties
of epoxy-clay nanocomposites
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The influence of processing parameters and particle volume fraction was experimentally
studied for epoxy clay nanocomposites. Nanocomposites were prepared using onium ion
surface modified montmorillonite (MMT) layered clay and epoxy resin (DEGBF). Two different
techniques were used for dispersing the clay particles in the epoxy matrix, viz. high-speed
shear dispersion and ultrasonic disruption. The volume fraction of clay particles was
systematically varied from 0.5 to 6%, and mechanical properties, viz. flexural modulus and
fracture toughness, were studied as a function of clay volume fraction and the processing
technique. The flexural modulus was observed to increase monotonously with increase in
volume fraction of clay particles, while, the fracture toughness showed an initial increase on
addition of clay particles, but a subsequent decrease at higher clay volume fractions. In general,
nanocomposites processed by shear mixing exhibited better mechanical properties as
compared to those processed by ultrasonication. Investigation by X-ray diffraction (XRD)
revealed exfoliated clay structure in most of the nanocomposites that were fabricated.
Morphologies of the fracture surfaces of nanocomposites were studied using a scanning
electron microscopy (SEM). Presence of river markings at low clay volume fractions provided
evidence of extrinsic toughening taking place in an otherwise brittle epoxy.

© 2006 Springer Science + Business Media, Inc.

1. Introduction

It is common to reinforce polymers with a second organic
or inorganic phase to produce a polymer composite. Poly-
mer nanocomposites, where the size of the reinforcement
phase is of the order of a few nanometers, offer an excel-
lent alternative to neat polymers and conventional com-
posites. In nano-scale particle reinforced polymer com-
posites, the enhancement in mechanical properties is di-
rectly related to the surface area of the reinforcement [1].
For a given volume fraction, the surface area of these
nano-scale fillers is much higher as compared to that of
micron sized fillers. As a result, significant enhancement
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in various properties can be observed using very low vol-
ume fractions of nano-scale fillers. Since high degrees
of stiffness and strength are realized with far less high-
density inorganic material, polymer nanocomposites tend
to be much lighter than conventional polymer composites
that have typical filler volume fractions of 30-60%.

In recent years, researchers have developed and inves-
tigated polymer nanocomposites based on a wide vari-
ety of nano-scale fillers including clay particles (layered
silicates) [2, 3], aluminum particles [4, 5], TiO, par-
ticles [6], carbon nanotubes [7], etc. Amongst various
fillers, those based on layered silicates offer the greatest
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commercial potential because these clays are readily
available, are cheaper than other nano-scale fillers and
have well understood intercalation chemistry [1, 8, 9].
Because of the nanometer size particles obtained by dis-
persion of the individual clay platelets, polymer-clay
nanocomposites have markedly improved mechanical,
thermal and physico-chemical properties as demonstrated
first by Toyota researchers in the early 1990s [10, 11].
The primary focus of these early investigations was to
enhance the thermogravimetric properties and the modu-
lus of thermoplastics such as nylon. It was reported that
addition of as little as 2% volume of inorganic layered sil-
icate with nylon-6 increased the tensile strength by 40%
and modulus by 68%. The heat distortion temperature of
nylon-clay composite was higher by 87°C as compared to
neat nylon-6, which has a heat distortion temperature of
65°C. Motivated by these studies, many researchers have
synthesized and studied the properties of various clay
filled thermoplastic resins such as polyamides [12-14],
polyimides [14-16], polyethylene [17, 18], poly(methyl
methacrylate) [19, 20], ethylene vinyl acetate copolymers
[21, 22] and so on. Alexandre and Dubois [23] provide
a summary of different polymers and fabrication routes
available in the literature. Recently, researchers have also
focused on polymer-clay nanocomposites based on ther-
mosetting resins, especially epoxy [9, 24, 25]. The focus
of the current investigation is to study the effect of differ-
ent processing techniques on the fracture toughness and
flexural modulus of epoxy-clay nanocomposites.
Depending on the nature of components (clay and poly-
mer), the method of preparation (melt, solution or in-situ
polymerization) and the processing techniques used, var-
ious clay-polymer morphologies viz. phase separated, in-
tercalated or exfoliated structure can be obtained [23]. It
is generally believed that the improvement in properties
of the clay nanocomposites is directly related to the com-
plete exfoliation of silicate layers in the polymer. In epoxy
based systems, the final structure of the clay particles de-
pends on the type of resin and curing agent used and the
rate of curing. For the case of highly flexible and low glass
transition temperature epoxies, the addition of clay leads
to a greater increase in the modulus and strength as com-
pared to epoxies that are rigid and have a high glass transi-
tion temperature [26]. It has also been shown that difunc-
tional epoxy systems and aliphatic diamine based curing
agents favor exfoliation under optimum curing cycle [24,
27]. Polymerization is believed to be the indirect driving
force for the exfoliation [28]. The clay, due to its high sur-
face energy, attracts polar monomer molecules in the clay
galleries until equilibrium is reached. The polymerization
reactions occurring in the clay galleries lower the polarity
of the intercalated molecules and displace the equilibrium.
This allows new polar species to diffuse between the lay-
ers and progressively exfoliate the clay [24, 27]. Thus,
both the nature of the curing agent as well as the curing
conditions play important roles in the exfoliation process.
Most of the research on epoxy-clay nanocomposites has
focused on obtaining either an intercalated or exfoliated
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structure and studying the influence of these structures
on the mechanical properties of the composites, partic-
ularly on modulus and strength. Very few studies have
investigated the fracture toughness of such nanocompos-
ites and the preliminary results are inconclusive. Using a
compact tension specimen, Becker et al. [24] found that
for a epoxy-nanoclay system containing ammonium ion-
modified montmorillanite clay dispersed in bifunctional
diglycidyl ether of bisphenol-A (DGEBA) and tetrafunc-
tional tetraglycidyldiamina diphenylmethane (TGDDM)
resins, the toughness (and stiffness) increased with clay
concentration. On the other hand, Roy et al. [29] reported
a decrease in fracture toughness with an increase in clay
concentration in a bisphenol-A epoxy resin. In the former
case, clay particles were dispersed into the epoxy resin
using a stirrer at 500 revolutions per minute, whereas
in the latter case, clay was hand mixed into the epoxy
resin for 20 minutes. The disparity in the two observa-
tions is probably due to different clay structures resulting
from the different processing techniques used. Therefore,
it would be of interest to study the toughening mechanisms
in epoxy-clay systems and the influence of clay particles
on fracture toughness of these composites as a function of
processing parameters and material microstructure, so as
to come up with the most suitable processing technique.
In the present study, nanocomposites were fabricated with
epoxy and clay using two different fabrication processes
and investigations are carried out to study their influence
on the fracture toughness and flexural modulus of these
composites.

2. Material fabrication

The clay used in this study is a commercially available oc-
tadecyl ammonium ion modified montmorillonite (MMT)
layered silicate (Nanomer® I.30E, Nanocor Inc., Arling-
ton Heights, Illinois, USA) that has a particle size of
8-10 um. The epoxy resin used is a diglycidyl ether of
bisphenol F (Epon 862, Resolution Performance Products,
Houston, Texas, USA) which was cured using a moder-
ately reactive, low viscosity aliphatic amine curing agent
(Epikure 3274, Resolution Performance Products, Hous-
ton, Texas, USA). For mixing the clay with epoxy, a high-
speed shear disperser (T-25 ULTRA TURRAX with SV
25 KV-25 F dispersing element, IKA Works Inc., Wilm-
ington, North Carolina, USA) and ultrasonic agitator (750
TSD, Tekmar Co., Cincinnati, Ohio, USA) were used.

A desired amount of clay was added to preheated (60°C)
liquid epoxy resin using mechanical mixing. The mixture
was mixed for 1 h while maintaining the temperature at
60°C using a hot plate. Subsequently, the mixture was
processed with either the high speed shear dispesser (op-
erating at 15,000 rpm) or the ultrasonic agitator (20 kHz
frequency; 9.0 sec on-off cycle) for 30 minutes. During
this process the temperature of the mixture was main-
tained at about 65°C by using an ice bath. The mixture
was then degassed in a vacuum chamber for 12 h to com-
pletely remove trapped air. A stoichiometric amount of



the curing agent was then added and hand mixed gently
to avoid introduction of any air bubbles due to mixing
action. The final slurry, free of air bubbles, was poured
into an aluminum mold and allowed to cure under room
temperature for 24 h followed by post curing at 121°C for
6 h. This resulted in a cured sheet of epoxy-clay nanocom-
posite with the nominal dimensions of 110 x 100 x 6.35
mm. Specimens for fracture toughness and flexural modu-
lus tests were then cut out of this cured sheet. The volume
fraction of the clay was varied from 0.5% to 6% to study
the influence of clay concentration on mechanical prop-
erties. Note that due to difficulties in removing the air
bubbles in 6% clay volume nanocomposites processed by
ultrasonication, final fabricated plate had minute air bub-
bles and therefore, experiments were not carried out for
this particular case.

3. Measurements

The presence of voids has a deleterious effect on the frac-
ture properties of the composite. Hence, density mea-
surements were performed on all nanocomposites to en-
sure void free composites. Densities of the plain epoxy
and the epoxy-clay nanocomposites were measured using
Archimedes’ principle as per Equation 1.
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where, p; is the density of specimen, p; is the density of
distilled water; W, and W, are the weights of specimen in
air and distilled water, respectively. At least four samples
were tested for each volume fraction and each material
process in order to determine the density as per Equation 1.

The flexural moduli of neat epoxy and the epoxy-clay
nanocomposites were determined as per ASTM standard
D6272-02 [30]. Specimens with a nominal size of 63.5
x 12.7 x 6.35 mm (2.5 x 0.5 x 0.25 in.) were quasi-
statically loaded under four-point bending on a bench-top
testing frame (Tira Test 2500, TIRA GmbH, Schalkau,
Germany) at a crosshead speed of 1.5 mm/minute, with a
support span width of 49.6mm and a loading span width of
24.8 mm. The load was measured using a 2000 N load cell,
and the load-point specimen displacement was measured
using a linear variable displacement transducer (Schaevitz
Sensors, Hampton, Virginia, USA). Flexure modulus was
studied as a function of volume fraction for the nanocom-
posites fabricated using the different processes. At least
four samples were tested for each volume fraction and
each material processing technique used.

Experimental values for flexural modulus were com-
pared with theoretical predictions for Young’s modulus
using expressions given by Hashin-Shtrikman [31] and
Norris [32]. Hashin-Shtrikman bounds for Young’s mod-
ulus were calculated for a two-phase material using the
relation as given in Equation 2,
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where, K represents the estimated bulk modulus and G
represents the estimated shear modulus of the composite,
and x = U and x = L for the upper and lower bounds,
respectively. The upper and lower bounds on bulk and
shear moduli are calculated using Equations 3a—3d [31].
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where, K, G and V are the bulk moduli, shear moduli and
volume fractions, respectively. The subscript 1 is used
for the matrix and subscript 2 for inclusions; K; > K
and G, > Gy. The bulk and shear moduli of matrix and
inclusion were calculated from the Young’s modulus and
Poisson’s ratio using the usual Equations 4a and 4b.
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The Young’s modulus, E, and Poisson’s ratio, v, of epoxy
were taken as 2.7 GPa and 0.3, respectively. It is common
to assign the values of Young’s modulus and Poisson’s
ratio of muscovite for montmorillonite due to the similar-
ities in their crystal structure and chemical composition
[33]. Hence, the Young’s modulus and Poisson’s ratio of
clay inclusions were taken as 167 GPa and 0.23, respec-
tively.

A set of expressions, for the prediction of bulk and
shear moduli of composites reinforced with inclusions
in the form of isotropic oblate spheroids with small
aspect ratio and with small volume fractions, were
given by Norris [32]. Estimated Young’s modulus was
also calculated using bulk modulus and shear modulus
obtained by using Equations 5a and 5b [32, 33]. In
these expressions, the inclusions are considered as
homogenously distributed isotropic oblate spheroids with
aspect ratio, x = c/a, where a and c are the equatorial
and polar radii, respectively.
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where, K, G and V are the bulk modulus, shear modulus
and volume fractions, respectively, as before, and v is
the Poisson’s ratio. The subscript 1 is used for matrix
and subscript 2 for inclusions. The isotropic spheroid
inclusions degenerate into isotropic platelets when the
aspect ratio, x = c/a — 0.

Fracture tests were carried out on neat epoxy and epoxy-
clay nanocomposites using single edge notched speci-
mens having a nominal size of 55.8 x 12.7 x 6.35 mm
(2.2 x 0.5 x 0.25 in.). Specimens were quasi-statically
loaded under three point bending on the bench-top testing
frame. In order to generate a starter crack, first a 4.8 mm
deep notch was machined into the specimen using a high-
speed diamond saw (MK-370, MK Diamond Products
Inc., Torrance, California, USA). Subsequently, a razor
blade was inserted into this machined notch and tapped
with a small load using a jig designed in-house to gen-
erate a small, yet well-controlled starter pre-crack. The
peak load, as obtained from the load-displacement curve,
was used as the maximum applied force, P, to determine
the fracture initiation toughness.

Precise measurement of crack length, a, was done af-
ter the fracture experiments using an optical microscope
equipped with a micrometer stage. All specimens consid-
ered valid for fracture tests have a nominal crack length
to specimen width ratio, a/W, of 0.45-0.5, as per ASTM
standard 5045 [35]. The fracture initiation toughness was
calculated as,

Pmax

N
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where P« is the maximum applied force, B is the thick-
ness of specimen, W is width of the specimen and the
function fis a geometry factor [36].

In order to investigate the structure of clay formed in the
final composites, wide angle X-ray diffraction (WAXD)
measurements were carried out on epoxy-clay composites
with 0.5 to 6% clay and fabricated by both high shear mix-
ing and ultrasonication using Scintag PAD-X automated
diffractometer with a CuK,, radiation (A = 0.1540 nm) and
a scanning rate of 0.5° per min. The generator was oper-
ated at45 kV and 25 mA. WAXD measurements were also
performed on cured samples of neat epoxy (EPON 862)
and pure clay powder (Nanocor 1.30E). As mentioned ear-
lier, experiments were not performed on 6% clay volume
nanocomposites processed by ultrasonication due to dif-
ficulties in removing the air bubbles in final fabricated
plate.
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Figure 1 Variation of density as a function of volume fraction of clay
for epoxy-clay nanocomposites fabricated using high shear mixing and
ultrasonication.

4. Results and discussion

Fig. 1 shows the variation of density with respect to
clay volume fraction for epoxy-clay nanocomposites fab-
ricated using high sear mixing and ultrasonication. As
expected, the composite density increased directly in pro-
portion with the clay volume fraction. The actual increase
in density values was small, for example, the density of
neat epoxy (1.17 g/cc) increased by 2% upon the addition
of 6% volume fraction of clay. Variations in density are in
excellent agreement with calculations based on the rule-
of-mixtures approach. Also, no difference in composite
density was observed for nanocomposites fabricated us-
ing either of the two processing techniques.

Fig. 2 shows the variation of flexural modulus as a func-
tion of clay volume fraction for the two types of epoxy-
clay nanocomposites along with Hashin-Shtrikman
bounds on Young’s modulus and theoretical estimates of
Young’s modulus calculated using Equations 5a and 5b
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Figure 2 Variation of flexural modulus as a function of clay volume frac-
tion for nanocomposites fabricated by high shear mixing and ultrasonica-
tion along with theoretical predictions using expressions given by Hashin-
Shtrikman [31] and Norris [32].



[32, 33] and with different aspect ratios, x. In general,
the modulus increased monotonically with the addition
of clay. However, the rate of increase was greater at lower
volume fractions. Also, while the trends were similar, the
absolute values of modulus were higher for nanocompos-
ites fabricated using high shear mixing as compared to
those using ultrasonication. The overall increase in mod-
ulus was significant, especially for materials processed
using high-shear, for example at a clay volume fraction of
6% the nanocomposite modulus was 35% higher than that
for nanocomposites containing 0.5% clay by volume, for
the nanocomposites fabricated by shear mixing. These
improvements in properties are significant considering
the increase in weight of the nanocomposites, which is
merely 2%. Earlier, it was shown by Lan and Pinnavaia
[26] that there is a significant improvement in the tensile
modulus with increased clay volume fractions and exfo-
liation of clay in epoxy-clay nanocomposites. It is seen
that, at lower volume fractions (0 to 2%), the experimental
values lie close to theoretical prediction of modulus
based upon completely exfoliated and homogenously
distributed platelets with aspect ratio x = 1/200. This is
true for both composites prepared by both shear mixing
and ultrasonication. For clay volume fractions greater
than 2%, the composites fabricated by high shear mixing
and ultrasonication behave like two-phase composites
with spheroids having aspect ratio x = 1/7 and x = 1/4.5,
respectively. In the light of X-ray diffraction observations,
which, as discussed later, point towards complete exfolia-
tion even at the higher clay loadings, the decreasing rate of
modulus improvement may be attributed to the presence
of isolated clay aggregates at higher volume fractions. A
similar trend for modulus has been reported previously in
literature [37]

Fig. 3 shows the variation of fracture toughness as a
function of clay volume fraction for the nanocomposites
fabricated by high speed shear mixing and ultrasonica-
tion. In the case of epoxy-clay nanocomposites fabricated
using shear mixing, the fracture toughness increased by
about 35%, as compared to that of neat epoxy, for a clay
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Figure 3 Variation of stress intensity factor as a function of volume fraction
of clay for epoxy-clay nanocomposites fabricated using high shear mixing
and ultrasonication.
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Figure 4 Plots of applied load against cross-head displacement for plain
epoxy specimen and nanocomposite specimens fabricated using high shear
mixing obtained during fracture experiments.

volume fraction of 2%. As the clay loading was increased
further, the fracture toughness remained constant till a
clay volume fraction of 4%. However, the fracture tough-
ness started to decrease beyond this point as the clay
volume fraction was increased even further to 6%. Simi-
larly, the nanocomposites fabricated using ultrasonication
showed an increase of about 20% in the fracture tough-
ness at a clay volume fraction of 2% and dropped slightly
for a clay volume fraction of 4%. Experiments were not
conducted on nanocomposites fabricated using the ultra-
sonication with 6% clay volume fraction because of the
presence of air bubbles in the fabricated material. At low
volume fractions of clay (< 1%), epoxy-clay nanocom-
posites prepared by ultrasonication exhibited greater in-
crease in toughness compared to those prepared by shear
mixing. Beyond this point (> 1%), nanocomposite sam-
ples fabricated using shear mixing show greater increase
(about 13% higher) in toughness. The improvements in
the mechanical properties of epoxy-clay nanocomposites
over neat epoxy can be attributed to the dispersion of clay
and the exfoliation of clay particles, which is indicated by

a:Epon 862 d:2% clay
b:0.5% clay e :4% clay
c: 1% clay f: 6% clay

2 4 6 8 10 12 14
2 theta

Figure 5 'WAXD patterns for epoxy-clay composites with varying clay
loadings fabricated using high shear mixing.
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; oo XRD measurements as discussed later. Although the XRD

2.2 nm a:Epon862 d:2% clay o
b:0.5%clay e : 4% clay measurements suggest complete exfoliation of clay even
c:1%clay  f:130E clay for higher volume fractions of clay in case of epoxy-clay
composites prepared by high shear mixing, isolated par-
ticle agglomerates could leads to reduced fracture tough-
ness in these composites. These particle agglomerates can
act as failure sites from where the crack initiates and thus

-4«-./'.\'\‘ M influence the values of the critical stress intensity factor,
'd\‘\\‘ M KIc-

C

I

..

a

Relative intensity

M Fig. 4 shows the load-displacement plots obtained dur-

ing the fracture experiments conducted on single edged
notched specimens of epoxy-clay nanocomposites pre-
5 YR é — é — '1'0' : '1'2' : '1'4' pared by hig}} shear mixing along with one that corre-
2 theta sponds to plain epoxy. All the plots are from specimens

with similar initial pre-crack length to aid in direct com-

Figure 6 WAXD patterns for epoxy-clay composites with varying clay  parison. The nature of the fracture process can be inferred
loadings fabricated using ultrasonic mixing. from these load-displacement plots. Neat epoxy exhibits

Figure 7 Optical micrographs showing fracture surfaces of specimens subjected to 3 point bending fracture experiments for (a) neat epoxy, (b) nanocom-
posites fabricated by high shear mixing with 0.5% clay volume fraction, and (c) nanocomposites fabricated by high shear mixing with 2% clay volume
fraction. The arrow denotes the location where the crack initiated under loading and also the direction of crack propagation.
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Figure 8 SEM micrographs of fracture surface of epoxy-clay nanocomposites fabricated by high shear mixing (a) 1% clay volume fraction, (b) 6% clay

volume fraction.

brittle fracture as the plot shows a sudden drop in load
upon attainment of the peak load corresponding to frac-
ture initiation. On the other hand, the plots obtained for
nanocomposite specimens show a gradual decrease in the
load after attainment of the peak load, which shows that
there is sub-critical crack growth and that toughening is
taking place in these nanocomposites.

For materials that do not exhibit crack growth related
toughening, the failure is expected to be catastrophic, as
observed for neat epoxy. In contrast, the failure behavior
of the nanocomposites shows that considerable increase in
fracture toughness (crack growth resistance) occurs with
the increasing crack length, even at very small volume
fractions of clay. The load-displacement plots shown in
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Figure 9 SEM micrographs of fracture surface of epoxy-clay nanocomposites fabricated by ultrasonication (a) 1% clay volume fraction, (b) 6% clay

volume fraction.

Fig. 4 also confirm the increase in modulus with the in-
crease in clay volume fraction.

XRD analyses were performed on epoxy-clay speci-
mens prepared by using high shear mixing and ultrasoni-
cation. Figs 5 and 6 show the diffractograms obtained for
epoxy-clay specimens prepared by using high shear mix-
ing with clay volume fraction of 0 to 6% (Fig. 5a to 5f)
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and ultrasonication with clay volume fraction of 0 to 4%
(Fig. 6a to 6e), respectively. No prominent peak is seen
in the diffractograms of any of the samples fabricated
using high shear mixer (Fig. 5). This indicates that com-
plete exfoliation is achieved for these samples. The only
epoxy-clay composite showing a distinct peak is the one
with 4% clay and fabricated using ultrasonication (6e).



It shows a characteristic peak at 2.2 nm corresponding
to the (001) plane. Relative intensity obtained for pure
I.30E clay powder is also shown (6f) in which charac-
teristic peaks corresponding to (001) and (002) planes
can be seen at 2.2 nm and 1.1 nm, respectively. From
Fig. 6, it can be inferred that an exfoliated clay structure
is obtained for clay loadings of 0.5 to 2%, whereas the
clay structure is unaltered for 4% clay loading.

Morphologies of fractured surfaces of nanocomposite
specimens that were tested for fracture toughness were
studied under an optical microscope and also using
scanning electron microscopy (SEM). Fig. 7 shows the
optical micrographs of the fracture surface across the
specimen for neat epoxy (7a), and epoxy fabricated
using the high shear mixer with 0.5% clay (7b) and
2% clay (7c). Figs 8 and 9 show SEM micrographs
of the fracture surface of epoxy-clay nanocomposites
processed using high-shear mixing and ultrasonication,
respectively, for clay volume fractions of 1% and 6%.
Differences in scattering densities of clay and epoxy
facilitate differentiation of clay aggregates, and hence,
their characteristics and distribution. These micrographs
provide important insights regarding clay distribution,
particle-crack interaction, and particle-matrix interface,
and help in better understanding the processing-structure-
property relationships. The fracture surfaces of neat
epoxy specimens exhibited a clean featureless surface
that results from brittle failure of epoxy. In contrast, frac-
ture surfaces of all the epoxy-clay nanocomposites show
greatly increased roughness characterized by ’river-line’
markings. These marking indicate the presence of extrin-
sic toughening mechanisms such as crack path deflection
and micro-cracking which result in increased resistance to
crack propagation in the clay reinforced nanocomposites.
Also, as can be seen for Figs 7, 8 and 9, the river-line
markings were more prominent for specimens containing
lower volume fractions of clay (0.5% and 1% clay). This
was true for the composites processed using both the
techniques: high shear mixing and ultrasonication. Fewer
river markings were observed in fracture specimens with
higher clay loadings that also exhibited large particle
agglomerates and reduced fracture toughness. Both the
high shear mixing and ultrasonication techniques were
capable of breaking particle agglomerates in nanocom-
posites to some extent for clay volume fractions under
2%. However, at higher clay volume fractions, isolated
particle agglomerates were present in nanocomposites
fabricated using both the techniques.

5. Conclusion

Influence of processing parameters and particle vol-
ume fraction on the mechanical properties of epoxy-clay
nanocomposites was studied. Nanocomposites were fabri-
cated using two different processing techniques viz., high
speed shear mixing and ultrasonication, and clay volume
fraction was systematically varied from 0.5 to 6%. Flexu-
ral modulus and fracture toughness of the nanocomposites

were measured and fracture surfaces were characterized
using scanning electron microscopy. It was observed that
addition of clay particles in epoxy resulted in considerable
toughening of the nanocomposites leading to slow crack
growth. Of the two processing techniques investigated,
high speed shear mixing resulted in better dispersion of
clay particles and better mechanical properties than ultra-
sonication. In both the cases, flexural modulus increased
monotonously with clay volume fraction, whereas frac-
ture toughness values exhibited an initial increase, and
then a drop following a brief plateau region. Experi-
mental values of flexural modulus lie within Hashin-
Shtrikman bounds calculated for a two-phase compos-
ite. Also, comparison with theoretical predictions sug-
gests that, at lower clay volume fractions, the composites
fabricated by both high shear mixing and ultrasonication
behave as nanocomposites with homogenously dispersed
exfoliated platelets. X-ray diffraction studies confirm the
exfoliated clay structure in all the composites except one
with 4% clay volume fraction and mixed using ultrasoni-
cation. The drop in fracture toughness is attributed to the
presence of isolated particle agglomerates at higher clay
volume fractions as was evident from the SEM micro-
graphs. Particle agglomerates, and their detrimental effect
on the mechanical properties of the nanocomposites were
seen at much higher clay volume fraction of 6% in the
nanocomposites fabricated by shear mixing as compared
those prepared by ultrasonication where these effects were
observed at a relatively lower clay volume fraction of 4%.
This shows that, of the two fabrication techniques studied,
high shear mixing leads to better dispersion and hence su-
perior mechanical properties in the epoxy-clay nanocom-
posites, albeit with a limitation on volume fraction.
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