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ABSTRACT

The present work is focused on evaluating the effect of the
processing method and nanoclay (montmorillonite) content on
the tensile, compressive and impact properties of clay-epoxy
nanocomposites. Nanocomposites are synthesized by two
methods: mechanical mixing and shear mixing. Both these
methods are capable of producing bulk quantities of clay-
epoxy nanocomposites. The x-ray diffraction (XRD) analysis
indicates that the nanoclay has exfoliated in the mechanically
mixed specimens. Results show that as nanoclay content
increases the tensile modulus increases for both mechanically
and shear mixed specimens, while the compressive modulus
remained largely unchanged. The total energy absorption
under impact loading is found to be higher in mechanically
mixed specimens.

INTRODUCTION

The interest in clay-polymer nanocomposites has been
increasing ever since Toyota demonstrated commercial
applications of nylon 6/clay nanocomposites [1]. Other types
of nanoparticles are also being incorporated into polymeric
resins in order to fabricate materials with increased
performance. Some common examples of the nanoparticulate
reinforcements include carbon based nanoparticles such as
nanotubes, metals such as copper and aluminum, and ceramics
such as alumina and silica. These nanoparticles are loaded into
epoxies, PMMA, nylon, and polystyrene, as well as types of
polymers. The nano-scale particles possess enormous surface
area. Hence, the interfacial area between the two intermixed
phases in a nanocomposite is substantially larger than
traditional composites. This results in increased bonding
between the particles and the matrix. Therefore, several
mechanical, thermal and electrical properties of
nanocomposites are observed in order to be better than those
of convectional micro-composites or the neat matrix resin [2-
9]. In some cases the nanoparticle reinforced resins have been
used as matrix materials to fabricate conventional micro-
composites [10, 11].

The main applications of nanocomposites are in the
automotive, energy and packaging sectors. The current global
nanocomposite market size is around US$300 million and is
expected to exceed US$ 1b within the next five years [12, 13].
Currently, nanoclay filled composites account for almost 25%
by volume of total nanocomposites usage and their market
share is rapidly increasing. The relatively low cost of nanoclay,
and rising energy and polymer prices are contributing to the
increased use of clays as fillers to achieve saving of matrix
polymers.

Clay-epoxy nanocomposites have attracted considerable
technological and scientific attention because these materials
offer a wide array of property improvements at very low filler
content. Montmorillonite clay has a layered structure in which
individual layers of typically 1 nm thickness and 0.1-2 pum
length and width have interlayer spacing of 2-3 nm [14]. These
layers are bonded together by Van der Waal's forces. The
enhancement of mechanical properties in nanocomposites
depends on the intercalated or exfoliated content (Figure 1) of
nanoclay in the polymer matrix [15, 16]. In the exfoliated
condition their surface area can be as high as 750 m?/g.
However, the complete exfoliation of nanoclay still remains a
significant challenge in various types of polymers. The
development of simple and cost effective processing methods
that lead to the complete exfoliation of nanoclay particles will
result in the widespread applications of these composite
materials.
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Figure 1. Schematic representation of the microstructure of clay-
polymer nanocomposites (a) conventional clay particle (b)
intercalated structure and (c) exfoliated structure.

In the present work two processing methods have been
used to synthesize bulk quantities of clay-epoxy
nanocomposites. XRD analysis is carried out to determine the
dispersion of nanoclay in the composite material. The effect of
processing method and nanoclay content on the tensile,
compressive, and impact properties of nanocomposites is
evaluated. These properties are compared with those of the
neat epoxy resin to observe the difference caused by
nanoparticles.



EXPERIMENTAL
Materials

The nanoclay selected for the study is Cloisite® 30B,
supplied by Southern Clay Products. This clay is a natural
montmorillonite mineral modified with a quaternary
ammonium salt. The nanoclay particles were surface modified
in order to facilitate their dispersion and exfoliation within the
epoxy matrix. Epoxy resin D.E.R. 332, manufactured by DOW
Chemical Company, was used as the matrix material. Amine
based hardener D.E.H. 24 is used with the selected epoxy
resin. A diluent C;,—Cy4 aliphaticglycidylether is mixed with
the epoxy resin to reduce its viscosity. The ratio of epoxy,
diluent and hardener is taken as 83.5:4.4:12.1 in all specimens.

Nanocomposite Fabrication

Five compositions of nanocomposites were synthesized in
the present study, containing nanoclay in 0.125, 0.25, 0.50, 1
and 2 vol.%. These composites were synthesized by
mechanical and shear mixing methods providing total ten types
of nanocomposite specimens.

Obtaining the complete exfoliation of nanoclay in the
synthesized composites is a significant challenge. This process
was first optimized for mechanical mixing. The viscosity of the
resin plays an important role in determining the shear forces
exerted on nanoclay particles during the mixing process.
Therefore, resin and diluent were mixed to reduce the viscosity
of the mixture. Then, the desired quantity of nanoclay was
added to the resin and hand stirred until all the clay was
immersed. The mixture was stirred at 650 rpm for 2 hr using a
variable speed drill press (JDP-17FSE) fitted with a high shear
impeller. The mixing speed and time were selected based on
preliminary investigations. It was found that the best
exfoliation results were obtained when the mixing was carried
out at 50°C. The mixture was then degassed at 45°C. First a
small quantity of the material was cured for XRD analysis. If
the exfoliation was not complete then it was stirred for
additional 30 min and then the hardener was mixed. The
composite slabs were cast in aluminum molds, cured for 24 hr
at room temperature and then post cured at 100°C for 3 hr. The
processing was carried out with 4 liter of resin in each batch.

The fabrication of shear mixed nanocomposites was
carried out using a three step process. First, the desired volume
fraction of nanoclay was added to the epoxy-diluent mixture
and hand stirred until all the nanoclay was immersed. Then,
the mixture was placed under the drill machine and mixed at
650 RPM for 30 min to obtain homogeneous distribution of
nanoclay within the resin. The mixture was then shear mixed
using a three roll mill (EXAKT 50) at 180 rpm. The shear
mixing was carried out twice on each batch. Following the
mixing process degassing and curing was done in a manner
similar to that described previously.

XRD Analysis

The nanocomposites were characterized by Rigaku
Miniflex x-ray diffractometer using Cu Ka radiation, measured
at 30 kV/15mA. The data was recorded in the range of 26 = 2-

10° [6, 7], at the step size of 0.01° and the counting speed of
0.5°/min. These parameters were selected based on
preliminary studies to give sufficient resolution in the acquired
XRD data.

Mechanical Testing

The dimensions of mechanical test specimens are
presented in Figure 2. Tensile and compression tests were
performed on an Instron 4467 mechanical test system at a
deformation rate of 0.5 mm/min. ASTM D638-02 [17] and
D695-02 [18] were adopted to determine the test parameters
for these tests, respectively. The tensile test specimen had
straight sides as shown in Figure 2 and had dimensions
suggested for the type IV specimens in the selected standard.
An extensometer with gauge length of 25.4 mm was used to
obtain the strain data in tensile tests. The displacement was
measured for calculating strain in compression tests.
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Figure 2. Dimensions and test orientations for (a) tensile (b)
compressive and (c) impact test specimens. All dimensions are
indicated in mm (figures not to scale).

I1zod impact testing was performed using a Dynatup POE
2000 instrumented impact tester, shown in Figure 3, which
specializes in testing polymers and composites. The unnotched
test specimens were prepared in accordance with the ASTM
standard D4812-05 [19]. Load, displacement and energy data
was obtained for impact testing. At least five specimens of
each type were tested and the average values are reported.

RESULTS AND DISCUSSION
XRD Observations

Among the methods of determining the dispersion
characteristics of nanoclay in polymers, XRD and transmission
electron microscopy (TEM) are widely used. In the present
study XRD is given preference over TEM because the
composite material is processed in bulk quantities of 4 liter in
each batch.



4O,
(b)
Figure 3. (a) Impact test setup and (b) l1zod specimen and the holding

fixture (circled part in (a)).

TEM observes the structure of the material in a very small
area, which is less than 0.2 pm in length and width at 10°
magnification. The structure observed in such a small area may
not be representative of the large batches. Therefore, XRD is
used as the characterization technique because it uses
relatively large specimen size and sample selection will have
much smaller effect on the results.

The XRD spectra for the synthesized nanocomposites are
shown in Figure 4, which are arbitrarily separated on the y-axis
for various nanoclay contents. The spectra for pure nanoclay
and neat epoxy resin are also included in the same figure for
comparison. The neat epoxy resin specimens contain resin,
diluent and hardener. It can be observed that the
nanocomposites synthesized using mechanical mixing (Figure
4a) do not exhibit any peak in their spectra, which indicates
that the nanoclay has exfoliated. Most of the specimens
synthesized using shear mixing show a small bump in the
spectra in the 26 range of 4.1-4.2° as shown in Figure 4b,
which is a shift from the 26 value of 4.6 for the pure nanoclay.
Hence, the nanoclay has intercalated in these composites but
not exfoliated. The specimens tested in the present study
contain up to 2 vol.% (approximately 4 wt.%) of nanoclay,
which can result in low intensity of peaks in the XRD data. A
comparison of Figures 4a and 4b shows that peaks can be
clearly identified in the shear mixed specimens, which also
contain nanoclay in the same volume fractions. Hence, absence
of peaks in mechanically mixed specimens is a result of
exfoliation.
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Figure 4. XRD spectra of various nanocomposites prepared by (a)
mechanical mixing and (b) shear mixing. All nanoclay (NC) figures
are in volume %.

Tensile and Compression Tests

The stress-strain curves obtained from the tensile and
compressive testing of the neat matrix resin and mechanically
mixed nanocomposites are presented in Figure 5. Similar
trends were observed for specimens prepared by shear mixing.
The calculated tensile and compressive modulii and strengths
are presented in Figures 6a and 6b, respectively. The tangent
modulus is presented as the tensile modulus because the tensile
stress-strain curves did not show a significantly large linear
elastic region. The fracture strength is presented as the tensile
strength because the curvature in the graphs is small.
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Figure 5. (a) Tensile and (b) compressive stress-strain curves for neat
epoxy and mechanically mixed nanocomposites. The values for
nanoclay (NC) content are given in vol.%.

The compressive modulus is calculated as the slope of the
linear elastic regions of the stress-strain curves. The 0.2%
yield strength is presented as the compressive strength.

It can be observed from Figure 6 that the tensile modulus
increases with increasing nanoclay content. The mechanically
mixed specimens with exfoliated nanoclay exhibit a higher
modulus than the shear mixed specimens, which contain
intercalated nanoclay. The modulus shows an increase of about
50% with the addition of only 2 vol.% nanoclay. Similar
observations have been reported by other researchers [20]. The
added stiffness achieved through the incorporation of nanoclay
particles, results in no discernable optimum value for the
elastic modulus. However, the maximum strength was
exhibited by the 0.25 vol.% nanoclay specimens. The tensile
strength decreased with further increase in the nanoclay
content. Increase in tensile modulus and decrease in strength
have also been observed in other published studies [21].
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Figure 6. Tensile and compressive (a) modulus and (b) strength
of clay-epoxy nanocomposites.

The effect of nanoclay on the compressive properties of
nanocomposites is similar. The compressive modulus
increased by about 30% and the maximum strength was
observed for 0.25 vol.% of exfoliated nanoclay composites.
However, in this case the shear mixed specimens showed
higher strength and modulus as opposed to the mechanically
mixed compositions. A better understanding of the
compressive properties of composites can be obtained by
observing the stress-strain curves in Figure 5b. The curve for
the neat resin shows an approximate 20% decrease in strength
past the yield strength. However, the nanocomposites do not
show a similar decrease. The main compressive failure mode
in epoxies is the initiation of cracks in the direction of
compression due to the lateral expansion under the Poisson’s
ratio effect. In the case of nanocomposites the increased
modulus leads to smaller lateral expansion, leading to delayed
crack initiation.
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Figure 7. (a) Load-deflection and (b) energy-deflection curves
for nanocomposite specimens prepared by mechanical mixing. All
nanoclay (NC) values are in volume %.

Hence, the decrease in strength after the yield point is not
observed. Increase in the nanoclay content leads to higher
compressive modulus resulting in the final failure at lower
strain values.

Impact Tests

The load-deflection and energy-deflection curves for
mechanically mixed specimens are presented in Figure 7.
Curves for shear mixed specimens also showed similar trends.
The total fracture process takes less than 1.5 ms for most
nanocomposites. Figures 7a and 7b show that most specimens
attain the peak energy absorption in the range of 2-2.5 mm
deflection. The presence of second phase particles leads to the
deflection and branching of the crack tip in composite
materials and slows down the fracture process, leading to
lower slope in the energy-deflection curves.
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Figure 8. Variation in (a) fracture load and (b) impact energy for
nanocomposites

The results presented in Figure 8 show that the energy
absorption in the neat epoxy resin is higher than that of
nanocomposites. Reduced tensile and compressive failure
strains lead to fraction of nanocomposites at lower deflection
leading to lower total energy absorption compared to the neat
epoxy resin. It is observed that the specimens with exfoliated
nanoclay show higher fracture load and total energy absorption
than specimens containing intercalated nanoclay. The
dominant effect of crack initiation and propagation on the
properties of clay-epoxy nanocomposites had been established
previous through fracture toughness studies [22]. For
specimens with a notch or a blunt crack the Mode | stress
intensity factors (Kyg) were observed to be lower than the neat
epoxy in previously published studies. The K.z was found to
the higher only in the nanocomposites which used a sharp
starter crack.



REMARKS

Scattered results can be found published on other
mechanical and physical properties of a number of nanoclay-
polymer systems. The Vickers hardness was found to increase
by 16% in clay-epoxy nanocomposites compared to the neat
resin [23]. In dynamic mechanical analysis the storage
modulus was found to increase by 31% due to the addition of
about 1.6 vol.% nanoclay [24]. In this study the glass transition
temperature was observed to be the maximum at 0.5 vol.%
nanoclay. The tensile modulus showed a trend similar to that
observed in the present study, but the strength increased up to
the addition of 1 vol.% nanoclay and decreased after that.
Wear rate of bentonite clay-polyester nanocomposites were
found to improve whereas for organoclays-polyester these
properties were found to deteriorate with increase in the clay
content [25]. Similar trend was exhibited by the nylon 6/clay
nanocomposites [26]. Water uptake was found to be lower in
some clay-epoxy nanocomposites than the neat resin [27]. The
data on mechanical properties of a large number of clay
reinforced nylon, polyester and polypropylene based
nanocomposites is available in a recent review article [28].

CONCLUSIONS

In the present study epoxy matrix composites containing
0.25-2 vol.% nanoclay were synthesized using bulk processing
methods. The composites processed by mechanical and shear
mixing processes provided exfoliated and intercalated
structure, respectively. The effects of nanoclay content and
dispersion on the tensile, compressive, and impact properties
were studied and compared. The tensile and compressive
modulus showed improvements with increased nanoclay
content. However, the tensile and compressive strengths
decreased as nanoclay content increased. The impact strength
and energy absorption for nanocomposites were higher for
mechanically mixed specimens, but lower than the neat epoxy
resin. Various mechanical properties exhibited mixed trends
with increased nanoclay content in the composite. In most
cases, exfoliated specimens showed better properties than
intercalated specimens. Hence, applications of these materials
should be selected in such a way that enhanced performance
can be obtained by using the improved properties.

ACKNOWLEDGMENTS

The authors acknowledge Othmer Institute of
Interdisciplinary Studies at Polytechnic University for partial
funding for this study. Help of Alessandro Betti in specimen
preparation and Sandeep Gupta in various stages of
experimental work is greatly appreciated.

REFERENCES

1. Kojima, Y., Usuki, A., Kawasumi, M., Fukushima, Y.,
Okada, A., Kuranchi, Y. and Kamigatito, O., Synthesis
and mechanical properties of nylon-6/clay hybrid. Journal
of Materials Research 8 (1993) 1179-1185.

2. Miyagawa H. and Drzal L. T., Thermo-physical and
impact properties of epoxy nanocomposites reinforced by
single-wall carbon nanotubes, Polymer, 45, 15 (2004)
5163-5170.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Mahajan, D., Desai, A., Rafailovich, M., Cui, M. H. and
Yang, N. L., Synthesis and characterization of nanosized
metal embedded in polystyrene matrix, Composites: Part
B 37 (2006) 74-80.

Gojny, F. H., Wichmann, M. H. G., Képke, U., Fiedler B.
and Schulte K., Carbon nanotube-reinforced epoxy-
composites: enhanced stiffness and fracture toughness at
low nanotube content, Composites Science and
Technology, 64, 15 (2004) 2363-2371.

Lau, K. T, Lu, M., Li, H. L., Zhou, L. M. and Hui, D.,
Heat absorbability of single-walled, coiled and bamboo
nanotube/epoxy nano-composites, Journal of Material
Science 39 (2004) 5861-5863.

Park, J. H. and Jana, S. C., The relationship between
nano- and micro-structures and mechanical properties in
PMMA-epoxy—hanoclay composites, Polymer, 44, 7
(2003) 2091-2100.

Ray, S. S. and Okamoto M., Polymer/layered silicate
nanocomposites: a review from preparation to processing,
Progress in Polymer Science 28 (2003) 1539-1641.

Zhou, Y., Pervin, F., Biswas, M. A., Rangari V. K. and
Jeelani, S., Fabrication and characterization of
montmorillonite clay-filled SC-15 epoxy, Materials
Letters 60, 7 (2006) 869-873.

Lau, K. T., Lu, M. and Hui, D., Coiled carbon nanotubes:
synthesis and their potential application in advanced
composite structures, Composites: Part B 37, 6 (2006)
437-448.

Subramaniyan, A. K. and Sun, C.T., Enhancing
compressive  strength  of unidirectional polymeric
composites using nanoclay, Composites Part A 37, 12,
(2006) 2257-2268.

Mabharsia, R., Gupta, N. and Jerro, H. D., Investigation of
flexural strength properties of rubber and nanoclay
reinforced hybrid syntactic foams, Materials Science and
Engineering A 417 (2006) 249-258.

Nanocomposites,  Nanoparticles,  Nanoclays, and
Nanotubes, Business Communications Company, report
(2006).

Nanomaterials to 2008—Market Size, Market Share,
Demand Forecast, and Sales, Fredonia Group, report
(2005).

Zhao, L., Li, J., Guo S. and Du, Q., Ultrasonic oscillations
induced morphology and property development of
polypropylene/montmorillonite nanocomposites, Polymer,
47,7 (2006) 2460-2469.

Lam, C. K., Cheung, H. Y., Lau, K. T., Zhou, L. M., Ho,
M. W. and Hui, D., Cluster size effect in hardness of
nanoclay/epoxy composites, Composites: Part B 36
(2005) 263-269.

Lam, C. K,, Lau, K. T., Cheung, H. Y. and Ling, H. Y.,
Effect of ultrasound sonication in nanoclay clusters of
nanoclay/epoxy composites, Materials Letters 59 (2005)
1369-1372.

ASTM Standard Test D 5083 — 02: Standard Test Method
for Tensile Properties of Plastics. ASTM International,
West Conshohocken, PA.

ASTM Standard Test D 695 — 02: Standard Test Method
for Compressive Properties of Rigid Plastics. ASTM
International, West Conshohocken, PA.



19.

20.

21.

22.

23.

24.

ASTM Standard Test D 4812 — 05: Test Method for
Unnotched Cantilever Beam Impact Strength of Plastics.
ASTM International, West Conshohocken, PA.

Luo, J. J. and Daniel, 1. M., Characterization and
modeling of mechanical behavior of polymer/clay
nanocomposites, Composites Science and Technology,
63, 11 (2003) 1607-1616.

Yasmin, A., Abot J. L. and Daniel I. M., Processing of
clay/epoxy nanocomposites by shear mixing, Scripta
Materialia, 49, 1 (2003) 81-86.

Subramaniyan, A. K. and Sun, C.T., Toughening
polymeric composites using nanoclay: Crack tip scale
effects on fracture toughness, Composites Part A 38, 1
(2007) 34-43.

Lu, M., Lau, K. T., Tam, W. Y., Liao, K., Enhancement
of Vicker’s hardness of nanoclay-supported nanotube
reinforced novel polymer composites, Carbon 44 (2006)
383-386.

Wang, L. Wang, K, Chen L., Zhang, Y. and He, C.,

25.

26.

27.

28.

Preparation, morphology and thermal/mechanical
properties of epoxy/nanoclay composite, Composites: Part
A 37, 11 (2006) 1890-1896,

Jawahar, P., Gnanamoorthy R. and Balasubramanian M.,
Tribological behaviour of clay — thermoset polyester
nanocomposites, Wear, 261, 7-8 (2006) 835-840.

Dasari, A., Yu, Z. Z., Mai, Y. W., Hu G. H. and Varlet J.,
Clay exfoliation and organic modification on wear of
nylon 6 nanocomposites processed by different routes,
Composites Science and Technology, 65, 15-16 (2005)
2314-2328.

Liu, W., Hoa, S. V., Pugh, M., Fracture toughness and
water uptake of high —performance epoxy/nanoclay
nanocomposites, Composites Science and Technology 65
(2005) 2364-2373.

Powell C. E. and Beall G. W., Physical properties of
polymer/clay nanocomposites, Current Opinion in Solid
State and  Materials  Science, 2006, DOI:
10.1016/j.cossms.2006.09.001.




Processing Techniques

CLAY - EPOXY NANOCOMPOSITE SYNTHESIS

The advantage of using a low cost filler can only be
realized if the synthesis process does not add significantly to
the cost of the raw materials. It is desired that the existing
composites synthesis methods be used to obtain high quality
nanocomposites so that the infrastructure establishment cost
can be minimized. Numerous techniques, based on chemical or
mechanical processing methods, are available for dispersing
nanoparticles in polymers. Some of the mechanical processing
methods used for clay-thermoset nanocomposites are
described below.

Mechanical Mixing

Mechanical or stir mixing is a widely used technique for
dispersing microparticles in polymers. Use of this technique
for synthesis of nanocomposites is highly desired because it
can save the cost of establishing new infrastructure. The
parameters affecting the mixing process are temperature,
mixing speed, and impeller design. The processing
temperature affects viscosity and plays an important role in
achieving exfoliation. The vortices formed by the impeller
generate shear forces that can break Van der Waal’s bonds
between nanoclay platelets and lead to exfoliation. Hence, the
design of impeller is also an important parameter in this
process.

A variable speed drill press modified as mechanical mixer

Shear Mixing

Shear mixing is commonly used as a method for
dispersing nanoclay in thermosets. Three-roll mills are widely
used for the purpose of mixing. The material is fed between
the feed roll and the center roll and is collected from the apron
roll. The exfoliation of nanoclay depends on the shear force
applied by the rolls on the material, which is controlled by the

separation between rolls and the viscosity of the resin. Two
shear mechanisms are applicable in such processing systems,
which include the direct shear forces applied by the rolls and
the shear caused in the vortices formed in the material coming
out of the rolls. The reagglomeration of dispersed particles can
be a problem in this method if the processing parameters are
not optimized.

Acthree roll mill used for shear mixing.

Ultrasonic Mixing

In several recent studies ultrasonic mixing has been used
as a means to exfoliate nanoclay in polymers. This technique is
based on imparting high energy vibrations in a localized region
causing separation of nanoclay platelets. However, such
vibrations lead to significant localized heating. Polymeric
resins such as epoxies are thermal insulator. Hence, the heat
generated in the mixing process is not dissipated effectively
and can initiate the self polymerization reaction in the mixing
region. Recent process modifications include using ultrasonic
mixing in conjunction with mechanical mixing and the use of
an external cooling bath. Ultrasonic frequency, power and
mixing time are the variables in this process.

A sonotrode used in ultrasonic mixing.




