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ABSTRACT: The bisphenol-F type flexible epoxy resin,
having a good flexibility, was combined with an organo-
and slurry-clay. The clay dispersions in the obtained ep-
oxy/clay systems are significantly different depending on
the type of clay. Particularly, the epoxy/slurry-clay system
showed a high clay dispersibility into the epoxy matrix and
was transparent in spite of the addition of 10 wt % clay.
This result means that the swelling of the clay with form-

amide is effective for the expansion of the basal spacing of
the clay. The slurry-clay nanocomposite (clay content: 5 wt
%) showed a 4 times higher fracture energy than the neat
epoxy system in the tensile test, though the organo-clay sys-
tem (clay content: 5 wt %) was 1.5 times higher. © 2009
Wiley Periodicals, Inc. ] Appl Polym Sci 113: 2256-2263, 2009
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INTRODUCTION

Recently, polymer/clay nanocomposite, which are a
kind of organic-inorganic nanocomposite, have been
extensively studied, because of their high modulus,'?
gas barrier property,>* and low water absorption
property” by dispersion of a small amount of nano-
scale layered filler having a high aspect ratio into the
polymer matrix. Most research studies have involved
clay nanocomposites based on thermoplastic polymers.
Usuki et al.”® reported that w-amino acid intercalated
into clay was polymerized at the clay interlayer and
formed a well-dispersed clay nanocomposite.
However, in clay nanocomposites based on ther-
mosetting polymers, though the nanocomposites
based on a high T, polymer matrix show a relatively
high modulus and fracture toughness,”'® their
deformability decreased more than that of neat res-
ins'' in most cases. However, most of the nanocom-
posites based on a rubbery polymer matrix showed
an improvement in their deformability and fracture
energy with the addition of clays. Lan and Pinna-
vaia'® reported that when the rubbery matrix is
used, an epoxy/clay nanocomposite shows a high
mechanical property. Boukerrou et al.'’ reported
that the epoxy/clay system cured with a polyoxy-
propylene-type diamine shows not only a high mod-
ulus, but also a deformation greater than the neat
epoxy and clay nanocomposite. Similarly, Wang et
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al.'* also reported that the low T, polyurethane-
based clay nanocomposite showed an increase in the
crack-spreading path during tensile drawing. These
results mean that the increase in the crack-spreading
path around the clay layers can produce a higher
energy consumption.

However, to obtain well-dispersed polymer/clay
nanocomposites, two techniques, that is, direct mix-
ing” and solution mixing” " are well known. The lat-
ter technique is very effective for the uniform
dispersion of a clay into the matrix. In most cases,
polar solvents are selected, such as acetone, DMF,
and DMAc. Yang et al.” prepared the PU/clay nano-
composite utilizing an organo-clay treated by 12-ami-
nododecanoic acid using the DMF swelling method.
This system showed a high degree of exfoliation and
its thermal and mechanical properties were signifi-
cantly improved with the increasing clay content.

In this study, two types of clays (organo-clay and
slurry-clay utilizing a polar solvent) were prepared.
The epoxy and curing agent to obtain a rubbery ma-
trix was selected and the epoxy/clay nanocompo-
sites with a flexible matrix were prepared. The
relationship between the clay dispersibility and me-
chanical properties of the nanocomposites was
investigated in detail.

EXPERIMENTAL
Materials

The epoxy resin used in this study was the digly-
cidyl ether of the bisphenol F-type flexible epoxy
resin (YL7175-1000, JER Co., Epoxy equivalent =
1159 g/equiv),
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The curing agent was polyoxypropylamine (Jef-
amine-D230, Santechno Chemical Co., Amine equiv-
alent = 57.5 g/equiv).
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As a filler, a layered clay (Nanomer 1.22E, a cation
exchange capacity of 80~120 mequiv/100 g, Bolclay
Japan Co.) was used. The organo-clay was obtained
by treatment with octadecylamine (Wako Chemical
Co., M,, = 269).

Preparation of the organo-clay

An untreated clay (7.0 g) was dispersed into a flask
of distilled water (560 mL) at 80°C for 2 h. In
another flask, distilled water (172 mL), 35% HCI
(I mL), and octadecylamine (3.25 g, this quantity
corresponds to 1.5 equivalents for the cation
exchange capacity) were mixed to make an octa-
decyl ammonium salt at 80°C for 1 h. The dis-
persed clay was then mixed with the aqueous
solution of the ammonium salt and stirred at 80°C
for 2 h to make cation exchange. After the filtra-
tion, the organo-modified clay was washed by the
mixed solvent (ethanol/distilled water = 1 : 1(w/
w)) at 60°C. This process was done to remove any
residue of the ammonium salt of octadecylamine.
The complete removal of the chloride ions was
confirmed by the addition of AgNO;. The organo-
clay was dried in a vacuum oven at 75°C for 20 h,
and then ground for 1 min.

Preparation of the epoxy/oragano-clay
nanocomposite

A mixture of the organo-clay and epoxy resin was
stirred at 120°C and 250 rpm for 10 h and then
degassed at 70°C for 6 h under reduced pressure.
After adding a stoichiometric amount of the curing
agent, the mixture was cured at 80°C for 20 min
under reduced pressure. It was then cured at 80°C
for 100 min, 150°C for 4 h, and 180°C for 1 h under
normal pressure. It was confirmed by FTIR measure-
ments that the final conversion of the epoxy groups
in the cured resin was over 90%.

OH
n

Preparation of the slurry-clay

Untreated clay (3.0 g) was added to formamide (9.0 g)
(Wako Chemical Co., b.p.: 210°C) as the swelling solvent.
The mixture was stirred at r.t. and 100 rpm for 3 h.

Preparation of the epoxy/slurry-clay
nanocomposite

A mixture of the slurry-clay and epoxy resin was
stirred at 70°C and 250 rpm, for 10 h and distilled
water at 70°C was added to exchange the formamide
as the solvent having the lower boiling point. It was
then degassed at 70°C for 6 h under reduced pres-
sure. After adding a stoichiometric amount of the
curing agent, the mixture was cured at 80°C for 20
min under reduced pressure. It was then cured at
80°C for 100 min, 150°C for 4 h, and 180°C for 1 h in
normal pressure. It was confirmed by FTIR measure-
ments that the final conversion of the epoxy groups
in the cured resin was over 90%.

Measurements

The chemical conversion of the epoxy groups was
confirmed by FTIR spectroscopy (SPECTRUM 2000,
Perkin-Elmer Co.). The KBr tablet method was used.
X-ray diffraction (XRD, R-AXIS, Rigaku Co.) was
used to evaluate the basal spacing of the layered
clay. The basal spacing was calculated by the
Bragg’s formula (1A = 2d sin 0). Diffraction patterns
were obtained using Cu Ko (A = 0.154 nm) radiation
generated at 40 kV and 60 mA. The untreated and
organo-clay powder and slurry-clay paste containing
untreated clay and formamide were placed on a
sample holder and a smooth surface was obtained
by pressing and scraping the clay. The nanocompo-
sites were cut out by the size of 5.0 x 150 x 1.5
mm?®.

Optical photographs were obtained using an digi-
tal camera (FE-180,Olympus). The sample dimen-
sions were 20.0 x 30.0 x 4.0 mm’. The surfaces of
the nanocomposites were not polished.

The morphologies of the clays and the composites
were observed using a scanning electron microscope
(SEM, JSM-6700F, JEOL Co.). The samples were
obtained by cutting of the nanocomposites in liquid
N,.Before the examination, the surfaces were coated
with a thin amorphous osmium layer (about 5 nm)
(MEIWA FOSIS Co.) to improve the conductivity
and prevent charging.
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Figure 1 X-ray diffraction of the (a) untreated, (b)
organo-, and (c) slurry-clays.

The morphology of the composites was also
observed using a transmission electron microscope
(TEM, JEM-1210, JEOL Co.). An ultra-thin section of
the specimen for the TEM observations was pre-
pared using an ultramicrotome (Reichert Ultracut E,
Leica Co.) with a diamond knife. The specimens
were not treated with any staining techniques. The
thickness of the specimens was 50 nm and the accel-
eration voltage was 120 kV.

A dynamic mechanical analysis of the cured sys-
tem was completed using a nonresonance forced
vibration viscoelastometer (DVE-V4, Rheology Co.)

(a) Epoxy / organo-clay (5wt%)

(c) Epoxy / slurry-clay (5wt%)
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in the tension mode. The frequency and amplitude
of the vibration were adjusted to 10 Hz and +5 pm,
respectively. The heating rate was 2°C/min and the
measured temperature range was from -150 to
250°C. The sample dimensions were approximately
4.0 x 30.0 x 0.3 mm”.

The tensile property was measured according to
JIS K-7113. The specimen was formed by a mold
tool (No. 6, Taiyu kizai Co.) and the length was 75.0
mm. The width and thickness of the specimen was
4 mm and 2 mm, respectively. It was mounted in an
Instron-type tensile machine (AGS-], Shimazu Co.)
and loaded at a constant crosshead speed (2.0 mm/
min). The fracture energy of cured systems in tensile
test was calculated from the area under the stress—
strain curves.

The pencil hardness was measured according to
JIS-5600-5-4. The thickness of the specimen was 500
pum. Pencils with a hardness from 6B to 9H (HI-Uni,
Mitsubishi Co.) were used.

RESULTS AND DISCUSSION

Evaluation of the basal spacing of organo-clay and
slurry-clay

The XRD peaks of the neat, organo-, and slurry-clays
are shown in Figure 1. The untreated clay showed a
broad peak between 2.6° and 6.1° in 20. This means
that the clay basal spacing is not composed of a sin-
gle distance. As the used clay is a natural product,
the distribution of the clay’s quality affects their

(b) Epoxy / organo-clay (10wt%)

i
L

(d) Epoxy / slurry-clay (10wt%)
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Figure 2 Optical micrographs of the epoxy/clay nanocomposites.
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Figure 3 SEM photographs of the epoxy/clay nanocomposites (clay content: 5 wt %).

basal spacing. This result indicates that the unmodi-
fied clays have various basal spacings between 1.4
and 3.3 nm. On the other hand, the organo-clay,
which was obtained by the octadecylamine treat-

ment of an unmodified clay, showed higher intensity
peaks at a low angle (2.7 degrees) compared to the
unmodified clay. At the same time, the higher angle
peak of 20 shifted to a narrow degree. This means

Figure 4 TEM photographs of the epoxy/slurry-clay nanocomposites (clay content: 5 wt %).
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Figure 5 X-ray diffraction of the epoxy/slurry-clay nano-
composites (clay content: 5 wt %).

that the basal spacing of the organo-clay becomes
quite uniformly higher due to intercalation of the
octadecylamine. Moreover, the slurry-clay showed
sharp peaks at the lower angles. These results mean
that the interlayer of the slurry clay expands more
than that of the other clays and the basal spacing of
the clay is greater than 3 nm. However, it could not
be observed the other peaks at the lower angle. This
is due to the minimum limit of detection in XRD.

Dispersibility of the clay in epoxy/clay
nanocomposites

The transparency of the obtained composites was
investigated. Figure 2 shows the external appearance
of the organo- and slurry- clay systems (clay con-
tents: 5 and 10 wt % systems). In the 5 wt % system,

(a) Organo-clay nanocomposite
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both clay-modified systems showed a relatively high
transparency, regardless of the 2 mm sample thick-
ness. However, with an increase in the clay content,
the transparency only in the organo-clay nanocom-
posite dramatically decreased and became opaque in
the 10 wt % clay system. This result is derived from
the poor dispersion of the layered clay in the
organo-clay system, and it is considered that the
slurry-clay nanocomposite should attain a high clay
dispersion.

The detail morphologies of the organo- and
slurry-clay systems were examined using an SEM.
Figure 3 shows the fracture surface of each systems.
In the (a) organo-clay system, a large aggregated
region of layered clays and no-clay dispersed region
were observed. Although the organo-clay (5 wt %)
composite showed transparency in the previous vis-
ual observation, it is found that the system con-
tained a lot of clay aggregations. Because the
concentration of the clay aggregations naturally
increases at the high clay content, this may be
related to the sample opacity in the 10 wt % system.
On the other hand, (b) the slurry-clay systems
showed a relatively uniform clay dispersion. More-
over, the non-clay dispersed regions were not found
in a high magnification photograph of this system.
From this result, it can be also confirmed that the
slurry method system has a better dispersion.

The TEMs of the slurry method system (Clay con-
tent: 5 wt %) are shown in Figure 4. Although the
layered clays showed a good dispersion in the pho-
tographs at all magnifications, the composite con-
tains some stacked clays. These photographs mean
that the clay disperses as several stacked layers into
the matrix. In the XRD spectra (Fig. 5), (b) the
slurry-clay composite showed diffraction peaks at

(b) Slurry-clay nanocomposite

Figure 6 Clay dispersion in the epoxy/clay nanocomposites.
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Figure 7 Dynamic mechanical analysis of the (@) neat ep-
oxy, (O) epoxy/organo-clay, and (@) slurry-clay nano-
composites (clay content: 5 wt %).

2.7, 5.0, 20 degrees. The peak at 20 degrees showed
an amorphous halo derived from the epoxy network
structure. The other peaks showed the basal spacing
of the layered clays and their values are 1.8-3.3 nm.
However, it could not be observed the other peaks
at the lower angle as mentioned above. This is due
to the minimum limit of detection in XRD. Based on
these results, the models of the clay composites are
shown in Figure 6. The organo-clay nanocomposite
has a large scale aggregation of clays in the matrix
and the basal spacing of almost all the clays is 1.4
nm. On the other hand, the slurry clay nanocompo-
site has a good dispersion of the clays, though they
are composed of several stacked structures.

Thermomechanical property of the epoxy/clay
nanocomposites

The temperature dependence of the dynamic me-
chanical properties of the neat epoxy systems and
organo- and slurry-clay nanocomposites are shown
in Figure 7 and Table I. The storage modulus of all
the systems showed a significant decrease at 20°C.
This phenomenon is due to the glass-rubbery transi-
tion around 20°C and showed that this epoxy resin
(Bisphenol-F type, flexible epoxy resin) has a rela-
tively low T, for containing the flexible long chains.
At the same time, the tan 6 at 20°C of all the systems

2261
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Figure 8 Stress—strain curves of the (—) neat epoxy, (---)
epoxy/organo-clay, and ( ) slurry-clay nanocompo-
sites (clay content: 5 wt %).

showed significantly broad peaks. It is considered to
be due to the distribution of the molecular weight of
the used epoxy monomer and curing agent, because
the curing temperature is sufficiently higher than the
T, of this system. Although the T, of the neat epoxy
was 16°C, the clay nanocomposites showed slightly
higher temperatures of 18°C (in organo-clay nano-
composite) and 22°C (in the slurry-clay composite).
This result means that the glass transition tempera-
ture increases with the improvement in the clay dis-
persion. It is considered that this phenomenon is
due to the addition of the layered clay as an inor-
ganic component having a high heat resistance and
the suppression of molecular motion around the dis-
persed clays. Moreover, the storage modulus of the
neat epoxy in the rubbery plateau region over 50°C
was 1.9 MPa. In the organo- and slurry-clay nano-
composites, the storage modulus in the rubbery
region was about 2 times higher than that of the
neat epoxy system in the same high temperature
region even for the 5 wt % clay content.

To evaluate their mechanical properties, the
stress—strain curves were obtained from the tensile
test (Fig. 8). The neat epoxy system showed a con-
siderably small ultimate stress, but a large ultimate

TABLE I TABLE II
T, and Storage Modulus of the Epoxy/Clay The Tensile Properties of.the Epoxy/Clay
Nanocomposites Nanocomposites
Storage Storage Ultimate Ultimate Fracture
modulus at modulus at stress strain energy
Curing system T, (°C) —50°C (Pa) 100°C (Pa) Curing system (MPa) (%) (kJ/m?)
Neat epoxy resin 16 2.50 x 10° 1.9 x 10° Neat epoxy resin 1.8 +£01 257.8 £12.9 722 £69
Epoxy/organo-clay 18 298 x 10° 3.3 x 10° Epoxy/organo-clay 1.9 0.1 3034 +13.7 104.6 &+ 10.1
(5 wt %) (5 wt %)
Epoxy/slurry-clay 22 3.07 x 10° 3.6 x 10° Epoxy/slurry-clay 84+02 3245+78 2932 £ 14.3
(5 wt 0/0) (5 wt o/o)

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 9 Stress—strain curves of the (—) neat epoxy and
slurry-clay nanocomposites. Clay content: () 1 wt %, ()

5wt %, and (- = - = -) 10 wt %.

strain. Although the organo-clay nanocomposite
showed almost the same stress compared to the neat
resin system, the ultimate strain was slightly
improved. However, the slurry-clay systems had sig-
nificantly improved not only the ultimate strain, but
also the ultimate stress. As the results, the fracture
energy of the slurry nanocomposite was 4 times
higher than the neat resin (Table II).

The clay content dependence of the tensile prop-
erty was then investigated. The stress—strain curves
of the 0-10 wt % clay content systems are shown in
Figure 9. The modulus, which is estimated from the
incline of the curves, increased with an increase in
the clay content. On the other hand, the ultimate
strain of these systems showed a maximum value at
the 5 wt % clay content and decreased at the 10 wt
% clay content. It is predicted that the collision of
clays would occur when the specimens are exten-
sively deformed by the loading of the tensile stress.
The stress concentration at the interfaces between
the matrix resin and dispersed clays causes a

Fracture energy (kJ/m?)

0 . . . 5
0 2 4 6 8 10

Clay content (wt%)

Figure 10 Fracture energy of the neat epoxy and slurry
clay nanocomposites.
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TABLE III
The Tensile Properties of the Epoxy/Clay
Nanocomposites Having Different Clay Content

Ultimate Ultimate Fracture
stress strain energ%i
Curing system (MPa) (%) (kJ/m?)
Neat epoxy resin 1.8 £01 257.8 £129 722 +£69
Epoxy/slurry-clay 30+£01 2803469 1170+ 7.1
(1 wt %)
Epoxy/slurry-clay 84+02 3245+78 2932 + 143
(5 wt %)
Epoxy/slurry-clay ~ 10.1 £0.3  281.0 £9.1 309.7 £+ 22.7
(10 wt %)

decrease in the strain. Actually, the stress—strain
curves are nonlinearly drawn and the enhanced
incline of the curves means an inducement of the
clay collision derived from the large scale deforma-
tion of the matrix. As shown in Figure 10, it is sup-
posed that the increase in the fracture energy by
adding clay will saturate between from 5 to 10 wt %
clay content, because the ultimate stress and strain
shows trade-off relationship. This result is derived
from the hardening of the composite with the excess
addition of the high modulus filler (Table III).

The pencil hardness of the composites is shown in
Figure 11. The pencil hardness increased with the
addition of the clay as an inorganic component the
same as the case of the tensile modulus. For the pen-
cil hardness, it showed a maximum value at the 5
wt % clay content and retained this value up to 10
wt %. These results suggest that the increase in the
well-dispersed clays determined the hardness of the
composites.

CONCLUSIONS

The bisphenol-F type, flexible epoxy resin/slurry-
clay composite showed a highly clay dispersion in

|

Pencil hardness (H)
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0 2 4 6 8 10
Clay content (wt%)

Figure 11 Pencil hardness of the neat epoxy and slurry
clay nanocomposites.
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the epoxy matrix and also showed a transparency in
spite of the addition of 10 wt % clays. This means
that the swelling of the untreated clay using a polar
solvent is effective for the expansion of the basal
spacing of the clay. The slurry-clay nanocomposite
(clay content: 5 wt %) showed a 4 times higher frac-
ture energy than the neat epoxy system and the
hardness was also improved.
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