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Abstract

UV curable epoxy acrylates were reinforced with two different organically modified montmorillonites (MMTs) and an
unmodified MMT. Conversion and rate of polymerization was monitored by real time infrared spectroscopy (RTIR) and
photo-DSC. Microstructures were characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM)
and optical clarity. Optical clarity of the films containing clay was quite good as only a slight decrease was observed. Phys-
ical properties of the reinforced films were examined by differential scanning calorimetry (DSC), dynamic mechanical ther-
mal analysis (DMTA), hardness and tensile testing. Enhancements in glass transition temperature (7}), thermal stability
and mechanical properties were observed. The films reinforced with the unmodified MMT exhibit the most significant

enhancements in properties.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Since the discovery by Toyota researchers that
organically modified clay could be nanoscopically
incorporated into a polymer matrix, research in this
area has exploded and several review articles have
been written on clay—polymer nanocomposites
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[1-3]. These articles review the preparation, struc-
ture and physical characterization of clay nanocom-
posites. Preparative methods include in-situ
polymerization and melt blending. Structures
observed include exfoliated morphology, where the
clay layers are randomly dispersed within the poly-
mer matrix and intercalated morphology, where
there is an alternating structure of clay and polymer.
In many cases a combination of the two morpholo-
gies can be observed. In general, an improvement
or enhancement in many desirable polymer proper-
ties is noted for nanoreinforced polymers. These
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include increases in mechanical properties, barrier
properties, thermal stability and chemical resistance
at low loadings of clay [1-6].

While extensive research has been done on ther-
mally initiated or melt blended nanocomposite sys-
tems less work has been done on UV curable
polymer nanocomposites. UV curable films are being
used in microelectronics devices as laminating and
encapsulating polymers. There are several reasons
industry is interested in these systems such as rapid
cure, solvent free characteristics, application versatil-
ity, low energy requirements and low temperature
operation [7,8]. Incorporation of nanoscopic parti-
cles into a UV curable system is expected to improve
mechanical properties such as modulus, thermal and
dimensional stability and barrier properties. There
has been some initial work in examining UV curable
polymer—clay nanocomposites by Zahouily et al.
[9,10]. Decker et al. prepared UV curable polymer
systems containing organomodified clay and sug-
gested that an exfoliated structure was formed. The
basis for this determination was due to the absence
of an X-ray diffraction peak, slower sedimentation
of the clay and a greater transparency for the nano-
composite versus microcomposite structures [11,12].
Decker has also shown an increase in tensile strength
for polyurethane acrylate nanocomposites, but a
decrease in elastic modulus and 7, by DMTA [11].
Benfarhi et al. examined various photocurable poly-
mers —epoxide, vinyl ether and acrylate — with organ-
ically modified clays [13]. A decrease in 7, and
increased flexibility and impact resistance for the
nanostructure compared to the microstructure com-
posite materials made with unmodified MMT was
observed [13]. Wang et al. examined photopolymer-
ization of methyl methacrylate and a m-cresol resin
in the presence of organically modified montmorillo-
nites [14]. They demonstrated that an intercalated
structure is formed by photopolymerization as evi-
denced by XRD. This result is consistent with obser-
vations in our laboratory evidenced by both XRD
and TEM [15-18].

Similar results have been observed and reported
in our research group [15-18]. For UV curable ure-
thane acrylate—clay nanocomposites, we have
observed an increase in T, and mechanical proper-
ties, an improvement in dimensional stability, etc.
[15-18]. We have also examined the structures of
these systems by TEM and shown that intercalated
morphologies predominate [16].

We have previously examined UV curable ure-
thane acrylate-organomodified clay formulations

where we varied the ratio of oligomer to monomer
and examined a variety of organomodified clays
[15-19]. It is of interest to now start examining other
types of UV curable matrix resins to determine if
there is a more pronounced effect on structure and
properties when the matrix structure is changed.
In this paper we seek to examine the effect of clay
nanoreinforcement on UV curable epoxy acrylate
films. The structures formed using three different
types of clay will be discussed as will the effect that
each clay type has on the film properties.

2. Experimental
2.1. Materials

Nanomer [.31PS onium ion modified montmoril-
lonite (ORG1) was supplied by Nanocor Inc. 15A
Cloisite (ORG?2) and Na™ Cloisite (Na clay) were
obtained from Southern Clay Products, Inc. The
clays were used as received without further washing.
CNI121, a low viscosity aromatic epoxy acrylate
oligomer with a functionality of two and SR454,
an ethoxylated (3) trimethylolpropane triacrylate,
were obtained from Sartomer. The photoinitiator,
Darocur 1173, 2-hydroxy-2-methyl-1-phenylpro-
pane-1-one, was obtained from Ciba Specialty
Chemicals.

2.2. Preparation of nanocomposite polymer films

The formulation utilized in this study was a 1:1
mixture of CN121:SR454. The clay loadings in these
systems were 1, 3 and 5 wt%. Clay—oligomer/mono-
mer mixtures were sonicated for 8 h. Then the initi-
ator Darocur 1173 (4 wt%) was added and the
mixture stirred overnight. Films were cast onto
glass, aluminum and polysulfone panels using a
#1 Gardco casting bar with a gap of 4 mil.

2.3. Characterization

UV curing of samples was performed using a
Dymax light source with a 200 EC silver lamp
(UV-A, 365nm). The intensity was 35 mW/cm?
using a NIST Traceable Radiometer, International
Light model 1L.1400A. Curing of samples was per-
formed in air. X-ray powder diffraction (XRD) data
were collected using a Phillips PW3040 X pert-MPD
Multipurpose Diffractometer in Bragg-Brentano
geometry (CukK, radiation). Qualitative variable slit
data were collected over 26 angles of 2°-40°, using a
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step size of 0.02 and a run time of 1 s/step. TEM
samples were cut using a diamond knife and RMC
MTXL ultramicrotome. The ultrathin sections were
then placed on 400 mesh copper grids and photo-
graphed using a JEOL 100cx-II Transmission Elec-
tron Microscope operating at 80 kV.

Fourier transform infrared (FTIR) was done
using a Nicolet Magna-IR 850 Spectrometer Series
IT with detector type DTGS KBr. Scans were done
in transmission mode from 4000 to 400cm '
Photo-infrared was performed using the Nicolet
Spectrometer and a UV optic fiber mounted in a
sample chamber. Light source is a 100 W DC mer-
cury vapor short-arc lamp. This setup monitors
the conversion as reaction proceeds and is known
as real time infrared spectrometry (RTIR). Samples
were applied to a KBr disc by spin coating. Scans
were taken over a 60 s period every 0.2 s and the
UV source was adjusted to be approximately
14 mW/cm? at the sample. Measurements were per-
formed both in air and nitrogen. From the initial
portion of the RTIR plot (10 s or less), the rate of
photopolymerization can be calculated. By follow-
ing the absorbance of the =C—H out of plane band
at 810 cm !, the degree of conversion and the rate
of polymerization (R,/[M,]) can be calculated based
on the following equations [20-22]:

Degree of conversion

= (((4s10) — (4s10),)/ (4s10)y) x 100 (1)
Ry/[Mo] = [((4s10),; — (ds10)2)/ (2 — 11)] (2)

where (Agio)o i1s the absorbance before UV expo-
sure, (Agyp); is the absorbance at time ¢ after UV
exposure, [M,] is the initial concentration of acry-
late double bonds and R, is the rate of polymeriza-
tion. The initial data points are used to calculate the
rate of polymerization.

Differential scanning calorimetry (DSC) was per-
formed using a TA Instruments Q1000 series calo-
rimeter. Samples were subjected to a heat, cool,
heat cycle from —20 to 200 °C at a ramp rate of
10 °C/min. T,s were determined as the midpoint of
the inflection from the 2nd heat cycle. Photo-DSC
was performed utilizing the Q1000 DSC modified
with the photocalorimic accessory (PCA) in a nitro-
gen atmosphere and the intensity was approximately
40 mW/cm?. Sample sizes ranged from 4 to 6 mg.
Reproducibility in photo-DSC has been found to
be £3%. Thermogravimetric analysis (TGA) was
performed using a TA Instruments Q500 in air from

ambient temperature to 1000 °C at a ramp rate of
20 °C/min.

Dynamic mechanical thermal analysis (DMTA)
was performed using a Rheometric Scientific 3E
apparatus in the rectangular tension/compression
geometry. T, is obtained from the maximum peak
in the tan delta curves and crosslink densities are
calculated from the E’ value in the linear portion
at least 50 °C greater than the T,,. Crosslink density
can be calculated from the following equation [23]:

ve = E/(3RT), (3)

where v, is the crosslink density. Sample sizes for
mechanical testing were (10 x 5 x (0.05-0.09)) mm?>.
The analysis was carried from —50 to 200 °C at a
frequency of 10 rad/s and ramp rate of 5 °C/min.
Tensile properties were measured using an Instron
5542; five specimens were taken for each sample to
obtain an average value following ASTM D-2370.
Test specimens for the tensile tests were free films
with a length of 100 mm and grips were set to a dis-
tance of 40 mm. Width of samples was 5 mm and
thickness of 0.05-0.09 mm. A crosshead speed of
20.0 mm/min was applied. Hardness tests were per-
formed utilizing a BYK-Gardener pendulum hard-
ness tester in the Konig mode in seconds. Samples
for hardness testing were cured on an aluminum
panel.

3. Results and discussion
3.1. Clay properties

3.1.1. X-ray diffraction (XRD)

In this study, three different clays were used. The
first, called ORGI, is a commercially available clay
from Nanocor with a d-spacing of 2.4 nm. The other
two, ORG2 and Na clay are from Southern Clay
Products Inc. ORG2 has a d-spacing of 3.1 nm
and the Na clay, an unmodified montmorillonite
(MMT), has a d-spacing of 1.1 nm. The organically
modified MMTs differ in that ORGI is modified
using octadecylamine and y-aminopropylethoxysi-
lane as the organomodifiers [24], while ORG?2 has
a quaternary ammonium compound that contains
two hydrogen tallow groups resulting in a much
higher d-spacing [25-27]. The cation exchange
capacities (CEC) of the MMTs wused are
~145meq/100 g and 92 meq/100 g for ORG1 and
ORG2, respectively. For ORG2 the organomodifier
concentration is reported to be 125 meq/100 g, indi-
cating that there is an excess of organomodifier
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present. The data for the organomodifier concentra-
tion for ORGI is not available from the supplier.

3.1.2. Thermogravimetric analysis (TGA)

TGA in air was used to determine the amount of
organomodifier and other volatile materials (e.g.
water) in the clays. The ultimate weight loss of the
clays was 35.2% for ORGI1, 44.8% for ORG2 and
11.3% for Na clay. In the clay—polymer formula-
tions, the clays were all added to the polymer system
on a weight percent basis.

3.2. Structure of clay—polymer films

The clay—polymer films were examined for their
morphology by both XRD and TEM. XRD shows
that the peaks due to the ORGI clay, d-spacing
2.41 nm, are absent in the nanocomposites at the 1
and 3 wt% loadings. It should be noted that absence
of XRD peaks does not necessarily indicate exfolia-
tion as extinguishment could be due to low clay con-
centration in the films and random orientation of
clay tactoids. At the 5 wt% loading there is a peak
observed at 1.9 nm which is lower than the original
d-spacing of ORG1 suggesting that the dyo; peak
has shifted below 20. In the case of the ORG2
clay—polymer films, the same trend is exhibited;
there are no peaks observed at the 1 and 3 wt%
loadings, but a peak at 3.9 nm is observed in the

3 wt. % ORG1

case of the 5wt% loading. For the unmodified
MMT (Na clay), the 1 and 3 wt% loadings show a
shift from 1.1 to 1.4 nm and the 5 wt% loading
shows a shift to 1.3 nm. This increase in d-spacing
may indicate that some of the low molecular weight
oligomeric precursor has diffused into the clay lay-
ers. Transmission electron microscopy (TEM) was
employed to further probe the structure of the
clay—epoxy acrylate films. Fig. 1 shows the TEM
micrographs of films modified with 3% clay. From
this we can see that an intercalated morphology
exists which is consistent with XRD data.

3.2.1. Optical clarity of clay—polymer films

The optical clarity of the films was good and was
quantitatively assessed by UV-visible spectra shown
in Fig. 2. (The sample strongly absorbs below
350 nm, so this portion of the spectrum is not
shown.) The epoxy acrylate films are only slightly
affected by the presence of the clay suggesting good
dispersion and that the clay is indeed nanodispersed
thus not significantly affecting the transparency of
the films. We have previously examined polyester
acrylate and urethane acrylate films containing the
same clay [16,19]. Urethane acrylate films contain-
ing clay exhibit good transparency, similar to that
of the epoxy acrylate system seen here. On the other
hand, for polyester acrylate formulations, a more
significant decrease in transmission is observed.

3 wt. % Na Clay

Fig. 1. TEM of epoxy acrylate films containing 3 wt% of the various montmorillonites. The dark regions are the clay layers dispersed in
the polymer matrix. Higher magnification insets show that the clay sheets are oriented in layers, however, for the ORG1 and ORG2
systems the layers are spaced farther apart than for the Na clay sample.
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Fig. 2. UV-visible light transmission of films containing no clay
and containing 3 wt% ORG].

That is, polyester acrylate formulations containing
clay exhibits a lower optical transparency than
either the urethane or epoxy acrylate formulations
containing the organomodified clay. This likely
indicates that the clay is better dispersed in the
epoxy acrylate and urethane acrylate matrices than
in the polyester acrylate and that the lower optical
clarity is due to the strong scattering of the mont-
morillonite clay particles [28,29].

3.3. Clay—polymer film properties

3.3.1. Cure kinetics

During the curing process, the liquid acrylate
functional polymer is rapidly converted to a tack-
free film. Insight into the rate of cure and the effect
of clay incorporation on the polymerization process
can be gained using real-time Fourier Transform
Infrared Spectroscopy (RTIR). In the RTIR exper-
iments, the =C—H out of plane band at 810 cm ™' is
monitored for determining acrylate conversion.

For this system, conversion at 60 s is quite high
and very little difference between the clay—polymer
films and the system containing no clay is seen. Also
differences in conversion between air and nitrogen
atmospheres are observed, as is typically seen in free
radical systems. Fig. 3 shows plots of the RTIR data
obtained for the film containing no clay in air and
nitrogen atmospheres. The rate of polymerization
is higher in the nitrogen atmosphere, due to the
effect of oxygen inhibition for samples polymerized
in air. For the formulation containing no clay, the
R, in the nitrogen atmosphere is 35% higher than
that in air. In Fig. 3, the RTIR data for the film con-
taining the Na clay polymerized in nitrogen is also
shown. It is interesting that the polymerization rate
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Fig. 3. RTIR plots of formulations with no clay in air and
nitrogen and 3% Na clay in nitrogen.

and conversion of this sample is similar to that of
the control film polymerized in air, indicating that
the clay is interfering with the photopolymerization.

Comparison of the rate of polymerization for the
films containing the clays, in air and nitrogen atmo-
spheres, is shown in Fig. 4. For these formulations,
a decrease in rate of polymerization is observed for
all clay-modified samples regardless of the type of
clay. The films containing ORG1 showed a decrease
in R, compared to the film containing no clay of
~40% at the 1 and 3 wt% loadings in air and a slight
increase at the 5 wt%, in air, of 7%. In nitrogen, a
decrease of 20-35% was observed. For the ORG2
containing films, a decrease of 10-60% in air and
20-40% in nitrogen was seen compared to the film
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. w
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Fig. 4. Rate of polymerization from RTIR as a function of clay
content in both air and nitrogen.
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Table 1
Photo-DSC data for epoxy acrylate films
Sample Clay Hpax Area under
(%) (W/T) curve (J/g)
Epoxy acrylate 0 66 339
ORGl1 1% 67 285
3% 62 296
5% 54 319
ORG2 1% 58 259
3% 54 268
5% 51 237
Na clay 1% 60 281
3% 64 268
5% 60 250

containing no clay. For the Na clay films, a 20-35%
decrease in R, was seen in air and a 30-35%
decrease in nitrogen.

Similar trends are seen in photo-DSC experi-
ments, Table 1. ORG1 and ORG2 clay-films exhibit
a decrease in H,,, relative to the unmodified film.
Also the decrease is dependent upon the amount
of clay present. That is, as the amount of clay
increases the H,,,x value decreases further. In the
case of the Na clay, after the initial decrease there
is no change in H,,, regardless of the amount of
Na clay present. The total area under the curve
decreases upon the incorporation of clay into the
films. The magnitude of the trends found in
photo-DSC and RTIR are not exactly the same
and this may be attributed to the higher light inten-
sity used for the photo-DSC experiments compared
to the RTIR experiments. However, both methods
indicate that for the epoxy acrylate system, the pres-
ence of clay tends to deter the UV curing process.

These results are in contrast to our earlier work
with urethane acrylate systems [16,18], as well as
other work reported in the literature [30,31], where
an enhancement in the rate of photopolymerization
was seen in the presence of clay. In the previous
studies, the increase in photopolymerization rate
and conversion was attributed to a reduction in
the termination rate due to immobilization of the
reactive oligomer as a consequence of its high
degree of interaction with the clay particles. In con-
trast, for this system, the reduction of the curing
reaction may be due to one or a combination of
two factors. First, the clay particles may be scatter-
ing the UV light, reducing the efficiency of the
photoinitiation process. In addition, the fact that
the curing is slower in the presence of the clay
may indicate that the interaction of the clay with

65

40 T T T T T
0 1 2 3 4 5 6
% Clay

[~+—ORG1 -8 ORG2 —A—NaClay|

Fig. 5. T, from DSC for the films containing the various clays.

the epoxy acrylate oligomer is not as strong as
in the case of the urethane acrylate oligomer, thus
the mobility of the system is not reduced and thus
there is no reduction in the termination rate.

3.3.2. Thermal properties of clay—-polymer films
3.3.2.1. Differential scanning calorimetry. Fig. 5
shows the T, of the polymer films as a function of
clay content. In the case of ORGI films a significant
increase in T is noted, up to 10 °C. The presence of
nanoclays shifts the 7, to higher values as the poly-
mer chain confinement effect is increased. With the
ORG?2 films an increase of 3-5 °C is observed and
the Na clay films show an initial increase of 5 °C
which then drops as the amount of clay is increased.
This can be related to the uneven dispersion of the
nanoclay in the epoxy acrylate, Fig. 1. ORGI films
appear to be better dispersed than the ORG2 and
Na clay containing films.

3.3.2.2. Thermogravimetric analysis. Fig. 6 shows
the TGA plots for the 5 wt% clay films and the film
containing no clay. In the case of the ORG1 and Na

100
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= 5% ORG2
®—— 5%NaClay!

80

60 §

40

Weight (%)

201

100 200 300 400 500 600
Temperature (OC) Universal V3.6C TA Instruments

Fig. 6. TGA plots of 5 wt% clays in epoxy acrylate films.
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clay films an increase in thermal stability compared
to the control is observed while the ORG2 films
exhibit a slight decrease in thermal stability. This
is consistent with the TGA in air experiments for
the organomodified clays where the ORGI1 exhib-
ited better thermal stability than ORG2. Thermal
decomposition of organomodified clays generally
begins with release of trapped water, followed by
the decomposition of the organomodifier. Ammo-
nium organomodifiers degrade via a Hoffman deg-
radation mechanism and it has been shown that
the clay can shift onset of decomposition to a lower
temperature [32,33]. Using a similar organomodified
clay as ORG2 in a polyamide matrix, Jang and Wil-
kie observed little change in thermal stability as a
function of clay incorporation, similar to our result
[34]. However, in experiments with a variety of poly-
mer matrices containing ORG2-modified clay also
modified with polycaprolactone, the thermal stabil-
ity of the nanocomposite was enhanced [35]. Thus,
the overall thermal stability can be affected by the
organomodifier on the clay as well as the polymer
matrix. This would suggest that a better interaction
of the ORG1 modified clay with the epoxy acrylate
is leading to these property enhancements. It is
interesting that the Na clay nanocomposite also
showed an improvement in thermal stability, indi-
cating that the Na clay also interacts well with the
epoxy acrylate.

3.3.3. Mechanical properties of clay—polymer films
3.3.3.1. Tensile properties. Mechanical property data
is shown in Figs. 7-9. Young’s Modulus shows an

Young's Modulus (GPa)

1.0 T T T T T
0 1 2 3 4 5 6

% Clay

—— ORG1 —8H— ORG2 —A— Na Clay

Fig. 7. Young’s modulus for the epoxy acrylate films containing
various clays.
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Fig. 8. Tensile strength for the films as a function of clay.
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Fig. 9. Elongation at break versus clay content.

increase when clay is present in the epoxy acrylate
films. An increase of 20-35% in Young’s Modulus
is seen for the ORGI films while the ORG?2 films
show an increase of 10-20%. The Na clay films exhi-
bit the most significant increase in Young’s Modu-
lus, ~50% and the increase is the same regardless
of the amount of Na clay present. Similar trends
are also seen in the tensile strength at break data.
The only inconsistency is at the 1 wt% loading of
the Na clay where only a 36% increase in tensile
strength is seen. In general an improvement in elon-
gation is also seen. This is especially true for the
organically modified MMTs. In the case of the
ORGI films an increase of 6-20% in elongation is
observed, while the ORG2 films show an increase
of 10-20%. The Na clay films show an initial
decrease in elongation at the 1 wt% loading and at
the higher loadings an increase of 10-20% is
observed. Unlike what we have previously observed
for ORGI1 in urethane acrylate formulations, an
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Table 2
Storage modulus (above and below Ty), T, and crosslink density
(XLD) from DMTA

Sample Clay E'25°C T,

E' 150°C XLD

(%) (GPa) (°C) (GPa) (mol/cm?)
Epoxy 0 2.2 89.0 0.064 6.0x1073
acrylate
ORGI1 1% 2.0 84.0 0.064 6.1x1073
3% 24 84.1 0.071 6.7x 1073
5% 2.0 89.3  0.070 6.6x1073
ORG2 1% 2.4 89.0 0.073 6.8x1073
3% 1.2 89.1 0.062 59%1073
% 24 89.1 0.077 73%107°
Na clay 1% 2.4 89.2  0.070 6.6x1073
3% 2.7 93.8 0.082 77%x1073
5% 2.6 94.6  0.086 8.1x1073

increase in all three properties is observed: Young’s
Modulus, tensile strength and elongation [16]. The
enhancement of the mechanical properties are
attributed to the interaction of the epoxy acrylate
matrix and the clay on a nanoscopic level.

3.3.3.2. Dynamic mechanical analysis. Films contain-
ing Na clay appear to have the most significant
enhancement in properties by DMTA, Table 2.
Storage modulus exhibits an increase both above
and below Tg; 9-34% above T, and 10-21% below
T,. Crosslink density also showed an increase of
10-35% for the samples containing Na clay as the
nano-reinforcement. Organically modified clay films
behaved slightly different than the Na clay films.
ORGI reinforced films had an increase in storage
modulus above T, and a slight increase in crosslink
density as the amount of clay is increased. Storage
modulus below 7, is more variable as the 3 wt%
loading exhibited an increase in storage modulus
relative to the unmodified film. In the case of the
1 and 5 wt% loadings a slight decrease in storage
modulus and T, is observed for these nano-rein-
forced films. In the case of the 1 and 5 wt% ORG2
reinforced films an increase in storage modulus,
above and below T, and an increase in crosslink
density is observed. The 3 wt% loading of ORG2
in the epoxy acrylate films exhibit a decrease in stor-
age modulus and crosslink density.

Interestingly, the films containing clay had an
increase in measured crosslink density even though
conversion and rate of polymerization, by RTIR,
was lower for these films than the unmodified film.
The increase in crosslink density can be related to
the presence of clay. It is well known that polymer

chains can physically aggregate onto particulate sur-
faces resulting in an increase in the effective degree
of crosslinking [36]. Based upon our results, the clay
acting as a crosslink due to interaction of the poly-
mer with the clay surfaces is most likely what is
being observed.

3.3.3.3. Hardness. Konig hardness values are highest
for the films containing the Na clay and increases as
the amount of clay is increased, Fig. 10. At the 1 wt%
loading of ORGI1 clay there appears to be no effect on
hardness but as the amount of clay is increased to 3
and 5 wt% a significant improvement is observed.
Interestingly the ORG?2 clay shows no enhancement
on hardness of the film regardless of the amount of
ORG?2 clay present. This increase in hardness is con-
sistent with the increase in crosslink density and
mechanical properties observed for these films.

3.4. Effect of Na clay

In this study, we have consistently observed that
the unmodified pristine clay (Na clay) yields property
enhancements similar to that observed using the
organomodified clays. In some cases, the property
enhancement is greater for the films containing the
pristine clay than the organomodified clays (Young’s
modulus, tensile strength, hardness). Generally, it is
believed that unmodified clays form conventional
microcomposites when used with polymer matrices
and that nanocomposites can only be formed when
organomodified clays are used. A recent study by
Jang et al. evaluated the effect of solubility parameter
of organic clay modifications and polymer matrix
resins on the morphology of the nanocomposite
obtained [37]. They showed that nanocomposites
having delaminated morphology can be prepared
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Fig. 10. Hardness values for the various clays in epoxy acrylate
films.
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from pristine clay and highly polar polymers using
in-situ polymerization. Since the photopolymeriz-
able precursors are highly polar and, since we see
some evidence of interaction between the Na clay
in the XRD data, and we observe enhancement of
performance properties, the evidence leads us to the
conclusion that an intercalated nanocomposite has
been formed in this system.

3.5. Comparison with urethane acrylate
and polyester acrylate systems

We have now explored the use of organically
modified clays in three different UV curable systems:
urethane acrylate [15-18], polyester acrylate [19]
and now epoxy acrylate in this work. For all of
the systems, it appears that intercalated nanocom-
posites are formed. That is, the organization of
the clay tactoids is not completely disrupted during
the process of blending the organomodified clay
with the acrylated oligomers. In the urethane-acry-
late systems, we have observed an enhancement in
the rate of photopolymerization and conversion,
while for the epoxy acrylate system, there is a
decrease in the photopolymerization rate. Optical
clarity of the coating films is generally good, with
the exception of the polyester acrylate, indicating
that the clay is dispersed well. In most systems, we
observe an improvement in tensile modulus, tensile
strength and glass transition temperature indicating
that the clay is having a reinforcing effect. In the
epoxy acrylate system we also observe a consistent
improvement in the elongation at break, indicating
that there is a high degree of interaction between
the epoxy acrylate polymer and the clay. Thus, in
all of these systems, there is clear indication that
there is significant interaction of the clay with the
polymer matrix leading to a reinforcing effect.

4. Conclusions

Structure and properties of UV curable epoxy
acrylate films reinforced with nanoclay were stud-
ied. By XRD and TEM it is apparent that interca-
lated structures are formed and this is consistent
with structures observed for previous studies of ure-
thane acrylates reinforced with nanoclays [15-19].
Cure properties for the films containing clay as the
nanoreinforcement are decreased relative to the film
containing no clay. Also an increase in T, by DSC,
for ORGI and ORG2 modified MMTs is observed
while an increase in thermal stability (by TGA) is

seen for the ORG1 and Na clay MMTs. Mechanical
properties are improved for all films containing
MMT, both modified and unmodified. The Na clay
reinforced films exhibited the most significant
enhancement in mechanical properties including
hardness. This is in contrast to what we have
observed for the urethane acrylate films where the
Na clay reinforced films exhibited the poorest prop-
erties [15-18]. This suggests that property enhance-
ments are not only dependent upon the nanoclay
but the structure of the polymer and how the two
interact. So if a specific modified clay leads to prop-
erty enhancements in one system, it may behave dif-
ferently in another polymer system. It can be seen
from the UV curable acrylate formulations we have
studied that intercalated structures are formed and
enhancements in properties are observed. Thus,
the use of clay as a nanoreinforcement is a viable
approach to improving the mechanical properties
of UV curable films. These films may have use in
applications such as electronic packaging materials
for flexible electronic devices.
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