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UV-curable polymer films were prepared containing a commercially available, organically
modified montmorillonite (MMT). It is believed that nanoclay-containing UV-curable
polymers can find wide ranging applications in future microelectronic materials. Polymer
films containing the commercially available MMT clay (Nanomer) exhibited enhancements
in properties. The polymer films were studied with various microanalytical techniques
including XRD, TEM, and SEM to determine their micromorphology. Physical properties
and curing kinetics were examined using FTIR and thermal analysis. It was found that the
incorporation of clay reduced cure time. Tensile modulus, strength, and glass transition
temperature all increased with clay content. Dimensional stability improved with addition
of clay. Adhesion between the UV-curable film and polysulfone substrate also dramatically
improved. The presence of commercially modified MMT clay, however, rendered the polymers
more susceptible to thermal degradation.

Introduction

Clay nanocomposites have typically been prepared by
an in situ polymerization method or by a melt com-
pounding method. It has been shown that polar poly-
mers and monomers can intercalate directly into sodium
montmorillonite. Some examples include poly(ethylene
oxide) and methyl methacrylate monomer.1 Blumstein
showed that poly(methyl methacrylate) (PMMA) and
sodium montmorillonite formed clay-polymer nano-
composites by in situ free radical polymerization.2-4 He
observed an increase in the d-spacing of the clay by 0.76
nm, indicating the formation of intercalated nano-
composites.1-5 Improvement in thermal stability was
also noted. Unlike polar polymers or monomers, non-
polar compounds are not readily miscible with sodium
clay. Therefore, the clay is modified using an ion-
exchange process in which the sodium ion is replaced
with an organoammonium or phosphonium salt. This
procedure makes the clay more organophilic and more
miscible with nonpolar monomers and polymers. The
clay nanocomposites obtained thus far have been shown
to exhibit enhanced properties, such as improved me-
chanical, thermal, barrier, solvent resistance.6-10

Little work has been done on UV-curable polymer-
clay nanocomposites. Zahouily et al. first demonstrated
that UV-curable polymer-clay nanocomposites could be
prepared.11,12 Decker et al. showed by X-ray diffraction
that clay nanocomposites can be prepared with UV-
curable formulations.13 Several advantages are associ-
ated with UV curing, such as rapid cure, solvent-free
systems, application versatility, low energy require-
ments, and low-temperature operation.14,15 For many
microelectronic applications, it is desirable to formulate
thin polymer systems with high glass transition tem-
peratures, good barrier properties, dimensional stability,
flexibility, and good mechanical properties.

The focus of this paper is on the preparation and
characterization of UV-curable films possessing nano-
reinforcements. Structure-property relationships are
elucidated using a number of analytical techniques.

Experimental Section

Materials. Nanomer I.31PS onium ion modified mont-
morillonite was supplied by Nanocor Inc. CN929, a trifunc-
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tional urethane acrylate oligomer, and SR454, an ethoxylated
(3) trimethylolpropane triacrylate, were obtained from Sar-
tomer. The photoinitiator, Darocur 1173, 2-hydroxy-2-methyl-
1-phenylpropane-1-one, was obtained from Ciba Specialty
Chemicals.

Characterization UV curing of samples was performed
using a Dymax light source with a 200 EC silver lamp (UV-A,
365 nm). The intensity was 35 mW/cm2 using a NIST Trace-
able Radiometer, International Light model IL1400A. It should
be noted that curing of panels was performed in air. Samples
were drawn down onto an aluminum panel using a #1 Gardco
casting bar with a gap of 4 mil. X-ray powder diffraction (XRD)
data were collected using a Phillips PW3040 X’pert-MPD
multipurpose diffractometer in Bragg-Brentano geometry (Cu
KR radiation). Qualitative variable-slit data were collected over
2θ angles of 2°-40°, using a 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 photographed using a
JEOL 100cx-II transmission electron microscope operating at
80 kV. Fourier transform infrared (FTIR) was done using a
Nicolet Magna-IR 850 spectrometer series II with detector type
DTGS KBr. Scans were done in transmission mode from 4000
to 400 cm-1. Photoinfrared was performed using the Nicolet
spectrometer and a UV optic fiber mounted in a sample
chamber. The light source was a 100 W DC mercury vapor
short-arc lamp. This setup monitors the conversion as the
reaction proceeds and is known as real-time infrared spec-
trometry (RTIR). Samples were applied to a KBr disk by spin
coating. Scans were taken over a 60 s period at 1 scan/s and
the UV source was adjusted to be approximately 3.6 mW/cm2

and performed in air. Differential scanning calorimetry (DSC)
was performed on a TA Instruments Q1000 series calorimeter.
Samples were subjected to a heat-cool-heat cycle from -20
to 200 °C at a ramp rate of 10 °C/min. Tg values were
determined as the midpoint of the inflection from the second
heat cycle. Photo-DSC was performed utilizing the Q1000 DSC
modified with the photocalorimic accessory (PCA) and its
intensity was approximately 40 mW/cm2 in a nitrogen atmo-
sphere. Sample sizes ranged from 4 to 6 mg. The reproduc-
ibility of photo-DSC has been found to be (3%. Dynamic
mechanical thermal analysis (DMTA) was performed using a
Rheometric Scientific 3E apparatus in the rectangular tension/
compression geometry. Tg is obtained from the maximum peak
in the tan δ curves, and cross-link densities are calculated from
the E′ value in the linear portion at least 50 °C greater than
the Tg. Cross-link density can be calculated from the following
equation16

where νe is the cross-link density.
Sample sizes for testing were 10 × 5 × (0.05 to 0.09) mm3.

The analysis was carried out from -50 to 250 °C at a frequency
of 10 rad/s and a ramp rate of 5 °C/min. Thermogravimetric
analysis (TGA) was performed using a Perkin-Elmer-7 under
nitrogen purging from ambient temperature to 800 °C at a
ramp rate of 20 °C/min. Tensile properties were measured
using an Instron 5542, and five specimens were taken for each
sample to obtain an average value following ASTM 2370. Test
specimens for the tensile tests were free films with a length
of 100 mm, and grips were set to a distance of 40 mm. The
width of the samples was 5 mm and thickness 0.05-0.09 mm.
A crosshead speed of 20.0 mm/min was applied. Coefficient of
thermal expansion was obtained using a TA 2940 thermome-
chanical analyzer (TMA). The force applied was 0.003 N and
it was heated at a rate of 5 °C/min from room temperature to
100 °C. Hardness tests were performed utilizing a BYK
Gardener pendulum hardness tester in the König mode in
seconds. Samples for hardness testing were cured on an
aluminum panel. Adhesion testing was performed using a

portable adhesion tester following ASTM procedure D4541. In
this case, a dolly is attached to a surface of a coating with an
epoxy adhesive, Araldite 2011. Tension is applied perpendicu-
lar to the surface and the force applied to the loading fixture
is increased until the coating is removed from the substrate.
The force required to remove the coating is recorded in lb/in2.

Preparation of Nanocomposite Polymer Films. Poly-
mer film formulations utilized in this study were a 50:50
mixture of CN929:SR454. CN929 is a trifunctional aliphatic
polyester urethane acrylate oligomer. SR454 is an ethoxylated
timethylolpropane triacrylate. The clay loadings in these
systems were 1, 3, and 5 wt %. The mixture was stirred for 24
h followed by sonication for 8 h. Then the initiator Darocur
1173(4 wt %) was added and mixture stirred overnight. Films
were cast onto glass, aluminum, and polysulfone panels using
a #1 Gardco casting bar with a gap of 4 mil.

Results and Discussion

The presence of nanoclays has been shown to enhance
polymer properties.6-10 Properties desired for polymer
substrates and laminating layers in electronic applica-
tions are good barrier, dimensional stability, flexibility,
good mechanical properties, and high Tg. UV curing of
polymers is an attractive route for microelectronic
packaging materials. In a series of papers,17 we are
seeking to address the important aspects of developing
polymer nanocomposite films for UV-curable polymer
systems. The research can impact on future develop-
ment of microelectronic polymeric components using
clay-type nanocomposites. The structure-property re-
lationships of such nanocomposites are emphasized
herein.

Structure of Commercially Modified Montmo-
rillonite Clay. Organic modification is typically em-
ployed in clay-polymer nanocomposites. The clay used
in this study was Nanomer I.31 PS, a commercially
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Figure 1. Structure and composition of modified MMT clay.

Figure 2. FT-IR spectrum of unmodified montmorillonite
(MMT, bottom) and modified MMT clay (top).

E ) 3νeRT (1)
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available montmorillonite clay, from Nanocor Inc. The
montmorillonite clay contains γ-(aminopropyl)triethoxy-
silane and octadecylamine as the organic modifiers
(Figure 1). FT-IR data demonstrate that the organic
modifiers are present in the montmorillonite clay.
Figure 2 shows FT-IR spectra of unmodified montmo-
rillonite (MMT) and of the commercially modified MMT
clay, where new peaks attributable to the organic
modifiers are observed at 3240 and 3174 cm-1, due to
the NH stretching, and at 2912 and 2839 cm-1, due to
the CH stretching.

X-ray Diffraction (XRD). X-ray diffraction shows that
there is an increase in the d-spacing of the commercially
modified MMT clay compared to the unmodified MMT,
as shown in Figure 3. The d-spacing of the montmoril-
lonite is 1.34 nm and upon organic modification the
d-spacing for commercially modified MMT clay in-
creases to 2.41 nm, which is an increase of 80%. The
increase in d-spacing (1.07 nm) is attributable to the
organic modifiers being incorporated between the clay
layers and pushing the clay layers further apart, result-
ing in an intercalated structure. In this case an inter-
calated structure is formed, showing that organomod-
ification alone is not sufficient to exfoliate the clay.

Thermogravimetric Analysis (TGA). The thermal sta-
bility of the commercially modified MMT clay is shown
in Figure 4. There is an initial loss of approximately
1% below 100 °C, possibly due to the loss of water. At
600 °C, the amount of char remaining is 76%, indicating
a mass loss of 24%. The amount of organic modifier

present is reported to be between 20 and 35%. In the
case of unmodified montmorillonite, we have observed
a mass loss of approximately 10% below 150 °C, which
is attributed to the loss of water.18 There are no further
losses above 150 °C for the unmodified montmorillo-
nite.18 Mass loss for the clay is within this range and
can be attributed to the loss of organic modifier present
in the montmorillonite clay.

Structure of Nanoreinforced Films. X-ray Dif-
fraction (XRD). Incorporation of the organic modifiers
into the montmorillonite increases the d-spacing by
80%. Organically modified clay should be more readily
miscible with monomers and polymers than unmodified
clay. Table 1 shows the d-spacing values observed in
the commercially modified MMT clay-containing poly-
mer film. From this it is observed that at the 1 wt %
loading a highly intercalated structure forms, as there
is no peak observed in this case. The absence of an XRD
peak does not necessarily mean exfoliation, as the
observed absence of scattering could be due to geometry
effects or lack of sensitivity at the low level of clay
incorporation. At 3 and 5 wt % loading, peaks are
observed at 3.25 and 3.34 nm, respectively, indicating
that an intercalated structure is formed.

Transmission Electron Microscopy (TEM). To conclu-
sively determine the morphology of the clay in the
composite, direct observation using transmission elec-
tron microscopy is required. Figure 5 shows the TEM
photomicrographs of 1 and 3 wt % Nanomer-reinforced
urethane acrylate composites. In these cases the clay
appears to be intercalated with some folded features,
possibly resulting from the microtoming process. The
degree of intercalation is quite high, almost to the extent

(18) Uhl, F. M.; Davuluri, S. P.; Wong, S.-C.; Webster, D. C.
Manuscript in preparation.

Figure 3. XRD patterns of MMT and modified MMT clay.

Figure 4. TGA curve of modified MMT clay.

Table 1. XRD Information for Clays and Polymer Film
Formulations

% increase in
d-spacing relative to

sample d-spacing (nm) MMT modified MMT

MMT 1.34 NA NAb

cm-MMTa 2.41 44 NA
1 wt % cm-MMT
3 wt % cm-MMT 3.25 143 35
5 wt % cm-MMT 3.34 149 39

a cm-MMT ) commercially modified MMT. b Not applicable.
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of exfoliation. Dispersion appears to be better in the 1
wt % commercially modified MMT case than in the 3
wt % case. Both XRD and TEM confirm that polymer is
indeed intercalated between the nanoclay sublayers.

Polymer Film Properties. Researchers have re-
ported that an improvement in polymer properties is
observed when clay is used as a form of nanorein-
forcement.6-10,19-24 Therefore, it is of interest to inves-
tigate the properties typically enhanced by the presence
of nanoclay as well as the effect of nanocomposite
formation on properties specifically associated with UV-
curable polymer films.

Cure Time. The cure time of the unmodified polymer
film is 270 s. Addition of the commercially modified
MMT clay appears to decrease the cure time, as shown
in Figure 6. Curing is the cross-linking of a polymer to
produce a three-dimensional network that is tack free.

We have previously shown that cure time is related to
the type of organomodification of the clay.25 A more
significant decrease in cure time was exhibited when a
single long chain (C16) was attached to the ammonium
ion.18 As the amount of clay is increased, the cure time
is decreased with a leveling effect at 3 wt % loading.
This reduction in cure time as clay loading increases
suggests that the presence of clay enhances the curing
reaction. Since a number of factors could be impacting
this macroscopic property, a more detailed investigation
into the kinetics of the curing process is warranted.

Curing Kinetics. In UV-curable formulations the
functional group conversion can be monitored by real-
time infrared spectroscopy (RTIR) and photodifferential
scanning calorimetry (photo-DSC). These two tech-
niques monitor the cross-linking reactions taking place.
In the case of RTIR, the loss due to a particular
functional group in the infrared spectrum can be fol-
lowed and related to the conversion. Photo-DSC moni-
tors the UV curing reaction occurring by monitoring the
heat flow between a reference and sample pan. Conver-
sion is obtained by examining the area under the curve.

In RTIR, acrylate systems are typically monitored by
the disappearance of the dC-H out-of-plane bend at
810 cm-1. Figure 7 shows a typical plot obtained for the
unmodified polymer film and polymer films containing
1, 3, and 5 wt % commercially modified MMT clay. From
the initial portion of the RTIR plot (10 s or less), the
rate of polymerization can be calculated. The degree of
conversion and the estimated rate of polymerization (Rp)
can be calculated on the basis of the following equa-
tions:26-28
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Figure 5. TEM of polymer film containing (a) 1% and (b) 3% modified MMT clay.

Figure 6. Cure times of unmodified and modified MMT
containing polymer films.

degree of conversion )
(((A810)0 - (A810)t)/(A810)0) × 100 (2)

Rp ) [M0][((A810)t1
- (A810)t2

)/(t2 - t1)] (3)
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where (A810)0 is the absorbance before UV exposure,
(A810)t is the absorbance after UV exposure, [M0] is the
original concentration of acrylate double bonds, and Rp
is the rate of polymerization.

Table 2 shows the conversion obtained at 60 s and
the rate of polymerization, Rp, which is the average Rp
up to 2 s of exposure, as a function of the clay content.
It should be noted that as clay is added into the

formulation, a very slight increase in conversion is
observed, similar to that observed by Zahouily et al.12

and Decker et al.13

From the data in Table 2 it is observed that a slight
increase in the estimated rate of polymerization occurs
upon incorporation of clay. Photopolymerization of liquid
crystalline media has been shown to result in a high
yield, attributed to the reduction in termination rate
where the translational and rotational movements are
restricted,29 indicating that the reduced mobility leads
to reduced termination rate. In nanocomposite systems,
the clay is capable of restricting the mobility of the
polymer chains, resulting in a reduced rate of termina-
tion, leading to a higher rate of polymerization.

In photo-DSC, the heat flow and total heat evolved
are measured. Total heat evolved can be related to the
final degree of cure and is measured as the area under
the curve. Figure 8 shows typical photo-DSC curves,
where the maximum is denoted Hmax and can be related

(28) Decker, C.; Moussa, K. Makromol. Chem., Rapid Commun.
1990, 11, 159-167.

(29) Hoyle, C. E.; Chawla, C. P.; Kang, D.; Griffin, A. C. Macro-
molecules 1993, 26, 758-763.

Figure 7. RTIR plot obtained for unmodified polymer film and polymer films containing modified MMT clay (exposure time
60 s, UV intensity 3.6 mW/cm2).

Figure 8. Photo-DSC plot of polymer films.

Table 2. Conversion and Rate of Polymerization for
Polymer Films by RTIR, Averaged over 2 sa

% conversion

sample at 10 s at 60 s Rp (mol/L s)

no clay 72 89 0.30
1% clay 73 90 0.39
3% clay 77 93 0.43
5% clay 74 89 0.32

a UV intensity 3.6 mW/cm2. Clay represents the commercially
modified MMT.
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to the rate of polymerization. Table 3 contains the Hmax
and area under the curve values obtained in photo-DSC.
It is observed that at the 1 wt % loading of commercially
modified MMT the rate is higher than that of the
unmodified polymer film. As the amount of the com-
mercially modified MMT is increased, the Hmax value
is lower than that of the unmodified polymer films,
indicating a decrease in rate relative to the unmodified
polymer film. When looking at the conversion (area
under the curve), it is observed that all clay-containing
polymer films have lower conversion than the unmodi-
fied polymer film. Conversion of the samples is in the
following order: no clay > 5% clay > 3% clay > 1% clay.
It appears that, at higher loadings of clay, conversion
is higher, suggesting that commercially modified MMT
clay is providing a significant interfacial area in the
polymer, resulting in a higher rate of polymerization
and heat evolved.

Thermal Properties. It has been shown for clay-
polyimide nanocomposites that exfoliation occurs at low
loadings and intercalation at high loadings.30-32 A
decrease in both the thermal expansion coefficient and
gas permeability has been observed along with an
increase in Young’s modulus. Other investigators have
also examined clay-epoxy nanocomposites and observed
an increase in the glass transition temperature related
to the amount of organoclay.21,33,34

Figure 9 shows the glass transition (Tg) temperatures
obtained by DSC for the radiation-cured polymer films.
The polymer films containing commercially modified
MMT clay have a higher Tg than that of the virgin
polymer film. The increase in Tg is attributed to the
confinement of the polymer chains between the clay
layers limiting segmental motion of the polymer chain.3,7

Dynamic mechanical analysis is a common technique
to examine the viscoelastic behavior of polymer systems,
including the glass transition behavior and also to
obtain the cross-link density. Data for these films is
shown in Table 4. Tgs obtained by DMTA are ap-
proximately the same for the clay-containing polymer
films compared to the unmodified polymer film. It can
be observed that as clay is incorporated into the
formulation, an increase in the effective cross-link
density (XLD) occurs. In general, the increase in XLD
is related to the amount of clay present; as the amount
of clay increases, the XLD increases. The results suggest
that the presence of nanoclay can facilitate cross-linking
reactions and thereby cross-link density is increased or
that the clay is acting as a cross-link. It is well-known
that physical aggregation of polymer chains onto the
surface of a particulate results in a rise in the effective
degree of cross-linking and this is likely what we are
observing.23

Examination of the storage modulus, E′, above and
below the glass transition temperature can be carried
out, and the results are shown in Table 5. Below the Tg
(40 °C) E′ is higher for the clay-containing polymer films
than for the unmodified polymer film (Figure 10); this
is an increase in E′ of 10-20% at 40 °C. When looking

(30) Ranade, A.; D’Souza, N. A.; Gnade, B. Polymer 2002, 43, 3759-
3766.

(31) Hsiao, S.-H.; Liou, G.-S.; Chang, L.-M. J. Appl. Polym. Sci.
2001, 80, 2067-2072.
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(33) Wang, M. S.; Pinnavaia, T. J. Chem. Mater. 1994, 6, 468-474.
(34) Lan, T.; Kaviratna, D.; Pinnavaia, T. J. Chem. Mater. 1995, 7,

2144-2150.

Table 3. Hmax and Conversion (∆H) for Polymer Films by
Photo-DSCa

sample Hmax (W/J) ∆H (J/g) [% conv]

no clay 68 246 [90]
1% clay 71 231 [85]
3% clay 63 232 [85]
5% clay 59 234 [86]

a There is a 3% error for measurements Clay represents the
commercially modified MMT.

Figure 9. Glass transition temperatures by DSC.

Table 4. Glass Transition Temperatures and Cross-Link
Density (XLD) by DMTAa

run 1 run 2

sample Tg (°C) XLD (mol/cm3) Tg (°C) XLD (mol/cm3)

no clay 73.9 6.0 × 10-3 75.1 6.8 × 10-3

1% clay 75.0 7.5 × 10-3 75.1 7.4 × 10-3

3% clay 75.1 8.3 × 10-3 75.1 7.8 × 10-3

5% clay 75.0 7.5 × 10-3 73.9 8.3 × 10-3

a Samples were run in duplicate and values for both runs are
given. Clay represents the commercially modified MMT.

Table 5. DMTA Storage Modulus Data above and below
the Glass Transition Temperaturesa

E′ (GPa)

sample 40 °C 175 °C

no clay 1.06 0.0697
1% clay 1.23 0.0799
3% clay 1.18 0.0874
5% clay 1.28 0.0844

a (Clay represents the commercially modified MMT)

Figure 10. DMTA plot of unmodified coating and coating
containing 1% modified MMT clay.
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at E′ above the Tg (175 °C), it is observed that at the
various loadings of clay E′ is again higher than that of
the unmodified polymer film; in this case, an increase
of 15-20% is observed. It should be noted that the tan
δ curves for the unmodified polymer film is slightly
broader than that of the clay-containing polymer films
(Figure 10).

Degradation Behavior. Good thermal stability is
required in processing and applications for microelec-
tronic polymers and therefore is of importance in these
materials. Figure 11 shows the TGA curves obtained.
The clay-containing polymer films possess good thermal
stability to approximately 320 °C. Formulations con-
taining 1 and 3 wt % commercially modified MMT clay,
however, have slightly lower thermal stability than that
of the virgin polymer film, while the 5 wt % has the
same thermal stability as the unmodified polymer film.
All clay-containing polymer films exhibit a larger amount
of char formation than the unmodified polymer film due
to the presence of clay.

Coefficient of Thermal Expansion (CTE). The coef-
ficient of thermal expansion (CTE) was obtained from
thermomechanical analysis. In this particular case a
decrease in CTE is observed upon addition of com-
mercially modified MMT clay, as shown in Figure 12.
A 60-85% decrease is observed for the commercially
modified MMT containing polymer films relative to the
unmodified polymer film. The results indicate that the
incorporation of the commercially modified MMT clay

can reduce CTE and provide good dimensional stability
for the polymer films in this application.

Mechanical Properties. Typically, an improvement in
mechanical properties is observed in polymer-clay
nanocomposite systems. This is especially true in the
case of the Young’s modulus, because stiffness charac-
terizes the initial deformation in the linear elastic
regime. Table 6 displays the Young’s modulus, tensile
strength, and ductility values obtained from the samples
studied. An increase in stiffness is observed as the
amount of clay is increased. A 10% increase in modulus
occurs at 1 wt % loading of commercially modified MMT
and increases up to a 50% enhancement at the 5 wt %
loading. This is in agreement with observations by
DMTA, where an increase in E′ is observed in the
presence of clay. It can also be seen that as the amount
of clay is increased, there is an increase in the tensile
strength. Percent elongation of the polymer films de-
creases as the amount of commercially modified MMT
is increased. Filler particles are known to reduce mo-
lecular mobility of polymer chains and lead to a less
flexible material with a higher tensile strength and
Young’s modulus.24 The reinforcement effect increases
with increasing volume fraction of filler, and the more
finely distributed the filler, the greater the effect.24

Elongation is higher in the 1% case and approximately
the same in the 3% and 5% cases compared to the
unmodified coating.

Hardness. The hardness of the polymer films was
determined using the König pendulum hardness test.
In this test a pendulum swings back and forth and the
time required to dampen the movement from a high (6°)
to low (3°) angle is recorded. In this study the hardness
of the polymer films containing clay are lower than that
of the unmodified polymer film (Table 7). Sato has
shown that the hardness of a polymer film can be
related to other properties, such as the mechanical
properties, of a polymer film.35 Table 7 compares the
hardness, Tg, and Young’s modulus, while Table 5 list
the E′ values. From this it can be observed that for a
low value of E′ (from DMTA) a high hardness value is
observed.35 Sato observed that the data obtained from
the “free torsional oscillation method” corresponded to
that obtained by the pendulum hardness test; when a
low shear modulus was observed, there was a higher

(35) Sato, K. Prog. Org. Coat. 1980, 8, 1-18.

Figure 11. TGA curves for unmodified and clay-containing
polymer films.

Figure 12. Coefficient of thermal expansion relative to
unmodified film.

Table 6. Mechanical Propertiesa

sample
elongation

(mm)
yield strength

(MPa)
Young’s modulus

(GPa)

no clay 2.5 ( 0.56 29.6 ( 1.7 0.990 ( 0.064
1% clay 3.5 ( 0.16 29.4 ( 0.88 1.09 ( 0.032
3% clay 2.3 ( 0.17 33.8 ( 1.4 1.28 ( 0.034
5% clay 2.2 ( 0.19 37.8 ( 2.1 1.49 ( 0.085

a Clay represents the commercially modified MMT.

Table 7. Hardness Data Compared to Other Dataa

sample
König hardness

(s)
Tg DSC

(°C)
Young’s Modulus

(GPa)

no clay 89 ( 1.5 37.3 0.990 ( 0.064
1% clay 73 ( 1.2 40.2 1.09 ( 0.032
3% clay 76 ( 3.2 41.1 1.28 ( 0.034
5% clay 70 ( 6.1 42.4 1.49 ( 0.085

a Clay represents the commercially modified MMT.
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hardness value observed. Our data correlates well with
this observation; hardness values are highest for the
unmodified film and lowest for the 5 wt % commercially
modified MMT, and the E′ values are lowest for the
unmodified film and highest for the 5 wt % commercially
modified MMT. The commercially modified MMT con-
taining polymer films exhibit a decrease in hardness as
the Tg is increased. From the data presented in Table
7, it is seen that as the Young’s modulus is increased,
there is a decrease in hardness.

Adhesion. Adhesion is the bonding between a poly-
meric coating and a substrate and it is the reversible
separation of the two phases that is expressed by the
work of adhesion.36 In this study the adhesion of our

polymer films (after curing) to a commercial polysulfone
is measured. A significant increase in adhesion of the
clay-containing polymer films is observed. This increase
is related to the amount of clay present (Figure 13). This
finding is interesting and warrants more detailed
investigation in the future.

Conclusions

Structure and properties of UV-curable clay-ure-
thane acrylate films were studied. Novel observations
were made on UV-curable systems with commercially
modified clays as the dispersed phase. TEM shows that
intercalated structures were formed, but the clay plate-
lets are highly intercalated nearing exfoliation. The
formation of these nanoreinforced polymer films has led
to enhanced properties. Tensile modulus, strength and
to a small extent Tg increased as clay content increased.
A decrease in cure time was observed upon incorpora-
tion of the clay. The coefficient of thermal expansion
decreased with an increase in clay content. The result
showed good dimensional stability as a function of
temperature. Adhesion between UV-curable film and
polysulfone substrate also showed dramatic improve-
ment upon addition of clay particles.
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Figure 13. Pull-off adhesion values as a function of clay
content.
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