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ABSTRACT: Ammonium salt, [2-(methacyloyloxy)ethyl]
trimethylammonium methyl sulfate (MAOTMA), was
adopted to modify montmorillonite (MMT) via the cationic
exchange process in an acidic environment and a success-
ful enlargement of MMT lamellar spacing from 1.18 to
1.39 nm was identified by x-ray diffraction and Fourier-
transform infrared spectroscopy. Accordingly, UV-curable
epoxy nanocomposite resins containing various amounts
of MAOTMA-modified MMT were prepared with the aid
of a planetary mechanical milling process. Transmission
electron microscopy revealed a uniform dispersion of exfo-
liated MMT lamella in epoxy matrix, leading to the dis-
tinct improvements on thermal stability and thermal

expansion property of nanocomposite samples. Calcium
(Ca) test indicated that the good dispersion of MMT fillers
in polymer effectively suppresses the moisture permeation
in sample matrix. More than twofold increment on reten-
tion time of 5% Ca hydrolysis and 20% improvement on
the permeation kinetic parameters were observed in the
nanocomposite sample containing 8 wt % MMT in com-
parison with the pristine epoxy sample. © 2011 Wiley Peri-
odicals, Inc. ] Appl Polym Sci 123: 3199-3207, 2012
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INTRODUCTION

Organic/inorganic nanocomposites have been
widely investigated in past decade due to their ver-
satile optical, mechanical, thermal, electrical, and
transport properties.'” Owing to the advantages of
high aspect ratios, high tensile modulus, low cost,
and low thermal expansion property, lamellar sili-
cate clays are the popular inorganic components of
nanocomposites. However, it is difficult to disperse
natural clays in polymers due to the high van der
Waals force between clay lamella and the incompati-
bility of hydrophilic clays with hydrophobic poly-
mers. Modification of clays is thus a crucial process
in the preparation of clay/ }golymer composites with
fine dispersion structure.” "> Usuki et al. adopted o-
amino acid to replace sodium ions in clay via a cati-
onic exchange process and then used e-caprolactam
to promote the polymerization in between the orga-
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noclay lamella to obtain the clay/nylon-6 nanocom-
posites.>'* Zhu et al. synthesized the phosphonium
and ammonium salts to modify the montmorillonite
(MMT) and then polymerized in MMT gallery to
achieve the MMT/styrene nanocomposites.'"” A com-
bination of ammonium salt and silane coupling
agent to graft the clay interfaces and bond with
polymer via polymerization to form the nanocompo-
sites were also reported.'"'* Modification of clays by
utilizing ammonium or phosphonium salts not only
enlarges the lamellar spacing but also improves the
polarity of clays, leading to the easy entrance of
monomers into clay gallery so as to achieve the
nanocomposites with uniformly dispersed micro-
structure. Review on the modification of clays, dis-
persion mechanisms and relevant applications can
be found, for instance, in de Pavia et al.’s article.®
The dispersion morphology is known to correlate
with the physical/chemical properties of clay/poly-
mer nanocomposites. Yano et al. reported the exfoli-
ated clay in polyimide could effectively suppress the
gas permeation and the coefficients of thermal
expansion (CTEs) of samples.”'® Exfoliated MMT/
polystyrene and MMT/polypropylene nanocompo-
sites might reduce the flammability.'®!” Chen et al.
demonstrated the improvements of mechanical and
thermal properties in exfoliated MMT/polyurethane
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nanocomposites.'® These researches clearly illus-
trated a uniform dispersion of clay lamella in poly-
meric matrix is the key to the clay/polymer nano-
composites with low filler content and satisfactory
performance.

Epoxy is the most common polymeric resin for
electronic and optoelectronic industries due to its
good thermal stability, high transparency, good ad-
hesive strength, and moderate viscosity. For elec-
tronic packaging, satisfactory sealing capability is an
essential concern for sealing adhesives. Further, the
optoelectronic products such as organic light emit-
ting devices (OLEDs) require the sealing process at
temperatures below 100°C to avoid the degradation
of light-emitting materials. Photo-curable nanocom-
posite sealing resins with low permeation property
hence become the primary choice for such an appli-
cation. As a matter of fact, UV-curable polymeriza-
tion is an environmentally friendly process with fast,
solvent-free, and low energy consumption fea-
tures."”?” Previous studies® ™ on the epoxy/clay
nanocomposites have demonstrated the enhance-
ments on thermal, mechanical, and permeation prop-
erties without the slow-down of photo-polymeriza-
tion kinetics.?%?! In this work, the modification of
MMT utilizing the ammonium salt, [2-(methacyloy-
loxy)ethyl] trimethylammonium methyl sulfate
(MAOTMA), is presented and the UV-curable epoxy
nanocomposite resins containing MAOTMA-modi-
fied MMT/epoxy are prepared with the aid of plan-
etary mechanical milling process. Accordingly, the
correlation of microstructure to thermal and gas per-
meation properties of nanocomposites is presented
as follows.

EXPERIMENTAL
Materials

The high-purity Na"™-MMT clay powder (PK802)
with the cationic exchange capacity (CEC) of 95
mEq/100 g and initial size in the range of 0.03-0.07
mm was purchased from Pai Kong Ceramic Mate-
rial, Taiwan, R.O.C. The photo-initiator, iodonium
(4-methylphenyl) [4-(2-methylpropyl) phenyl]-hexa-
fluoro-phosphate (1-) (IRGACURE 250), and the
photo-sensitizer, mixture of 2-isopropylthioxanthone
and 4-isopropylthioxanthone (DAROCUR ITX), were
purchased from Ciba. Cationic photo-polymerization
process was adopted for the preparation of UV-cura-
ble nanocomposite resin sample since it provides
high adhesive strength, low shrinkage, and good
chemical resistance. Note that the utilization of
photo-sensitizer containing above chemicals was to
accelerate the rate of photo-polymerization.** Clay
modification agent, ammonium salt solution (aque-
ous solution containing 80 wt % MAOTMA), and
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Figure 1 Molecular structures of (a) MAOTMA modifica-
tion agent, (b) ECC epoxy monomers (c) SR370 epoxy
monomers (d) IRGACURE 250 cationic photo-initiator and
(e) DAROCUR ITX photosensitizer.

the epoxy monomer, 3,4-epoxycyclohexylmethyl 3,4-
epoxycyclohexane carboxylate (ECC), were pur-
chased from Aldrich. Such a low-viscosity epoxy
precursor was chosen due to its compatibility with
subsequent mechanical milling process. Another ep-
oxy monomer, glycidyl methacrylate (SR379), sup-
plied by Chembridge was adopted since its low-mo-
lecular-volume feature allows the easy entrance of
organic component into MAOTMA-modified MMT
lamella during the mechanical milling process. Hy-
drochloric acid (HCI) for pH value adjustment was
purchased from SHOWA. All reagents were used
directly without further purification and their molec-
ular structures are separately depicted in Figure 1.

Modification of MMT by MAOTMA

First, 5 g of MMT was slowly added into 500 mL of
de-ionic water at 80°C. Subsequently, 0.1N of HCI
solution was added under vigorous stirring so as to
adjust the pH value of MMT aqueous solution to the
value of 4 and to achieve the swelling of MMT
lamella. Afterward, 3.38 g of MAOTMA was added
to above solution at 80°C while an appropriate
amount of HCI solution was added so as to maintain
the pH value of the mixture at 4. The reactions were
allowed at the same temperature for 4 h under vig-
orous stirring and then the mixture was cooled
down to room temperature. We note the reacting
time of modification process was determined by the
ICP-MS (inductively coupled plasma mass spectros-
copy; Perkin Elmer, SCIEX ELAN 5000) measure-
ment which monitors the residual amount change of
sodium cation, Na(H,0),", in the clay samples. At
the present processing condition, it required
more than 3 h to reduce the residual amount of
Na(H,O)," from 4.42% for the pristine MMT to
0.022% for the MAOTMA-modified MMT. Hence,
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the MMT modification was allowed at the time span
for 4 h. This resulted in the MAOTMA-modified
MMT precipitates and supernatant was removed by
centrifugation. De-ionic water was added into the
MAOTMA-modified MMT precipitates and centrifu-
gation flushing was performed for at least four times
until the clean MAOTMA-modified MMT precipi-
tates were obtained. The MAOTMA-modified MMT
was then dried and screened through 200-mesh
sieves.

Preparation of MAOTMA-modified MMT/epoxy
nanocomposite resins

Various amounts of MAOTMA-modified MMT, 8.5
g of ECC and 1.5 g of SR379 were added in a jug
containing zirconia milling balls with 0.5 mm in di-
ameter. The mechanical milling was achieved by
using a planetary mill (RETSCH PM-1000) at the
milling rate of 500 rpm. There was a 2-min stop
interval per 10-min mill and the total milling time
span was 36 h. After the milling of MAOTMA-modi-
fied MMT and epoxy monomers, 0.3 g of IRGA-
CURE 250 and 0.1 g of DAROCUR ITX were added
to complete the preparation of UV-curable
MAOTMA-modified MMT/epoxy nanocomposite
precursors. In this work, the nanocomposite precur-
sors containing 1, 5, and 8 wt % of MAOTMA-modi-
fied MMT were prepared. For the purpose of com-
parison, the MAOTMA-modified MMT/epoxy
nanocomposites were also prepared without the aid
of mechanical milling. Photo-polymerization of
nanocomposite thin-film samples for subsequent
analyses were carried out in an UV oven (ECSUN
UC-1000, Taiwan, R.O.C.) at the wavelengths range
of 325-385 nm with the curing power = 80 W, cur-
ing time = 60-80 s and distance between light
source and reaction apparatus = 15 cm.

Microstructure and physical property
characterizations

The swelling behaviors of MMTs subjected to
MAOTMA modification were evaluated by an x-ray
diffractrometer (XRD, MacScience M18XHF) within
Cu-K, radiation (A = 0.154 nm) at a scan rate of 3°/
min. A Perkin Elmer Spectrum 100 Fourier-trans-
form infrared (FTIR) spectrometer was adopted to
characterize the FTIR spectra of MAOTMA-modified
MMTs. The amount of sodium cations, Na(H,0),",
absorbed on MMT lamella removed by the
MAOTMA modification was identified by an induc-
tively coupled plasma-mass spectrometer (ICP-MS,
Perkin Elmer, SCIEX ELAN 5000). Thermogravimet-
ric analysis (TGA) in a TA Instruments Q500 TGA
operating in nitrogen atmosphere at a heating rate of
10°C/min and thermomechanical analysis (TMA) in

.
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Figure 2 FT-IR spectra of pristine MMT and MAOTMA-
modified MMT. Characteristic peak assignments are sum-
marized in Table I.

a DuPont 2940 TMA at a heating rate of 5°C/min
were separately performed to deduce the thermal
stability and CTE’s of nanocomposite samples.
Microstructures of nanocomposites were examined
by transmission electron microscopy (TEM, Philips
Tecnai 20) operating at accelerating voltage of 200
kV and the TEM samples were prepared by using
an ultramicrotomy (Leica UltraCut E).

Permeation test

Calcium (Ca) test was adopted to evaluate the per-
meation property of nanocomposite samples.* First,
a 200-nm thick Ca thin film was deposited on glass
substrate by thermal evaporation. By dispersing the
nanocomposite resin precursor around the periphery
of glass substrate, another glass lid was immediately
placed on. After completing the UV-curing of nano-
composite resin, the sealed sample was transferred
to a bench-top test chamber (Terchy, HRM-120) with
the humidity fixed at 90%RH and adjustable ambi-
ent temperature. The hydrolysis of Ca layer was
evaluated at various time spans according to the
method described in Ref. 25 so as to deduce the per-
meation property of nanocomposite samples.

RESULTS AND DISCUSSION
Characterizations of MAOTMA-modified MMTs

Figure 2 presents the FTIR spectra of pristine MMT
and MAOTMA-modified MMT and the characteris-
tic peaks assignments for these samples are summar-
ized in Table I. The absorbance peaks of pristine
MMT appearing at the wavenumbers of 466, 520,
1037, and 3420 cm ' correspond to the Mg—O
stretching, Al—O stretching, Si—O stretching, and

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
Characteristic FTIR Peak Assignments for Pristine MMT
and MAOTMA-Modified MMT Deduced from Figure 2

Functional Wavenumber
Sample group (cm™)
Pristine MMT Mg—O 466
Al—O 520
Si—O 1037
O—H 3420
MAOTMA-modified c=C 1636
MMT Cc=0 1716
saturated C—H 2927 and 2861
unsaturated C—H 3017
O—H stretching, respectively.”® As to the

MAOTMA-modified MMT, additional peaks, e.g.,
the absorbance peaks at 1716, 1636, and 3017 cm !
corresponding to the C=0, C=C,*® and unsaturated
C—H absorption bands emerge. The peaks at 2927
and 2861 cm ™' corresponding to the saturated C—H
absorption bands are also observed. This indicates
the successful attachment of MAOTMA onto MMT
lamella.

XRD spectra of pristine MMT and MAOTMA-
modified MMT are depicted in Figure 3. Calculation
in terms of the Bragg’s law indicated that the dqgo-
spacing of MMT lamella is 1.18 nm while that of
MAOTMA-modified MMT increases to 1.39 nm.
This illustrates that the sodium cations (Na(H,0),")
initially absorbed on MMT lamella are effectively
replaced by MAOTMA so as to result in the swelling
of MMT. Figure 4 presents a schematic illustration
of such a MMT interlayer modification process. The
length of carbon chain of MAOTMA is about 0.73
nm and dpp-spacing of pristine MMT is about 1.00
nm. Since the sum of these two values is larger than
the experimentally observed djgp-spacing of
MAOTMA-modified MMT (ie., 1.39 nm), the
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Figure 3 XRD patterns of pristine MMT and MAOTMA-
modified MMT.
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absorbed MAOTMA hence aligns in a tilt manner®'®
in between MMT lamella as depicted in Figure 4.
We note the successful MMT modification is also
evidenced by the result of ICP-MS measurement as
described in the section of Experimental.

Characterizations of MAOTMA-modified
MMT/epoxy nanocomposites

Table II summarizes the analytical results of thermal
properties of pristine epoxy and nanocomposite
samples containing various amounts of MAOTMA-
modified MMT deduced by TGA and TMA. It can
be readily seen that the 5%-weight-loss thermal
decomposition temperatures (T,’s) for nanocompo-
site samples are always higher than that of pristine
epoxy. Further, the value of T; increases with the
increase of inorganic filler loading and, in compari-
son with pristine epoxy, a nearly 30°C increment of
T, is obtained in the nanocomposite containing 8 wt
% of MAOTMA-modified MMT prepared with the
aid of mechanical milling process. The chemical

| MMT |
H,0 HO H,0 H,0
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H,0 H0 H,0 H,0 1
| MMT |
+
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Figure 4 Schematic illustration of intercalation of

MAOTMA into MMT lamella.
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TABLE II
A Summary of Thermal Properties for Pristine Epoxy
and Nanocomposites Deduced by TGA/TMA Analyses

MMT Residual
content T, weight CTE
Sample (wt %) ({®) (wt. %) (ppm/°C)
Pristine epoxy 0 231.7 1.9 72
Nanocomposite® 1 239.8 34 59
5 252.5 7.5 43
8 260.4 10.3 39
Nanocompositeb 1 235.7 23 66
5 245.8 6.5 56
8 250.3 9.4 50

? Nanocomposite prepared with the aid of mechanical
milling.

 Nanocomposite prepared without the aid of mechani-
cal milling.

chains formed in between epoxy and MMT lamella
are known to restrict segmental motions of polymer.
In addition, it has been reported that the MMT
lamella may serve as protection layers of polymer
chains to block the volatile degraded products in the
nanocomposite and thus enhances its thermal stabil-
ity.”” Enhancement of thermal stability of nanocom-
posites is thus ascribed to the uniform dispersion of
exfoliated MMT lamella in epoxy matrix as revealed
by TEM characterization reported below.

Table II also illustrates that the incorporation of
inorganic fillers effectively suppresses the CTE’s of
nanocomposites. The CTE of pristine epoxy is 72
ppm/°C while the CTE of the nanocomposite con-
taining 8 wt % MAOTMA-modified MMT prepared
with the aid of mechanical milling reduces to 39
ppm/°C. In addition to the steric hindrance pro-
vided by MMT lamella to block the motions of or-
ganic component during heating, MAOTMA-modi-
fied MMT possesses —C=C— functional group that
could bond with epoxy monomer during the photo-
polymerization. This reinforces the motion blocking
capability of inorganic fillers and thus suppresses
the CTE’s of nanocomposites.

The bottom part of Table II also lists the thermal
properties of the nanocomposite samples prepared
without the aid of mechanical milling process. A
comparison of thermal property data in Table II
clearly illustrates that the planetary mechanical mill-
ing indeed contributes to the enhancement of ther-
mal properties of nanocomposites. For instance, the
mechanical milling raises the T; from 250.3 to
260.4°C and suppresses the CTE from 50 to 39 ppm/
°C for the sample with 8 wt % of filler loading. Dur-
ing the milling, the high-speed planetary rotational
motion provided a sufficient shear force which effec-
tively enlarged the lamellar spacing of MAOTMA-
modified MMT and promotes the entrance of epoxy
monomer into the MMT lamella. This benefited not

only the formation of organic/inorganic bonds dur-
ing photo-polymerization, but also the dispersion of
MMT lamella in polymer matrix.***° A reinforce-
ment of steric hindrance effects consequently leads
to the improvement of thermal properties of nano-
composite samples.

TEM images of nanocomposites containing 1, 5,
and 8 wt % MAOTMA-modified MMT prepared
with the aid of planetary mechanical milling are pre-
sented in Figure 5. Figure 5(a,c,e) are the low-magni-
fication images whereas Figure 5(b,d,f) are the high-
magnification images of these samples. For compari-
son, the samples prepared without the aid of me-
chanical milling were also analyzed by TEM and the
results are given in Figure 6(a—c). As revealed by
Figure 5, uniformly dispersed, exfoliated MMT
lamellae with an average size about 100 nm long
and 5-10 nm thick can be readily seen in the sam-
ples subjected to mechanical milling. Note that the
average filler size was deduced from the measure-
ment of length and thickness of MMT lamella in at
least five TEM micrographs. In contrast, relatively
thick MMT lamellae with several micrometers in
length were observed in the samples without the aid
of mechanical milling as illustrated by Figure 6. In
addition to the swelling induced by MAOTMA, the
planetary mechanical milling adopted in this work
considerably contributes to the randomization, size
reduction as well as the exfoliation of MMT lamellae
in epoxy. Analytical results presented above hence
demonstrate the mechanical milling with sufficient
shear force can be a valuable tool for the microstruc-
ture refinement and physical property enhancement
of organic/inorganic nanocomposites.

Permeation properties of MAOTMA-modified
MMT/epoxy nanocomposites

Because of the enhanced physical properties
described above, we adopted the nanocomposite res-
ins prepared with the aid of planetary mechanical
milling for sample sealing in this part of study. Fig-
ure 7(a—c) present the Ca hydrolysis ratios (defined
as the area percentage of metallic Ca layer that has
been hydrolyzed into calcium hydroxide, Ca(OH),)
as a function of time for the sealed samples at the
test temperatures of 65, 75, and 85°C, respectively. It
is assumed that the hydrolysis of Ca layer obeys the
exponential law as follows:

H(t,T) = H(0,T) exp (- %) (1)

where H(t,T) is the Ca hydrolysis ratio at time ¢, T is
the test temperature and t is the effective time con-
stant of Ca hydrolysis with the Arrhenius-type
expression®' as

Journal of Applied Polymer Science DOI 10.1002/app



3204

HUANG ET AL.

Figure 5 Low-magnification TEM images [(a,c,e)] and high-magnification TEM images [(b,d,f)] of nanocomposites con-
taining 1, 5, and 8 wt % MAOTMA-modified MMT prepared with the aid of mechanical milling. The insets at upper left-

hand corners of (a,c,e) are the corresponding SAED patterns.

(T) =Aexp <k§—uT> (2)

in which E, is the activation energy of Ca hydrolysis
and kg is the Boltzmann’s constant. Substituting the
data presented in Figure 7(a—) into eq. (1), we
obtain the effective time constant (1) for each sample
at specific test temperature. According to eq. (2), the
values of E, can then be extracted from the slopes of
Int(T) versus 1/T plots and our calculation indicated
that, as listed in Table III, the values of E, for pris-
tine epoxy and nanocomposites containing 1, 5, and
8 wt % of MAOTMA-modified MMT are 0.19, 0.20,
0.22 and 0.23 eV, respectively. The increase of E,
with the increase of inorganic filler content indicates
the impedance to moisture diffusion increases in a

Journal of Applied Polymer Science DOI 10.1002/app

proportional manner to the inorganic filler loading
in sample matrix.

Table III also lists the retention times (tz is defined
as the time span for metallic Ca film subjected to 5%
hydrolysis) for pristine epoxy and nanocomposites
containing various MMT amounts. The values of tg
at various temperatures shown in Table III again
illustrate that the formation of nanocomposite and
increase the inorganic filler loading in polymeric ma-
trix both escalate the barrier to moisture permeation.
For instance, the nanocomposite containing 8 wt %
MAOTMA-modified MMT exhibits a more than
two-fold improvement on fz. Hindrance of moisture
permeation in epoxy matrix is ascribed to the tortu-
ous paths established by dispersed MMT lamella in
epoxy matrix.'>'°
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Figure 6 TEM images of nanocomposites containing (a)
1, (b) 5, and (c) 8 wt % of MAOTMA-modified MMT pre-
pared without the aid of mechanical milling.

Various theoretical models have been proposed to
analyze the permeation kinetics in composites con-
taining high-aspect-ratio inorganic fillers.'>'®?>73*
For randomly dispersed lamellar fillers embedded in
polymer matrix, the Bharadwaj’s barrier theory
derives the expressions for tortuosity factor (ty) and
permeability coefficient (P./P)) as>:

Ca hydrolysis ratio (36)

3205
=142V ©)
f = oW f
P, 1-V,
b= ’ @

Pe 14 (Wihw) (%5) (s +10)

(.) —&— pristine epaxy

—— ] wt% MMT nanocomposite
—&— 5 wt % MMT nanocomposite
—v— 8 wt% MMT nanocomposite

© —=— pristine epaxy

—o— 1 wt.% MMT nanocomposite
—a— 5 wt% MMT nanocomposite
—v— 8 wt% MMT nanocomposite

Figure 7 Ca hydrolysis ratios as a function of time for
the samples sealed by various nanocomposite resins tested
at (a) 65, (b) 75, and (c) 85°C.
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where L is the length of lamella, W is the width of
lamella, Vi is the volume fraction of lamellar filler,
P. is the permeability coefficient of composite, P, is
the permeability coefficient of pristine polymer. In
eq. (4), S is the orientation factor defined as:

_1 2
S—§(3cos 6-1) (5)

where 6 is the angle between preferential orientation
direction and lamella normal vector, e.g., S = 1
(i.e., 6 is equal to 0°) means the perfect parallel
alignment of platelets while S = 0 (i.e., 0 is equal to
54.7°) means the completely random distribution of
platelets in polymeric matrix. As illustrated by TEM
images shown in Figure 5, S = 0 due to the ran-
domly oriented MMT lamella in our nanocomposite
samples. Furthermore, the TEM analysis indicates
the aspect ratio (L/W) of 1 wt %-MMT sample is
about 25 while the aspect ratio for 5 and 8 wt %-
MMT samples is about 20. We substituted these data
into egs. (3) and (4) and the calculated values of t
and P./P, for pristine epoxy and nanocomposites
are listed in Table IV. A comparison of permeation
kinetic parameters listed in Tables IIl and IV indi-
cates a good agreement in between the improving
trend of permeation property obtained by the Ca
test and Bharadwaj’s barrier theory. For instance, ex-
perimental and theoretical analyses both show an
about 20% improvement on the permeation kinetic
parameters for nanocomposite containing 8 wt %
MMT. Finally, analytical results presented above
imply, for nanocomposites containing randomly dis-
persed lamellar fillers, increases of filler loading and
its aspect ratio are viable ways to improve the per-
meation property of samples. However, excessive
amount of inorganic filler may escalate the difficulty
of dispersion process, degrade the resin adhesion on
substrates and might inhibit UV-curing conversion.
There is hence a compromise in between resin for-
mula and physical property improvement when pre-
paring the composite sealing resins containing
randomly dispersed inorganic fillers.

TABLE III
A List of E, and tg at Various Temperatures for Pristine
Epoxy and Nanocomposites Calculated in Terms of the
Results of Ca Test

MMT tr (h)
content
Sample (wt. %)  E,(eV) 65°C 75°C  85°C
Pristine epoxy 0 0.19 23.0 19.0 16.0
Nanocomposite 1 0.20 24.5 20.0 16.5
5 0.22 46.0 37.0 30.0
8 0.23 51.5 41.0 33.0

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE IV
A List of 1y and P./P, for Pristine Epoxy and
Nanocomposites Calculated in Terms of Barrier Theory
Proposed by Bharadwaj**

Sample MMT content (wt. %) L7 P./P,
Pristine epoxy 0 - 1
Nanocomposite 1 1.03 0.96

5 1.12 0.86
8 1.19 0.78
CONCLUSIONS

This work modifies the MMT lamella by using
MAOTMA as dispersant agent in acidic environment
and effectively swells the interlayer spacing of MMT
from 1.18 to 1.39 nm as illustrated by FT-IR and
XRD  analyses. Accordingly, the UV-curable
MAOTMA-modified MMT/epoxy nanocomposite
samples were prepared with the aid of planetary
mechanical milling process. TEM characterization
revealed a uniform dispersion of exfoliated MMT
lamella in epoxy matrix and the thermal analyses
indicated a substantial improvement on thermal
properties, e.g., thermal stability and CTE, of nano-
composites. Analytical results illustrated that the
planetary mechanical milling process adopted in this
work is a valuable tool for microstructure refinement
and physical property enhancement of nanocompo-
site samples. Evaluation of permeation property
using Ca test illustrated the formation of nanocom-
posites effectively hinders the moisture diffusion in
polymeric matrix. Good agreement in between
experimental and theoretical analyses was also
observed in the improving trend of barrier property
of nanocomposite samples. An about 20% improve-
ment on the permeation kinetic parameters of nano-
composite containing 8 wt % MMT could be
achieved in comparison with those of pristine epoxy.
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