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Abstract

Nanocomposite formation of octadecyl amine treated montmorillonite clays in epoxy was investigated by small-angle X-ray scattering and
atomic force microscopy. When diglycidyl ether of bisphenol A (DGEBA) was cured with equimolar or higher amounts of meta-phenylene
diamine (MPDA), only intercalated nanostructures were obtained. Exfoliated nanocomposites were formed with DGEBA cured with less
than stoichiometric amounts of MPDA or with auto-polymerization of DGEBA without curing agent. Extragallery crosslinking appeared to
be favored with higher curing agent concentrations. Differential scanning calorimetry analyses of the exfoliated nanocomposites indicated
that the reaction need not be complete in order to attain exfoliation in the DGEBA/montmorillonite mixture. © 2001 Elsevier Science Ltd.
All rights reserved.
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1. Introduction

Polymer nanocomposites containing layer-structured,
inorganic nanoparticles have attracted much attention
since the Toyota research group [1-4] showed the tensile
properties and the heat distortion temperature of the nylon-6
nanocomposites were greatly improved. Nanocomposites
have been demonstrated with many polymers of different
polarities including polystyrene [5], polycaprolactone [6],
poly(ethylene oxide) [7-9], polyamide [2—4], polyimide
[10-13], epoxy [14-20], polysiloxane [21], and polyur-
ethane [22]. Modeling studies of the melt intercalation of
polymer into layered silicates have been reported [23,24],
and recently the phase-behavior of the polymer/clay nano-
composites has been treated theoretically [25,26].

Nanoscale layered clays with very high aspect ratios and
high strength can play an important role in forming effective
polymer nanocomposites owing to their intercalation chem-
istry. Montmorillonite has been particularly important in
polymer nanocomposites. Montmorillonite is a crystalline,
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2:1 layered clay mineral in which a central alumina octa-
hedral sheet is sandwiched between two silica tetrahedral
sheets [27]. The layers are continuous in the a and b direc-
tions and are stacked one above the other in the ¢ direction.
The gallery is a term used to describe the stacked array of
clay sheets separated by a regular spacing. A particular
feature of the montmorillonite structure is that water and
other polar molecules can enter between the unit layers
because of the relatively weak forces between the layers,
causing the lattice to expand in the ¢ direction. Due to the
substitution of ions of different valence there is a charge
deficiency on the sheet surface, and this charge is typically
balanced by exchangeable cations adsorbed between the
unit layers and around their edges. Usually, montmorillonite
clays are modified by an onium ion substitution reaction
with surface sodium ions, rendering the normally hydro-
phobic silicate surface organophilic, which enables inser-
tion of organic materials including many polymers. The
alkyl ammonium cations provide functional groups that
can react with the polymer or initiate polymerization of
monomers [1,2,6,14].

When the nanoparticles are dispersed in the polymer
matrix, two types of nanocomposite structures can be
obtained [15,20]. Intercalated nanocomposites are formed
when there is limited inclusion of polymer chain between
the clay layers with a corresponding small increase in the
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interlayer spacing of a few nanometers. On the other
hand, exfoliated structures are formed when the clay
layers are well separated from one another and indivi-
dually dispersed in the continuous polymer matrix.
Because exfoliated nanocomposites have higher phase
homogeneity than the intercalated counterpart, the exfo-
liated structure is more desirable in enhancing the pro-
perties of the nanocomposites. However, it is not easy
to achieve complete exfoliation of clays and, indeed
with few exceptions, the majority of the polymer nano-
composites reported in the literature were found to have
intercalated nanostructures.

The nature and mechanism of the exfoliation process
of the surface treated montmorillonite nanoparticles in
the epoxy network derived from diglycidyl ether of
bisphenol-A (DGEBA) crosslinked with m-phenylene
diamine (MPDA) has been of recent interest. Lan et
al. [15] found for the MPDA cured DGEBA epoxy
nanocomposites containing 5% C;g3 ammonium exchange
montmorillonite that the clays with primary and second-
ary onium ions formed exfoliated nanocomposites,
whereas those with tertiary and quarternary onium ions
retained an intercalated structure. It was argued that acidic
alkyl ammonium ions tend to favor exfoliation by facilitat-
ing the intragallery epoxide polymerization. However,
Messersmith and Giannelis [14] found DGEBA cured with
the primary and secondary amines such as methylene diani-
line yielded little or no increase in layer separation with
silicate d-spacings of 30—40 A or less. This was attributed
to either the bridging of the silicate layers by the bifunc-
tional amines which prevent extensive layer expansion or
the strong polarity of the N—H groups in the primary and
secondary amines that causes a reaggregation of dispersed
silicate layers.

During the reaction of DGEBA with MPDA in the
presence of alkyl ammonium treated montmorillonites,
extragallery and intragallery polymerization occur. As
long as the intragallery polymerization occurs at a rate
comparable to the extragallery polymerization, an exfo-
liated nanocomposite structure can be formed [15].
However, if the extragallery polymerization is more rapid
than the intragallery diffusion and polymerization or if intra-
gallery polymerization is retarded, an intercalated structure
will result.

In this article the structural evolution of epoxy-
montmorillonite nanocomposites was examined by
time-dependent small-angle X-ray scattering using
synchrotron radiation. X-ray scattering using a conven-
tional X-ray source and atomic force microscopy (AFM)
were used to investigate the static structure and differ-
ential scanning calorimetry (DSC) was used to measure
the reaction kinetics. It was found that the structure of
the nanocomposite was affected by the amount of the
curing agent and that exfoliation was suppressed when
the molar ratio of MPDA-DGEBA was equivalent or
higher.

2. Experimentals
2.1. Nanocomposite preparation

Octadecyl amine treated montmorillonites (Nanomer
1.30 E, Nanocor) were used as received. DGEBA (epoxide
equivalent weight = 178 g) was provided by Shell (EPON
828), and MPDA was used as curing agent for DGEBA. The
mixture of DGEBA and montmorillonites was prepared by
dispersing montmorillonite powders in DGEBA with stir-
ring, followed by sonication for about 30 min and degassing
in vacuum. Predetermined amounts (5, 14.5, and 25 phr
(parts per hundred resin), respectively) of the curing agent
were added to the DGEBA/montmorillonite mixture at 60°C
with vigorous stirring. The DGEBA/montmorillonite/
MPDA mixture was heated for 2 h at 80°C and for an
another 2 h at 135°C, which is similar to the curing condi-
tion for the equimolar mixture of DGEBA and MPDA
recommended by Shell. The same curing procedure was
applied to the mixtures without the curing agent.

2.2. Characterization of nanocomposite

The layer spacing of the montmorillonite was measured
using a wide angle X-ray diffractometer (D500 Siemens).
Small-angle X-ray scattering using a Rigaku 18 kW rotating
anode operated at 8 kW with Ni—filtered Cu radiation with
Siemens HiStar area detector was employed to characterize
the epoxy nanocomposites. Samples were supported
between two Kapton windows (50 pm thick) separated by
I mm. Time-resolved X-ray scattering studies were
performed at the Brookhaven National Synchrotron Light
Source (Beamline X27C equipped with 1-D detector) to
investigate the in situ exfoliation with high resolution. Ther-
mal transitions associated with the polymerization reaction
were measured by DSC (DSC2910, Du Pont). The topology
of the exfoliated nanocomposites was investigated by AFM
(Dimension 3000 SPM, Digital Instruments) in the tapping
mode.

3. Results and discussion

The change in the interlayer spacing of montmorillonite
powders upon swelling in DGEBA was measured. Organi-
cally modified montmorillonite powders showed a strong
X-ray diffraction peak (Fig. 1a) with a characteristic inter-
layer spacing of about 23 A. However, when the mont-
morillonites were swollen in DGEBA, the interlayer
spacing increased to about 39 A (Fig. 1b), indicating an
intercalation of the clay by the epoxy. These spacings are
comparable to the values reported by others. For example,
the basal spacing of the air-dried CH;(CH,);;NH7
exchanged montmorillonites was reported to be 18.0 A
and that of the DGEBA solvated clay was 36.7 A, which
was very close to the spacing calculated by assuming an all
trans configuration of gallery cations oriented vertically to
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Fig. 1. X-ray scattering patterns of (a) octadecyl amine treated montmor-
illonite powders and (b) montmorillonite swollen in DGEBA.

the clay layer [15]. Messersmith and Giannelis [14] reported
a layer spacing of the dry silicate treated by predominantly
octadecyl ammonium of 17 A and a DGEBA/silicate
mixture showed the layer spacing of 35 A both at room
temperature and 90°C.

The structural development of the epoxy nanocomposites
with cure was examined by the small angle X-ray scattering.
The spacing of the initial DGEBA/MPDA/clay mixtures
was between 34 and 39 A, independent of the curing
agent concentration (between 5 and 25 phr) and it was
comparable to those of the DGEBA solvated montmorillo-
nites. When heated for 2 h at 80°C, the spacing remained
constant, regardless of the curing agent concentration.
However, the interlayer spacing of the nanocomposites
heated for an additional 2 h at 135°C varied dramatically
with the curing agent concentration. Fig. 2 shows the small
angle X-ray scattering profiles of DGEBA epoxies contain-
ing 1% clay heated with different amounts of the curing
agent for 2 h at 80°C and for an additional 2 h at 135°C.
When DGEBA was cured with an excess amount of curing
agent (Fig. 2a), the final interlayer spacing was 34.5 A,
which is close to that of the DGEBA solvated montmorillo-
nites, showing no indication of exfoliation. For the mixture
that was heated with stoichiometrically equivalent amount
of the curing agent the interlayer spacing was 40.5 A (Fig.
2b), showing that exfoliation was suppressed by the reaction
involving the curing agent. As the curing agent concentra-
tion decreased further to well below the stoichiometric
amount, the layer spacing increased extensively to approxi-
mately 180 A, as shown in Fig. 2c. This means that the
individual layers of montmorillonite were well separated
in a regular manner and they were clearly exfoliated. An
even better ordered structure was formed without any curing
agent, as will be discussed below. The lower the curing
agent concentration, the higher was the extent of exfoliation

of clay observed. An excess amount of the curing agent
resulted dominantly in the extragallery crosslinking of
DGEBA and MPDA with insufficient diffusion of materials
into the intragallery regions. The rapid rate of extragallery
crosslinking in comparison to the slower intragallery diffu-
sion limited the exfoliation.

To further understand the role of montmorillonite clays in
forming the nanocomposite structure only DGEBA was
heated with the clay, effectively eliminating the extragallery
reaction of DGEBA. It has been shown that direct
polymerization of epoxy, in the absence of curing agent,
in the galleries of various montmorillonites could result in
polyether nanocomposites [18,19], though the mechanism
and kinetics of the exfoliation process are not well under-
stood. Wang and Pinnavaia [18] obtained powders of a
polyether/clay mixture, suggesting that some acidic onium
ions on the montmorillonite clays facilitated the auto-poly-
merization and the exfoliation at high temperatures around
200°C. Lan et al. [19] also observed the self-polymerization
of DGEBA when heated with acidic onium ion exchanged
forms of montmorillonite to form polyether/clay nanocom-
posites. They found that the protonated primary amine
cations on the exchanged sites of the montmorillonites
acted primarily as acid catalysts rather than as curing agents.

DGEBA/montmorillonite mixtures were subjected to the
same reaction conditions as the DGEBA/MPDA/montmor-
illonite mixtures. They were heated for 2 h at 80°C and for
an additional 2 h at 135°C. Fig. 3 shows the progressive
change in the layer spacing calculated from the maximum
in the scattering profile of montmorillonites. Once the clay
was solvated in DGEBA, there was virtually no expansion
in the layer spacing of montmorillonites with time at 80°C
up to 2 h, regardless of the clay concentration. Upon heating
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Fig. 2. Small angle X-ray scattering patterns of 1% montmorillonite
containing DGEBA epoxy cured with (a) 25 phr MPDA, (b) 14.5 phr
MPDA, (c) 5 phr MPDA. (The scattering with the corresponding d-spacings
are indicated by arrows.)



5950 L.-J. Chin et al. / Polymer 42 (2001) 5947-5952

250
200 |- o5%
1%
L 450
4 10%
Q
2 15%
2 100 [ ) v
[
g
= Lo 20%
50 |-
0 ] " 1 " 1 1 1 " 1 " L L 1
0 40 80 120 160 200 240

time (min)

Fig. 3. Change in the layer spacing of montmorilonite in DGEBA with time
as obtained from SAXS. (The numbers indicate the weight concentration of
clay.)

to 135°C the d-spacing of all the mixtures increased with
time, but at different rates. The higher the clay concentra-
tion, the lower was the rate of increase in the basal spacing.
As the concentration of the montmorillonites increased from
1 to 20%, the maximum spacing obtained decreased. After
80 min at 135°C the scattering maximum of the mixtures
that contained 10% or less montmorillonites virtually disap-
peared, indicative of a highly exfoliated structure with a
layer spacing greater than about 200 A (the detection limit
of the instrument). On the other hand, the spacing of the
mixture containing 20% clay was about 80 A. All the
samples were transformed into powder with considerable
volume increase, which is consistent with the findings by
others [18,19]. If we assume that the exfoliation of clay is
simply due to space filling by epoxy, the maximum inter-
layer spacing of the fully exfoliated clay nanocomposite can
be predicted.2 The calculated maximum spacing for 1, 5, 10,
15 and 20% clay are about 1700, 330, 155, 88, and 69 A,
respectively. Our experimental results for 1, 5, and 10% clay
were larger than 200 A, while the layer spacings of the
mixtures containing 15 and 20% clay were ~98 and 83 A,
which are in reasonable agreement with the calculated
maximum values.

In forming an exfoliated structure for the polyether/clay
mixture one should be concerned with the diffusion of
DGEBA into the gallery in addition to the intragallery poly-
merization of DGEBA. Exfoliated epoxy nanocomposites

 Assuming that the clay sheets are stacked uniaxially on top of each
other and that the interlayer space is filled completely with epoxy, the
volume fraction of clay will be #,/(t, + t,), where ¢, is the thickness of the
individual clay sheet ((10 A), and 1, is the maximum interlayer spacing of
the completely exfoliated nanocomposite. The volume fraction of the clay
can also be calculated from the density (d) and the weight fraction (w)
of clay (subscript 1) and DGEBA(subscript 2) to be (w,/d)/[(wi/d;) +
{(1 = w)/dy}]. Thus, 1, =1; X [(1 = w)/dy] [dy/w)].
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Fig. 4. DSC curves of (a) exfoliated DGEBA/montmorillonite mixture,
(b) fresh DGEBA/montmorillonite mixture.

containing 5% clay that had been heated for 2 h at 80°C
and for another 3 h at 135°C were examined by DSC.
Fig. 4a shows an exotherm at ~170°C with a shoulder at
~130°C. The amount of heat evolved in the exothermic
process was ~309 J/g. The total heat of the exothermic
process of the DGEBA/clay mixture containing 5% clay
was found to be ~517 J/g, as determined by a DSC scan
of the fresh mixture from room temperature to 200°C
(Fig. 4b). Thus, some 40% of the total AH available for
the mixture was consumed in the exfoliation process.
Major contribution to the exothermic process includes the
polymerization of DGEBA with the aid of the catalytic
activity of the montmorillonite surface [28]. The fact that
only 40% of the total AH available for the mixture was
consumed in forming an exfoliated nanocomposite means
that some 60% of the total AH can still be exploited for
further reaction. Consequently, exfoliated structures can
be realized without the completion of the reaction and a
reaction may not be necessary to complete exfoliation. It
should be noted that the mixture was not completely
transformed into powder, which may indicate that the
reaction was not completed. In fact, a simple calculation
based on the constant diffusion coefficient of DGEBA
confirmed that DGEBA can diffuse into the gallery between
neighboring clay plates in a relatively short time (well
within 1 h).

To obtain topological information of the nanocomposite
surface AFM was used in the tapping mode. Fig. 5 is an
AFM phase image of the polyether/clay nanocomposite
containing 5% clay, which was shown to have an exfoliated
structure by small angle X-ray scattering. The mixture of
DGEBA/clay was confined between two Kapton films while
heating, and one Kapton film was removed to expose the
exfoliated nanocomposite intact for the AFM observation.
Many stacks of high aspect ratio clay sheets with a remark-
able regularity are clearly evident. The average distance
between each stack was determined to be 200 A which
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Fig. 5. AFM phase image of exfoliated montmorillonite in DGEBA.

agrees with the layer separation obtained by the X-ray
scattering measurement.

Time-dependent small-angle X-ray scattering was used to
follow the structural development in the intermediate stages
of exfoliation. Because the layer spacing of the DGEBA/
montmorillonites mixture remained virtually constant for
2h at 80°C (as discussed earlier), only the scattering
patterns at 135°C were collected. The sample was preheated
at 80°C for 2 h. While the scattering data was collected, the
sample was held at 135°C. Fig. 6 shows the evolution of the
scattering profiles as a function of time obtained in situ for a
DGEBA/montmorillonite mixture containing 5% clay. The
position of the scattering maximum of the X-ray pattern
seemed to decrease continuously with time, corresponding
to a monotonic increase in the basal spacing. However,
when the scattering profiles were carefully analyzed, during
the intermediate stages two distinct reflections were evident.
As shown in Fig. 7, one reflection corresponding to a smal-
ler layer spacing persisted throughout the intermediate stage
(up to ~105 min), whereas the other reflection correspond-
ing to a larger spacing continuously shifted to smaller q
(larger spacing) with time. The smaller spacing was found
to be ~35-39 A, essentially identical to the spacing of the
clay swollen in DGEBA. After 105 min only one reflection
was observed characteristic of the exfoliated structure, indi-
cating that the exfoliation of the gallery occurs in a serial
manner. The presence of the reflection corresponding to the
initial structure is more clearly seen in the inset of Fig. 6.
The scattering peaks at earlier stages were relatively sharp
and narrow, becoming broader as the exfoliation proceeded.
The apparent initial increase in the spacing (up to 25 min)
results from the superposition of the reflection at ~35-39 A
and the reflection at larger spacing corresponding to the
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Fig. 6. Time-dependent small angle synchrotron X-ray scattering patterns
of the DGEBA/montmorillonite mixture at 135°C. The inset shows the data
for 75 min analyzed in more detail to emphasize the presence of the higher
q reflection.

structure as it is exfoliating. At 195 min the d spacing
reached about 120 10\, characteristic of a volume filled exfo-
liated morphology. It appears that until the intermediate
stage of the reaction some clays remained only swollen in
DGEBA, whereas the others already began to exfoliate from
the earlier stage.

4. Conclusions

Formation of exfoliated nanocomposite was confirmed by
small-angle X-ray scattering and AFM, when DGEBA was
auto-polymerized with montmorillonites. Exfoliated nano-
composites were also observed with DGEBA cured with
MPDA of less than equimolar concentration. As the curing
agent concentration increased, the extragallery crosslinking
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Fig. 7. Time-dependent change in the scattering maximum of the DGEBA/
montmorillonite mixture at 135°C. Q,,,x Was obtained from the plot of qu
vs. g plot of data in Fig. 6. The layer spacing corresponds to the Bragg
spacing of the peak position. Error bars are indicated.
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dominated, resulting in intercalated nanocomposites. Time-
dependent synchrotron X-ray scattering showed two
different layer spacings in the intermediate stages of auto-
polymerization with montmorillonites. By evaluating the
exothermic heat evolved in the exfoliation and reaction, it
could be concluded that exfoliated nanocomposite could be
achieved without the completion of the reaction in the
DGEBA/montmorillonite mixture. During the intermediate
stages of the structural evolution, two distinct reflections in
the X-ray scattering profile were found, each corresponding
to the layer spacing of the clay swollen in DGEBA and the
spacing of the exfoliated structure, respectively. At the later
stage there was only one reflection characteristic of the
exfoliated structure, indicating that the exfoliation of the
gallery occurs in a serial manner.
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