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ABSTRACT: The impact of preconditioning constituent
materials on the morphology development of organically
modified montmorillonite–epoxy nanocomposites is exam-
ined to determine the sensitivity of exfoliation to material
conditions. In situ synchrotron small-angle X-ray scattering
studies were performed to relate the initiation and levels of
exfoliated morphologies with various silicate precondition-
ing processes. Significantly, exfoliation could be achieved in
systems initially considered intercalated by preconditioning

through epoxy–silicate mixture aging. The resulting mor-
phologies lead to slightly improved toughness. Implications
for nanocomposite morphology development models in-
clude the necessity of further investigation of the complex-
ities of both local and global morphologies.© 2003 Wiley
Periodicals, Inc. J Appl Polym Sci 91: 89–100, 2004
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INTRODUCTION

Polymeric nanocomposites offer opportunities to ex-
plore new and enhanced material properties beyond
what is currently available in polymeric composites.
Many combinations of nanoscale constituents and
polymeric matrices have been studied over the past
decade and significant effects on mechanical, thermal,
and physical properties have been observed.1,2 Unique
to nanocomposites is the achievement of such effects
through incorporation of nanoconstituents at weight
fractions on the order of only 3 to 5%. Whereas fillers
such as silica have historically been incorporated
within epoxy resins to modify cure shrinkage, water
absorption, and thermal properties and to reduce cost,
weight fractions as high as 20 to 50% were required to
achieve the desired effects.3,4 The potential for new or
significantly improved properties attainable at such
low-volume fractions is the primary motivation for
investigating polymeric nanocomposites for aerospace
applications. This attribute enables the incorporation
of nanoscale constituents into composite matrices for
increased tailoring and new or modified properties
without significantly altering the original property
suite or existing processing techniques. Crucial to the
ability to investigate such benefits is the development

of in-depth understandings of morphologies and their
evolution.

A large portion of polymeric nanocomposite re-
search utilizes the mineral montmorillonite (MMT), a
2 : 1 layered silicate composed of repeating unit layers
of two silica tetrahedral sheets fused to an edge-
shared central alumina octahedral sheet. In the space
between a plane in a given unit layer and the corre-
sponding plane in the next unit layer, defined as the
gallery, oxygen layers of neighboring units are adja-
cent to each other, resulting in weak van der Walls
bonds. Though in its natural state the layers are hy-
drophilic and incompatible with hydrophobic organic
polymers, modifications through cation-exchange re-
actions can render the layers organophilic.5,6 Polymer
intercalation is enabled in this environment, and two
idealized morphologies are often described7: (1) inter-
calated morphologies, which occur when a single or
few polymer chains enter the gallery of the silicate and
the basal planes expand (typically on the order of 10 to
40 Å), retaining their stack-like registry and associa-
tion; and (2) exfoliated morphologies, which result
when the layers are highly separated (typically on the
order of 100 Å or more) and are well dispersed and
usually disordered within the polymer. However, it is
more common that layered silicate nanocomposites
exhibit variations and combinations of these idealized
morphologies such that morphology descriptions
must not only take into account layer-to-layer associ-
ations (d-spacing) but also higher scale orders.8–10

Thus, enhanced understanding of morphology devel-
opment is hampered by the challenge of adequate
morphology characterization and description.
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Although many thermoplastic nanocomposites
have been investigated since the pioneering achieve-
ments of the Toyota group in the late 1980s, only
recently has research addressed epoxy nanocomposite
morphology descriptions and models so critical in the
development of process–morphology correlations and
controlled systems.11–14 One of the specific challenges
associated with describing epoxy nanocomposite mor-
phology development is quantifying the role played
by the numerous processing variables that affect net-
work development and thus morphology formation.
These variables include time, temperature, and other
process history such as shear.15,16 In addition to pro-
cessing variables, many constituent variations are
known to play a role in layered silicate nanocomposite
morphology such as charge density of the silicate sur-
face, compatibility between the silicate and the poly-
mer, the nature of the polymer (polar or apolar), and
chain length and structure of the cationic surfactant/
modification.6,17–22 Also, the organic modifications of
MMTs affect the initial size of the gallery and may
participate in the polymerization process.6,20,23–25 Such
numerous variables suggest that morphology devel-
opment in layered silicate epoxy nanocomposites is
quite complex. To date, the understanding of its com-
plexity, as evidenced by the literature, and the effect of
various processing and material variables are limited.

A fundamental understanding of the morphology
development events can provide researchers with the
insight needed to control nanocomposite morpholo-
gies, hence, morphology-sensitive properties and
manufacturing processes. The many scales at which
nanocomposite morphologies occur makes this a chal-
lenging endeavor. The galleries themselves, so impor-
tant to morphology development, may also contain
complex gradients of physical and chemical properties
from silicate layer to silicate layer. This complexity
must ultimately be recognized for control of process-
ing, morphologies, properties, and model develop-
ment. In this work, effects of material preparation
variation on morphology development are explored.
Although the results reported here generally agree
with those others have observed in morphology de-
velopment of epoxy nanocomposites, through in situ
small-angle X-ray scattering (SAXS), transmission
electron microscopy (TEM), and thermal characteriza-
tion, subtle inconsistencies are found that emphasize

the crucial need for further characterization of mor-
phologies at all scales.

EXPERIMENTAL

Materials

Two organically modified layered silicates (OLS) with
similar chemical modifications but different cation ex-
change capacities (CEC) and fabrication techniques
were utilized: I.30E, a commercially available product
from Nanocor (Arlington Heights, IL) (CEC � 145
meq/100 g based on octadecylammonium-treated
MMT), and SC18, a similar organoclay prepared in the
laboratory (CEC � 92 meq/100 g).26 Epon 828 epoxy
[Shell Chemical Co., Houston, TX; low molecular
weight diglycidyl ether of bisphenol A (DGEBA)] was
cured with m-phenylenediamine (mPDA; Sigma-Al-
drich Chemical Co., St. Louis, MO), an aromatic
amine-based cure agent, at a stoichiometric ratio to
provide glassy thermosetting systems (Fig. 1).

The nanocomposites were prepared by in situ inter-
calative polymerization. The epoxy was heated to
60°C and OLS in the amount to achieve a final fraction
of 5% by weight was added directly to the epoxy. The
silicate–epoxy mixture was mixed with a magnetic stir
bar for 1 h while maintaining the temperature at 60°C.
In the baseline process, the mixture was degassed
under vacuum at 60°C; the cure agent was melted (in
the range of 60 to 65°C), and then the appropriate
amount of cure agent was mixed well with the epoxy
silicate mixture at 60 to 65°C. Preconditioning by ag-
ing the silicate–epoxy mixture was performed and
composed of variations in the elapsed time between
preparation of the silicate–epoxy mixture and the ad-
dition of the cure agent. This process, here called
“mixture aging,” was achieved at room temperature
for periods ranging from a few hours to a number of
weeks.

Characterization

For SAXS studies, the epoxy–silicate–cure agent mix-
ture was placed in a copper sample holder with Kap-
ton tape windows in a programmable oven cell within
the X-ray beam. The thickness of the sample thus
formed was approximately 2 mm. Measurements

Figure 1 Chemical structures of Epon 828 epoxy and cure agent m-phenylenediamine (mPDA).
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were conducted at the National Synchrotron Light
Source at Brookhaven National Laboratory on Beam-
line X27C utilizing a 1-D detector (� � 0.1366 nm).
Scattering data, intensity (I) versus detector position,
were collected and stored for subsequent analysis. The
scattering momentum transfer vector q was calculated
from the calibrated detector position and is defined as
q � (4�/�)sin �, where � is half the scattering angle
and � is the wavelength of the incident beam. All
SAXS experiments were conducted at an isothermal
temperature of 80°C. Scattering data were corrected
for background and fitted through the use of Peak-
Fit™ curve fitting software.

Thermal data were obtained on a Thermal Instru-
ments differential scanning calorimeter 2820 at 10°C/
min under nitrogen. Transmission electron micro-
graphs were obtained on cryomicrotomed samples to
minimize deformation-induced morphologies by us-
ing a Reichert–Jung ultracut microtome equipped
with a 45° diamond knife and mounted on 200-mesh
copper grids. Bright field images were obtained on a
Phillips CM200 transmission electron microscope with
a LaB6 filament operating at 200 kV. Fracture tough-
ness was calculated from compact tension specimens
per ASTM standard E399. Statistical data were gener-
ated from three loadings per sample, 10 samples per
material. Dynamic mechanical analysis was per-
formed by using a Rheometrics Ares dynamic spec-
trometer at a frequency of 100 rad/s, heating rate of
2°C/min, and strain of 0.1%.

RESULTS AND DISCUSSION

SAXS studies are uniquely suited to capturing aver-
aged information about both intercalated and exfoli-

ated states and, in the case of synchrotron sources, to
study real-time nanoscale morphology development.
TEM complements such studies with specific local
morphology information. Neither method alone pro-
vides information on a sufficient volume of material
from which to draw overall morphology conclusions,
especially in light of the multiple combinations and
scales on which morphologies can occur. Therefore,
their combined use is critical. Thermal characteriza-
tion can also provide information on variables that
influence exfoliation, specifically, the potential role of
network formation.

Figure 2 Time-dependent small-angle X-ray scattering data for SC18/Epon 828/mPDA at isothermal temperature of 80°C
(intensity data offset for clarity).

Figure 3 Time-dependent small-angle X-ray scattering
data for baseline (no aging) I.30E/Epon 828/mPDA at iso-
thermal temperature of 80°C (intensity data offset for
clarity).
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Information on the development of layered silicate
nanocomposite morphology can be obtained from anal-
ysis of small-angle scattering data, ranging from the
absence or presence of a Bragg peak; the evolution of the
peak position with material composition and processing
conditions; the breadth of the peak (which relates to
degree of order); and power law decay at low q for
large-scale organization information. Both silicate sys-
tems were effectively intercalated with the epoxy resin
upon mixing, with average d-spacings on the order of 35
Å. As can be seen in Figures 2 and 3, behavior at tem-
perature with the addition of the cure agent is represen-
tative of what is typically observed for epoxy-based
nanocomposites, with initial Bragg peaks that shift to
marginally lower q and broaden with time and then
disappear, and finally the subsequently the appearance
and development of a low q peak occurs.13,25

Surfactant density

At 80°C for 45 min, the SC18 silicate-based material
reached basal spacings of over 100 Å from initial spac-
ings of 36 Å; the I.30E-based material reached spacings
of just over 40 Å from initial spacings of 34 Å. In
general, differences in d-spacing development with
time between the I.30E- and SC18-based nanocompos-
ites may be partially explained by the number density
of surfactant chains and intergallery order. These two
OLSs differ in that the SC18 OLS fabrication process is
well controlled and completely washes out excess sur-
factant, which is not the case for the I.30E material.26,27

These two silicates also represent opposite extremes of
CEC typically exhibited by natural montmorillonite
minerals, which range from 80 to 150 meq/100 g.20 As
intergallery packing density of the intercalated or-
ganic modifications parallels the CEC of the host sili-
cate, the higher number of surfactant chains will result
in a smaller relative fraction of intergallery epoxy. As
expected, initial silicate basal spacing is larger for the
higher exchange capacity system, I.30E. Order and
orientation of these organic modifier chains, affected
by their confinement within the silicate layers, are

higher with higher intergallery packing density, as
shown by Vaia.28 Such different amounts of surfactant
and states of order promote different levels of mobility
of the intergallery chains, which may affect the man-
ner in which the epoxy and, subsequently, the cure
agent intercalates the galleries of the OLS, thus biasing
the balance between intra- and extragallery network
formation toward the latter. This would result in less
expanded layers as observed here. The greater amount
of surfactant within the I.30E system (and lesser rela-
tive fraction of epoxy) provides for different reactant
ratios and may also accelerate network formation, im-
peding exfoliation as compared to the SC18 system.
These differences in morphology due to subtle varia-
tions in similar constituents reinforce the importance
of material and process history and variations in in-
vestigations of nanocomposite morphology. For the
remainder of the study reported here, a single OLS
constituent—I.30E—was utilized and material prepa-
ration process varied.

TABLE I
The d-Spacings Reached by I.30E/Epon 828/mPDA at an Isothermal Temperature of 80°C Showing the Effects of

Mixture Aging

Weight fraction
I.30E Fabrication process

Initial d-
spacing (Å)

d-spacing at 60
min (Å)

5% Baseline 34 42a

5% Epoxy-silicate mixture aged 1 week 34 45
5% Epoxy-silicate mixture aged 4� weeks 36 104
5% Epoxy-silicate mixture aged 8 weeks 35 105
5% Epoxy-silicate mixture aged 16� weeks 36 110
7% Baseline 33 37
7% Epoxy-silicate mixture aged 16� weeks 35 106

a Final time: 45 min Error typically within 1 Å.

Figure 4 Time-dependent small-angle X-ray scattering
data for I.30E/Epon 828/mPDA at isothermal temperature
of 80°C after mixture aging for 16 weeks (intensity data
offset for clarity).
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Mixture aging preconditioning

Variations on the age of the I.30E epoxy mixtures were
explored and resulted in dramatically different exfo-
liation development behaviors (Table I). Scattering
data on materials that had undergone long-term mix-
ture aging prior to addition of cure agent exhibited
distinctly different features related to morphology as
compared with samples that underwent the baseline
fabrication process. Figure 4 shows scattering curves
from materials which had been mixture aged for 16
weeks; significant differences in scattering can be seen
in comparison to the baseline material shown in Fig-
ure 3. Mixture-aged samples exhibited initiation of
gallery expansion in significantly shorter times as ev-
idenced by the loss of the peak associated with the
initial intercalated morphology. With isothermal heat-

ing at 80°C, peak intensity associated with intercala-
tion (q � 0.18 Å�1, d-spacing � 35 Å) for the material
that underwent the longest mixture-aging time
reached half of its initial intensity within 10 min as
compared to 20 min for baseline samples. Peak
breadth, an indication of the size of the scatterer do-
mains, was narrower for the mixture-aged materials,
implying a longer range persistence of the dominant
scattering morphology and less disorder. Most signif-
icant was the difference in scattering in the range of q
� 0.1 Å�1, or structures � 100 Å, with mixture-aged
samples exhibiting a clear and gradual development
of a Bragg peak within 45 min at 80°C. Note that the
baseline material did not clearly develop such peaks
within this time period. The manner in which such a
peak develops with time differs from that of the base-

Figure 5 Small-angle X-ray data for baseline material (a) and mixture-aged materials (b) show similar behavior initially (1
min) but differ significantly in the low q region slope and Bragg peaks after 45 min at 80°C.
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line as well. In previous studies of epoxy nanocom-
posites both here and elsewhere, trends on the loss of
peaks associated with intercalated morphology and
the development of peaks associated with exfoliated
morphology have been observed to occur as if through
a rapid transition, with pertinent peaks appearing to
be mutually exclusive.25,26 Such observations suggest
a rapid loss of intercalated morphology and subse-
quent development of exfoliated morphology. The
lack of clear Bragg peaks during this period may be
due to a loss of initial registry and order through
network formation. Extragallery network formation
may occur closely thereafter and limit mobility before
the layers are fully expanded and reach more ordered
states. This would provide a model in which minimal
low q peak development occurs prior to gelation. The
development of Bragg peaks associated with exfoli-
ated morphology in mixture-aged materials occurs
simultaneously with the loss of peaks associated with
intercalated morphology. Two distinct and ordered
morphologies coexisted during the process, which is
clearly seen in Figure 4.

Understanding the role that the balance between
intragallery and extragallery network formation plays
on exfoliation in layered silicate epoxy nanocompos-
ites has increased over the past several years.11,12,29

Intragallery network formation, extragallery network
formation, and diffusion of resin and cure agents are
all key variables in the formation of exfoliated mor-
phologies. The findings and potential explanations
from this research are consistent with the model pro-
posed by Lan et al., in which intragallery crosslinking
rates must be higher than extragallery rates to allow
for the development of exfoliation.11 Normal extragal-
lery network formation would be expected for the

materials studied here upon addition of the cure
agent, with the primary differences being acceleration
effects and network formation within proximity of the
silicates. Chin et al. observed exfoliation with the same
materials studied in this work only under suppression
of extragallery crosslinking through the use of less
than stoichiometric amounts of cure agent and ele-
vated temperatures.13 The systems studied here pro-
vided a well-ordered development of structure similar
to that reported by Chin with no cure agent at high
temperature, with the exception of the manner in
which the peaks developed. Normal extragallery net-
work formation would be expected for the materials
studied here upon addition of the cure agent, with
primary differences being acceleration effects and net-
work formation within proximity of the silicates. The
different behaviors observed here suggest that the role
of the zone within close proximity of the silicate is
important to morphology development as is the rec-
ognition of the nonhomogeneity of intragallery and
interfacial regions.

A characteristic feature of scattering from disor-
dered and fractal systems is a power law relationship;
in regions where qa �� 1, where a is a characteristic
length of the scatterer, I(q) � q��.30,31 For well-defined,
simple geometric particles, it has been shown that �
reflects the dimensionality of the object (four for three-
dimensional objects such as spheres; two for quasi-
two-dimensional bodies such as disks of negligible
thickness; and one for quasi-one-dimensional ele-
ments such as thin rods). More complex structures, or
“mass fractals,” can be similarly characterized but
with nonintegral exponents. Differences in the low q
power law behavior, an indicator of more global struc-
ture and morphology at a scale on the order of hun-

Figure 6 Low q slopes for materials versus time show earlier onset of slope stabilization for mixture-aged materials.
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dreds of Å, are observed between baseline and mix-
ture-aged materials (Fig. 5). Both baseline and mix-
ture-aged materials follow I(q) � q�2.5 initially, then
tend toward I(q) � q�1.9, with time at 80°C. These
power law behaviors show a trend toward sparser
structures if a mass fractal interpretation is used.32 The
various power law slope regions, indicative of mor-
phologies, as well as the breaks in the slopes, indica-
tive of length scales, also differ. The low q slope trend
with time, depicted in Figure 6, shows a strong depen-
dence upon the mixture-aging condition of the mate-
rials. The time at which the slope undergoes a signif-
icant transition occurs sooner for the material that
underwent the longest aging, at approximately 16 as
compared to 23 min. Once past the knee in the curve,
the slope continues to increase slightly with time for

the aged materials, whereas the slope for the baseline
materials appears to stabilize. The slope trend goes
toward more two-dimensional scatterers for the mix-
ture-aged material, possibly indicative of tactoid de-
velopment through gallery expansion. The knees in
the curve correspond well with the minimum inten-
sity of Bragg scattering from the initial intercalated
structures of 34 Å d-spacings (Fig. 7). At this point, the
initial well-ordered intercalated morphology no
longer dominates the material.

The significant differences in morphology states be-
tween these two conditions are depicted clearly in
TEM images (Fig. 8). Although it is possible to distin-
guish multiple as well as hierarchies of morphologies
within a single TEM image, analysis of multiple im-
ages reveals a dominant morphology in the baseline

Figure 7 Time for loss of scattering intensity of initial Bragg peak [� 28 min for baseline (a), � 17 min for mixture aged (b)]
corresponds with onset of stabilization of low q slopes. (Difficulty in fitting peak breadth causing scatter in data.)
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materials that are intercalated, with straight OLS lay-
ers separated typically by constant spacings of 25 to 75
Å and associated in tactoids of five to nine layers. On
a higher scale, tactoids are generally parallel to each
other or at small angles and are separated by 50 to 150
Å. The dominant morphology for the materials that
underwent mixture aging included much less ordered
tactoids, many in packs of four OLS layers with spac-
ings of approximately 80 Å. Tactoids are generally
parallel, separated by 75 Å through over 600 Å. Some

tactoids also exhibited gradient spacings in which layers
were separated by increasing distances through a tac-
toid. For both material systems, multiple levels and mix-
tures of intercalated and exfoliated morphologies can be
found (as well as some silicates that are not intercalated).
In general, mixture-aging results in a more expanded or
ordered exfoliated morphology state with smaller colo-
nies of tactoids; the baseline material shows an ordered
intercalated morphology with longer range registry both
within and between tactoids.

Figure 8 TEM images of unaged [(a) and (b)] and aged [(c) and (d)] I.30E/Epon 828/mPDA nanocomposites.
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The network formation process appears to be of
great importance in morphology development in
nanocomposites. Differential scanning calorimetry
(DSC) data show that the addition of I.30E results in a
significantly earlier onset of polymerization as com-
pared with that for the epoxy-cure agent alone (Table
II). This reaction acceleration behavior has been ob-
served in other epoxy systems.21,33,34 DSC analysis of
the epoxy and I.30E without the primary cure agent
shows that the silicate accelerates the epoxy homopo-

lymerization reaction as well; however, homopoly-
merization with or without I.30E occurred at temper-
atures much higher than those studied in the scatter-
ing experiments; thus, early reaction onset is not
believed to be a homopolymerization reaction (data
not shown). As has been observed by others, DSC,
similar to the TEM and scattering data, recognizes the
complexity of morphology, with a slight exotherm
after the main cure exotherm observable in some of
the systems which may be due to nonuniform network

Figure 8 (Continued from previous page)
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formation.35 Preconditioning through mixture aging
minimizes the advancement of reaction onset (Table
II). It is likely that the mixture-aged materials studied
here underwent some epoxy reaction over the mix-
ture-aging time such that the ability of the organically
modified silicate to accelerate the epoxy–amine reac-
tion is reduced.36 If so, final network formation for
these materials may have occurred under slightly ex-
cess cure agent. Here, the effects of the OLS on net-
work formation and ultimate network density must be
accounted for not only within the morphology of the
OLS constituent but also for the polymer itself. The
DSC data coupled with the SAXS and TEM observa-
tions suggests that accelerated network formation due
to the OLS hinders tactoid expansion.

In addition to differences in the amounts of various
reactants due to mixture aging, differences in the
types of reactants may play a role in the development
of exfoliated morphology. In reactions of epoxy with
aromatic amines, network development occurs
through the initial formation of linear polymer mole-
cules of high molecular weight, which then crosslink
to form a network, with some remaining un-
crosslinked. In contrast, with aliphatic amines net-
work development initiates with the formation of
branched, low molecular weight polymer molecules,
which then link to form a highly crosslinked net-
work.15 In baseline samples, network formation
within close proximity to the silicate surface, here
termed “the interphase region,” may be primarily
driven by the aromatic amine cure agent reacting with
the epoxy–silicate mixture, with the interfacial region
of the organically modified silicate able to participate
in network formation. Acceleration of this reaction by
the hydroxyls on the edges of the silicate may cause
rapid network formation within and around the tac-
toids, effectively limiting mobility of individual layers
and freezing intercalated morphologies. As seen in
Figure 3, gallery expansion of the mixture-aged mate-
rials continues to develop well beyond 30 min at 80°C.
Slight network formation in the interphase region of
the mixture-aged materials may form over the mix-
ture-aging time through reaction with hydroxyl
groups, the ammonium, and any aliphatic amines and
may provide a less reactive interfacial region. Partici-

pation in the subsequent cure-agent induced network
formation would thus be minimized, and the balance
between network formation within and around the
tactoids would be favorable to OLS mobility prior to
gelation. These subtle variations in the interface and
interphase regions may alter the balance of intra- and
extragallery network formation to cause the differ-
ences observed here in morphology development. The
differences observed through SAXS, DSC, and TEM
due to the material preconditioning studied here
could be significant factors in an observation or phe-
nomenological-based model of morphology and exfo-
liation development and offer motivation for the rec-
ognition of unexpected complexities in layered silicate
thermoset nanocomposites because of material and
process variations.

Mechanical properties

The potential of nanomodifications to achieve an im-
proved toughness–stiffness balance is the instigation
of much research,37,38 yet general trends have not been
conclusively demonstrated for the effects of nano-
modifications on toughness. Of the many existing
variables that can affect energy dissipation mecha-
nisms and apparent toughness results, morphologies
on various scales are of well-known importance. His-
torically, thermosetting resins such as epoxies have
key engineering limitations including inherent brittle-
ness and moisture uptake. Plane strain fracture tough-
ness results for the nanocomposites exhibit higher
toughness than the epoxy alone. Toughness results are
seen to differ between the baseline and mixture-aged
materials, with the mixture-aged material marginally
tougher than the baseline material (Table III). Here,
both the various polymer network and nanocomposite
morphologies may play roles in the toughness data
and suggest that in some cases material conditioning
may be a strong factor in morphology-sensitive prop-
erties. Dynamic mechanical analysis (DMA) shows
that the storage and loss moduli of the nanocompos-
ites are slightly higher than that of the neat resin in the
glassy state, with the mixture-aged material margin-
ally higher. The storage modulus improvement is
more extreme in the rubber state than in the glassy

TABLE II
DSC Data for Preconditioned I.30E/Epon 282/mPDA Materials

Material Tonset (°C) Tmax (°C)
�Hrxn (cal/g)

(normalized to epoxy content)

Epon 828/mPDA 126 158 106
I.30E/Epon 828/mPDA baseline 84 130 103
I.30E/Epon 828/mPDA aged 2 day 85 136 99
I.30E/Epon 828/mPDA aged 1 week 87 136 101
I.30E/Epon 828/mPDA aged 8 weeks 93 141 76
I.30E/Epon 828/mPDA aged 16 weeks 107 154 96
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state, as has been observed in most layered silicate
thermoset nanocomposites. The glass transition tem-
perature based on the tan � (tan � defined as G�/G	)
was higher for the nanocomposites compared with the
epoxy, but approximately the same for the two nano-
composites. The glass transition temperature as de-
fined by G	 was slightly higher for the mixture-aged
nanocomposite (Fig. 9).

Conclusion

In situ observation of morphology development in
layered silicate thermoset nanocomposites offers the
opportunity to gain insights necessary for modeling
the development of morphology with processing
and, ultimately, with correlations of morphology
with properties, enabling the design of nanocom-
posites toward specific desired behaviors. Aging of
the silicate– epoxy mixture dramatically changed
the development of morphology, resulting in more
expanded or ordered exfoliated systems with high

fracture toughness. Interaction between the OLS
and the epoxy prior to polymerization may there-
fore play a large role in how morphology and, spe-
cifically, exfoliation develops. Though the complete
effects on properties for cured nanocomposites are
not readily apparent at this point, the recognition of
the complexity, nonhomogeneity, and condition of
the material within the galleries must be accounted
for to achieve material control and development.
Chemistry and structure gradients and regions
within the galleries exist and may be found to add
complexities to processing and ultimate process
control. The diverse behaviors observed here reveal
the very complex nature of morphology develop-
ment in layered silicate epoxy nanocomposites and
the need for future efforts toward its understanding
and complete characterization. Processing or mate-
rial variables such as the mixture aging explored
here may be found to play a dominant role in the
ability of a given material system’s ability to reach
exfoliated morphologies. A higher degree of mate-
rial control may be required until we can better
characterize, understand, and predict nanocompos-
ite morphology development.
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Figure 9 Storage modulus and tan � curve for Epon 828/mPDA (no OLS), I.30/Epon 828/mPDA baseline process, and
I.30/Epon 828/mPDA mixture aged.
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