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Abstract

For organically modified montmorillonite (OMM)—epoxy nanocomposites, maximal montmorillonite dispersion is found to depend
synergistically on the mechanical processing history of the resin mixture and the chemistry at the OMM surface. Specifically, Cloisite 30A
(quaternary ammonium OMM) and I30.E (primary ammonium OMM), each containing surfactants with different catalytic effects on the curing
chemistry of Epon 862, are compared. Irrespective of the OMM, conventional solvent-free processing methodologies, including sonication, result
in an inhomogeneous distribution of OMM on the micron scale. Even though the primary ammonium alkyls within [130.E enhance intragallery
reactivity, this only results in extensive swelling of tactoids (interlayer distance ~10-20 nm), and thus retention of layer—layer correlations,
leading to ‘hybrid’ micron scale reinforcing particles, not nanoscale dispersion of individual layers. In contrast, sub-ambient temperature (cryo)
compounding had substantial impact on the ability to reduce tactoid and agglomerate size and increase homogeneity of dispersion for Cloisite
30A. The reactivity near Cloisite 30A is similar to that in the bulk and thus localized gelation around the layer-stacks does not retard particulate
refinement. In all cases, alteration of the global epoxy network structure was ruled out by FTIR and NMR measurements. For nanocomposites with
similar OMM content, however, the final thermal-mechanical properties does not coherently relate to one characteristic of the morphology. The
coefficient of thermal expansion (7> T,) and hardness (T'<T,) depend only weakly on morphology, where as the glass transition temperature
depends strongly on the extent of OMM dispersion and interfacial chemistry. In general, the inter-relationships between mechanical processing,
OMM surface chemistry and the desired property enhancements are not linear and thus must be considered in light of a final application to
evaluate the optimal ‘nanocomposite’ fabrication methodology to achieve maximal benefit.
© 2006 Elsevier Ltd. All rights reserved.

Keywords: Epoxy; Polymer nanocomposite; Layered silicate

1. Introduction

Nanoparticle additions to thermoset resins (thermoset
nanocomposites) are being examined for a diverse range of
applications, including in the aviation industry as epoxy
adhesives and as matrices of structural fiber-reinforced
composites [1-8]. This interest is due to the enhancement, or
addition of, physical properties at low volume fractions of
nanoparticles and the ability to incorporate the nanoparticles at
various processing stages or at various locations within the
engineered composite material (such as within the resin,
between fiber plies and/or as a fiber sizing) based on the design
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requirements of the composite and the location within the
composite that will yield maximal benefit.

In most cases, uniform dispersion [9] or controlled
mesoscale association [10] of the nanoparticle is believed to
be critical to maximize the property improvement. However,
broad, quantitative verification of the relative importance of
morphology and of interfacial strength for improvements of
various physical properties (modulus, strength, permeability,
conductivity, etc.) has not been ascertained [11-13]. Another
major challenge is the development of new cost-effective
methodologies to not only achieve uniform dispersion, but also
achieve the desired interfacial characteristics between the
nanoparticle and thermoset matrix. This is especially acute for
nanoparticles that are initially a part of a low-dimensional
crystallite [14], where the positions of individual ‘nano’-layers
or ‘nano’-tubes within the crystallite (tactoid or rope,
respectively) are related by translational symmetry. Extensive
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mass transfer, at least to the extent of the largest dimension of
the nanoparticle, is necessary to disrupt the initial correlations
of these nano-layers or nano-tubes.

After tens of years of detailed research [15-18] the
processing of thermoset layered silicate nanocomposites is
still more an art than science. There are many contradicting and
puzzling results concerning dispersion, intercalation or
exfoliation [19]. Pioneering studies by Pinnavaia [1] on
montmorillonite—epoxy systems established the initial concep-
tual methodology. Interfacial modifiers, such as primary
ammonium alkyls, are intercalated between the montmorillo-
nite layers to not only compatibilize the inorganic aluminosi-
licate and organic resin, but also to accelerate the cross-linking
reaction between the layers through acid-catalysis. The
enhanced so-called ‘intragallery’ versus ‘extragallery’
polymerization rate [19] results in increased monomer
consumption within the swollen low-dimensional crystallite,
and the continual increase of layer separation due to mass flow
of monomer into the interlayers [20]. Unfortunately, hom-
ogenization of the dispersion necessitates Brownian motion of
the individual layers, which is hindered by (i) interlayer
orientational coupling arising from the original low-dimen-
sional crystallite structure and (ii) extragallery polymerization
which increases the medium’s viscosity, ultimately leading to
gelation. The result is an inhomogeneous dispersion on the
micron scale of sub-micron ‘hybrid’ reinforcing fillers
comprised of parallel layers separated by 5-20 nm of resin.
Although these ‘shadow tactoids’ may be optimal for
toughening [23], these morphologies are not optimal for
stiffness as pointed out by Boyce et al. [11] who find that
collections of layered silicates that are oriented parallel can be
effectively represented as a homogeneous ‘particle’. The
parallel reinforcement ultimately leads to collective action
and reduces the reinforcing effect per particle [11].

In general, sole reliance on Brownian motion and/or
spatially inhomogeneous polymerization rates will not lead to
uniform dispersion within the thermosets. The disturbance of
the local orientational correlations between nanoparticles, and
thus the ‘shadow tactoids’ must (1) occur in a pre-processing
step well before the onset of gelation or (2) from high
mechanical shear such as three-roll mill processing [21].
Recent reports on pre-processing innovations build off the
initial methodology but address its limitations, such as slurry
compounding [2,22,23] and surface initiated curing reaction in
combination with slurry-processing [24]. These approaches
lead to more homogenous dispersion paralleling that achiev-
able in thermoplastics [25-27]. In contrast, the sole use of more
mechanical shear appears fraught with difficulties due to the
inherently low viscosity of the thermoset (relative to
thermoplastic polymer melts) that leads to low mechanical
coupling to the particle and thus a tendency to rotate and
translate rather than rupture or break [28,29].

To further the understanding of epoxy—montmorillonite
processing space and to provide alternative fabrication
approaches enabling various degrees of interfacial coupling
and morphologies for validation of structure—property relation-
ships, we examine herein the impact of shear during

the thermoset nanocomposite processing. We demonstrate
that with the proper mechanical processing conditions, uniform
dispersion and a high degree of exfoliation is possible in
systems that typically only show intercalated morphologies
after traditional cure cycles. Conceptually, this is achieved by
maximizing thermoset viscosity by halting cure before gelation
and by compounding at sub-ambient temperatures near the
resin’s glass transition temperature. High shear forces, due to
the very high viscosity of the system, facilitate homogenization
of the layered silicate nanocomposite in the thermoset. Since,
this processing approach relies on interfacial compatibility and
not necessarily on interfacial reactivity, the resulting nano-
composite possesses degrees of interfacial coupling and
structure that are complementary to previous approaches. The
weak interface of the nanocomposite fabricated herein leads to
a substantial decrease in glass transition temperature.

2. Experimental
2.1. Materials

Organically modified montmorillonites (OMMs) used were
Nanocor 1.30E (145 mequiv/100 g, octadecylammonium bro-
mide, MWuractant =271 g/mole, pzop=1.7 g/cm’, [30]) and
Cloisite 30A (95 mequiv/100 g, methyl tallow bis-2-hydro-
ylethyl ammonium, MWy factanc~ 361 g/mole, p30a~ 1.9 g/cm3,
Southern Clay Products). OMMs underwent a cleaning routine
consisting of soxhletting in ethanol, water and drying, yielding
L.30E with 33.44 wt% organic (loss of ignition, LOI) and
doo1=1.78 nm; and SC30A with 33.42 wt% organic and
doo1 = 1.85 nm. The resulting material was ground into a fine
powder with a ball mill and fractionated with a fine meshed
copper sieve. Only the fraction with smallest particles was used
in further experiments to obtain better dispersions and avoiding
large agglomerates and crystallites. Note that the differences in
number of surfactant molecules (CEC) and molecular weight
per surfactant is approximately equivalent, and upon cleaning
results in similar organic fraction (LOI) and initial gallery
height (dyg;). Thus, for an equivalent weight percentage of
OMMs, nanocomposites possess the same volume fraction of
layered silicate.

The thermoset matrix consisted of Epon 862 (bisphenol F
epoxide) with diethyl-toluene diamine (Epikure W, Resolution
Performance Products) with a ratio of 100:26 (density,
Prmatrix ~ 1.03 g/cm3). The possible slight increase in amine
concentration associated with the dissociation of a fraction of
the alkyl primary ammonium surfactants on 130.E (see below)
was not taken into account when balancing epoxide:amine
stoichometry. Cure history was followed according to the
product data sheet provided by Resolution Performance
Products.

2.2. Characterization
OMM morphologies were determined via X-ray diffraction,

transmission electron microscopy (TEM) and scanning
electron microscopy (SEM). X-ray diffraction was conducted
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on Bruker AXS D8 Discover and Molecular Metrology SAXS
in transmission mode. Ultrathin sections for TEM were cut
using a RMC PowerTome XL ultramicrotome equipped with a
Diatome diamond knife. A cutting speed of 1 mm/s was used to
cut 50 nm thick sections at room temperature. Sections were
collected on 400 mesh copper grids. The sections were then
coated with a thin layer (~10 nm) of amorphous carbon in
order to improve the stability of the sections during electron
irradiation. TEM was performed on a Philips CM 200 operating
at 200 kV. A CCD camera was used for focusing at high
magnification. Images were collected on SO-163 film and
digitized using a Minolta DiMAGE scanner at 2400 dpi
resolution. Image analysis was carried out by contrast
thresholding the images and counting particles by incremental
sections on 5X5 um TEM image areas for two images each.

A first order estimate of the maximum number of
montmorillonite layers per square micrometer (N=n/A), that
could be viewed given complete single layer exfoliation can be
derived from the definition of volume fraction of MMT
(¢mmr=total volume MMT/total volume of sample).
Rearranging gives:

t
N =

Voo X ¢dmmr

where ¢ is the thickness of the TEM thin section, n is the
number of montmorillonite layers, A is the area of the thin
section, and Vypyr is the average volume of a single
montmorillonite sheet (VMMT~l2a, where [ is the layer
diameter and a is the layer thickness). ¢pmr i related to
volume fraction of OMM, ¢ownm, by the ratio of MMT layer
thickness (a~1nm) to the interlayer repeat distance (dyg;),
Ot = Pomm (a/doo1). pomm 1S then related to the commonly
used, weight fraction of OMM, xomm, by:
domm = XommPomm! (XommPomm + (1 = Xomm) Pmaurix)- Note
that the above expression inherently assumes that the thickness
of the thin section, ¢, is equal to or greater than the largest
dimension of the layer, [ (t>1). For the systems examined
herein, where [~80nm, pomm~1.8 g/cm3, Pmatrix-
~1.0 g/cmS, x=0.03, and dyg; ~ 1.8 nm, ¢popm=0.0169 and
dnmt =0.0094. Using the limit of 7=1 (note that 50 nm thin
sections were utilized herein to maximize imaging conditions),
N~ 117 layers/um® of TEM viewing area. For a random
distribution of layers and recognizing that only layers with their
surface normal in the plane of the thin section will have
maximum contrast, Ngpservable ~ 0.5-0.67 N, conservatively
[31]. Thus, for complete exfoliation of 3 wt% OMM, the
number of observable montmorillonite sheets per square
micrometers will be around 60.

Scanning electron microscopy (SEM) with energy dis-
persive spectroscopy (EDS) was carried out using a Thermo-
Noran Vantage system on the Hitachi S-5200 microscope.
Since, the electron beam generates the emission of X-rays
characteristic of the elements present, this technique gives an
elemental map of the surface.

IR spectra were obtained using a Thermo Nicolet Nexus 470
FT-IR with 32 scans at 16cm ™' resolution on samples
prepared with KBr pellets.

The solid-state carbon NMR spectra were acquired at
125 MHz on a Tecmag Apollo NMR spectrometer with a 5 mm
magic-angle spinning probe from Doty Scientific, Inc. The
spectra were acquired using cross polarization and 10 kHz
magic-angle sample spinning using a 1 ms cross polarization
time with 50 kHz fields applied to the proton and carbon
channels. The pulse sequences for cross polarization and the T
and T, relaxation times are described in the literature [32,33].
The 2D carbon-proton wideline (WISE) correlation experiment
was used to indirectly measure the proton line widths through
the more highly resolved carbon spectra [34]. The spectra were
recorded with 64 points in the proton dimension using a sweep
width of 300 kHz and time-proportional phase incrementation
for quadrature detection in the proton dimension [35]. Two-
phase pulse modulation was used for proton decoupling in all
experiments [36].

Coefficient of thermal expansion at temperatures greater
than the glass transition temperature (7> T,) was obtained with
a TA Instruments 2940 TM Analyzer at 4 °C/min. Reported
values are the average of five samples with error bars
representing standard deviations. Differential scanning calori-
metry at 4 °C/min (TA Instruments Q1000) on 10 mg of sample
verified complete cure for all OMM nanocomposites discussed,
as well as providing the glass transition temperature of the
system. DMA measurements were carried out using a TA
Instruments DMA 2980 with a temperature ramp of 4 °C/min
on 2X 1X 10 mm? samples. Glass transition temperatures from
DMA correspond to the temperature at the peak of tan 6.

Micro-indentation hardness tests (Vickers test) employed a
weight onto the sample via a diamond shaped tip. Optical
microscopy did not show micro cracks at the corners of the
imprint implying reasonable toughness for all samples. From
the diameter of the imprint and the force applied through the tip
the hardness HV can be calculated according to HV=
2F sin(6/2) X 1000/d* where F is the force in Newton, 6 the
angle of the shape of the tip (diamond =45°) and d the length of
the diagonal in wm that is measured from the imprint.

3. Results and discussion
3.1. Processing

Traditionally, organically modified montmorillonites
(OMM) are combined with the epoxy resin, either neat [37]
or with the help of a volatile solvent [38], followed by
extensive mechanical mixing (sonication), the addition of the
curing agent, potentially more mixing, degassing and finally
curing. The application of mechanical mixing forces nominally
occurs when the viscosity is relatively low, at least compared to
that encountered in thermoplastic processing of nanocompo-
sites. A low viscosity medium is ineffective in transferring
shear stress to filler particles or polymer domains within an
incompatible blend [39]. As the viscosity increases, however,
the medium can more effectively transfer shear stress to a
secondary phase, increasing the likelihood of refinement.

To increase viscosity for more effective mixing, a pre-cure
(B-staging) to forward the cross-linking and increase molecular
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Fig. 1. Details of the methods (I, II, III) examined to determine the impact of
variations in the use of mechanical mixing techniques on the OMM dispersion.

weight is an option, however, the increased molecular weight
may comprise many subsequent processing properties and limit
utility in VARTM and RTM (vacuum assisted resin transfer
molding, resin transfer molding). Previous work by Benson-
Tolle [40] has shown that B-staging provides a degree of
control over layer—layer separation although these studies did
not examine the impact of intermediate shearing steps or
changes in global morphology. Alternatively, viscosity could
be increased ‘reversibly’ by cooling the monomer mixture or
progressed resin to near or below the glass-transition
temperature and grinding/mixing, similar to the cryo-grinding
(cryomilling or high-energy mechanical alloying) work of
Torkelson et al. [41,42]. For thermoplastics, this has been
shown to improve dispersion although concern about loss of
aspect ratio has been noted [43,44].

Fig. 1 summarizes the three (I, II, III) processing
methodologies discussed in this study. They represent the
various stages and extent where mechanical mixing may be
applied. The baseline epoxy cure procedure is based on Chen
et al. [45]. Process I—mixing: OMM and epoxy were
combined via simple dispersion and then underwent high-
shear mixing (Ultra Turrax, IKA T18 basic, 18,000 rpm, 75C,
30 min). Adding Epikure W and further high-shear mixing with
a final step of degassing and curing at 120 °C for 2 h; 175 °C for
2 h, lead to nanocomposite I. Process II—mixing and
sonication: additional mixing of OMM and epoxy beyond
process I included ultra-sonication (Ultrasonic Processor,

Sonics and Materials, Inc., GEX600-5, 75C, 10 min) as well
as additional high-shear mixing and ultra sonication after
adding the curing agent (two cycles of 30 min mixing and
10 min sonication). Degassing and curing lead to nanocompo-
site II. Process IIl—compounding: for nanocomposite III,
some material was separated from process II after the addition
of the curing agent to undergo a compounding step at sub-
ambient temperatures (DACA Instruments, CA, 250 RPM,
torque 3—4 Nm). The samples were quenched with a water
cooling bath and transferred to a DACA bench top twin-screw
extruder were they were cycled for 30 min at —30°C at a
torque of 4 Nm and 250 rpm. The pasty suspension was then
collected from the extruder and filled into a mold and degassed
for the final curing reaction.

Temperatures at every mixing and sonication step (Ultra
Turrax, Ultra Sonicator) were monitored using a temperature
probe inside the nanocomposite suspension via a PID
temperature controller and kept below 100 °C. Following this
procedure, the progression of cure was kept as close as possible
between the various systems. Typically, temperatures above
100 °C lead to uncontrollable cross-linking in all cases.

To further establish the role of the interfacial surfactant on
the mechanical processing and cross-linking that may occur
during mixing, primary ammonium modified montmorillonite
(Nanocor I30.E, octadecylammonium bromide) and quaternary
ammonium montmorillonite (Southern Clay Cloisite 30A,
methyl tallow bis-2-hydroylethyl ammonium) were examined.
The quaternary ammonium surfactant has been shown to
enhance capability, especially when combined with solution-
assisted processing, but otherwise has minimal catalytic activity
(ROH, pK,~ 16,25 °C [46]). In contrast, the slight acidity of the
primary ammonium surfactants (RNH§L pK, 10.64, 25 °C) has
been shown to catalyze epoxide condensation and first utilized
by Pinnavaia [47] to enhance interlayer polymerization rates.
Note that a primary ammonium itself will not react with an
epoxide. Since, the extent of this catalysis, the potential
incorporation of the liberated amine in the network and
the maintenance of the ionic equilibrium at the aluminosilicate
surface is unknown, a priori modification of the reaction
stoichiometry to account for these effects is not possible.

Table 1 provides a summary of the morphologies resulting
for the two OMMS and various processes. Figs. 2 and 3
summarize XRD and TEM characterization of primary and
quaternary ammonium montmorillonites, respectively.

Table 1
Summary of local (X-ray) and global (TEM) morphology for process methods (I, II, III) (Fig. 1)
Sample/process I I I
3 wt% 130.E Epon862/W dyy; 3.75 nm
Local (dyy1) 12.5 nm 12.5 nm 22 nm
Global Poorly dispersed Poorly dispersed shadow Poorly dispersed shadow tactoids,
swollen tactoids tactoids, 2 particles/pm2 8 little exfoliation, 8 particlcs/um2 a
3 wt% Cloisite 30A Epon862/W dy; 3.50 nm
Local (dyy1) 3.39 nm 3.39 nm 3.30 nm
Global Intercalated, poorly Intercalated, poorly dispersed Exfoliated with well dispersed tactoids of
dispersed tactoids tactoids, 3 particles/um? * 14 layers per tactoid, 37 particles/um? *

* Average of two 50 pm? TEM micrographs. Ideally, single layer exfoliation would give ~ 60 particles/um? (Section 2).
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Fig. 2. Morphology of 3 wt% Nanocor 1.30E in Epon 862/W. Transmission
electron micrograph of (a) process II and (b) process III. (c) X-ray of (O)
uncured resin with 3 wt% 1.30E, (+) nanocomposite II (mixing, sonication)
and (V) nanocomposite III (compounding). Note that the curves are off-set
vertically for clarity.
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Fig. 3. Morphology of 3 wt% of Cloisite 30A in Epon 862/W. Transmission
electron micrographs of (a) process II and (b) process III. (c) X-ray of (O)
uncured resin with 3 wt% 30A, (+ ) nanocomposite II (mixing, sonication) and
(V) nanocomposite III (compounding). Note that the curves are off-set
vertically for clarity.

For primary ammonium MMT (I30.E), Process I results in a
swollen tactoid morphology with the OMM interlayer spacing
increasing from 3.7 nm in the uncured state (Epon 862 and
Epikure W) to 12.5 nm in the final nanocomposite (not shown).
Further sonication (process II), does not result in further
modification of the morphology (Fig. 2(a) and (c)). TEM
images of these systems show poor dispersion and mostly
swollen tactoids and agglomerates, with larger areas of neat
epoxy resin. These observations are consistent with previous
reports [45] and verify that there is a limit to the impact of shear
processing on the local chemistries between the montmor-
illonite layers and on the extent that the particles can be broken
down by mixing in the pre-cured resin (where the interlayer
spacings are ~3—4 nm). In contrast, additional compounding
(process III) when the resin viscosity is substantially larger
leads to greater layer spacings, 22 nm (Fig. 2(b) and (c)). The
amount of individual layers and the number of particles per
square micrometers in the micrographs (Fig. 2(b)) are greater
than that observed for process I and II. Nevertheless, despite
the substantial increase in gallery spacing (Fig. 2(c)), the
homogeneity of the dispersion is still poor and the
morphologies are far from exfoliated.

The difficulty in achieving uniform dispersion for I30.E may
possibly lie with the same process leading to gallery
expansion—the enhanced polymerization rate catalyzed by
acidic primary ammonium (or the Bronsted SiOH and AIOH
acid groups on the MMT edges). In addition to layer swelling
via mass transport, catalysis in the vicinity of the layered
silicate, especially at the layer-edges, should also enhance
cross-linking in the vicinity of the tactoids and thus locally
decrease the time to gelation. This restricts the extent of layer
separation in the vicinity of the tactoids and enhances the
collective behavior of the layer-stacks in a shear field.
Additionally, the larger the initial tactoid/agglomerate, the
greater the absolute volume change of the tactoid/agglomerate
necessary for uniform swelling. Swelling at the periphery of
the tactoid/agglomerate will be facial compared to that at the
center. This difference mediated by the stiffness of the
aluminosilicate sheet will generate a heterogeneous stress
distribution and retard the swelling rate of the inner most
galleries. Thus, a collection of smaller agglomerates will be
easier, and faster, to uniformly swell than one larger
agglomerate containing all the layers. Mesoscopically, the
smaller layer-stacks will increase the spatial uniformity of the
catalysis at the onset of cure as well as providing for more
facial swelling of the galleries at the center of the stack. With
respect to this hypothesis, the larger layer spacing observed
during Process III implies the compounding with elevated
viscosities before complete curing enabled the tactoids to be
broken into smaller primary particles, each containing fewer
layers [48] and likely to swell further before gelation. This
hypothesis then implies the final layer spacing in systems such
as I30.E reflects a balance between local polymerization rate
and tactoid size.

To qualitatively change the local polymerization, the same
processing schemes were applied to an alkyl quaternary
ammonium montmorillonite (Cloisite 30A), which lacks
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Fig. 4. Energy dispersive spectroscopy image (1600 um® area, scanning
electron microscope) of (a) sonicated (II) Cloisite 30A nanocomposite and (b)
compounded (IIT) Cloisite 30A nanocomposite, comparing the uniformity of
inorganic dispersion.

the acidic proton arising from equilibrium between the primary
ammonium and amine. Here, the layer spacing does not
increase with cure and is approximately the same for the initial
uncured mixture and all process histories (Fig. 3, Table 1). This
contrast with the I30.E nanocomposites is consistent with the
supposition that layer spacing within a final, cured nanocom-
posite is primarily determined by interlayer reactivity. The
TEM, Fig. 3(a), of the mixed and mixed/sonicated samples
(process I and process II, respectively) shows similar global
morphology as I30.E, however, with no swelling of tactoids. In
apparent contradiction with the X-ray results, however, the
TEM image of the compounded nanocomposite (process III,
Fig. 3(b)) shows extremely uniform dispersion of particles;
approximately 37 particles per square micrometers, consisting
of particles containing 2—4 layers along with a large portion of
single layers. These image statistics are approaching estimated
values for complete layer exfoliation (~ 60 layers/um?). The
distinct dgyo; reflection (Fig. 3(c)) with an unchanged
correlation length (full width at half maximum) indicates that
the tactoids with 2—4 layers have retained the original internal
structure. These XRD results are consistent with previous

80
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sonicated (I1)
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Fig. 5. FTIR of 3 wt% Cloisite 30A in Epon 862/W ((—) uncured formulation,
(+++) sonicated (II) nanocomposite, and (— —) compounded (III) nanocomposite)
showing no dependency of matrix chemistry on varying processing history.
Vertical line denotes the antisymmetric in-phase epoxide ring stretching at
910cm ™.

modeling studies on the impact of disorder and layer-stack size
on the dyo; reflection, where only 3-5 layers are necessary to
provide good correlation and intense diffraction peaks [14].
To further verify large scale homogeneity of the com-
pounded Cloisite 30A nanocomposite, Fig. 4 compares
electron dispersive spectroscopy maps of elemental Si
distribution of the compounded (III) and sonicated (IT) Cloisite
30A nanocomposites. Even at this low magnification (a
40X 40 pm? window is shown), Si distribution is uniform for
process III (Fig. 4(b)), whereas significant inhomogeneities of
Si concentration are seen for process II (dark areas in Fig. 4(a)).

@

Compounded

()

Sonicated

(n

PR T ST [N S T TN T N TN T AT S T ST SO TN S B

200 150 100 50 0
Carbon Chemical Shift (ppm)

(b)

Compounded

()

Sonicated

(n

E862/W
neat

P S SR SR T NN SN SR ST T ST ST ST S R

100 0 -50 -100
Proton Frequency (kHz)

Fig. 6. (a) NMR spectra: (bottom) cured neat Epon862/W; (middle) sonicated
(II) 3 wt% Cloisite 30A nanocomposite and (top) compounded (III) 3 wt%
Cloisite 30A nanocomposite. (b) WISE spectra for the aromatic carbons:
(bottom) cured neat Epon862/W; (middle) sonicated (II) 3 wt% Cloisite 30A
nanocomposite; and (top) compounded (III) 3 wt% Cloisite 30A
nanocomposite.
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Overall, the contrast between the primary and quaternary
OMMs indicates that for homogeneous morphologies initial
tactoid size is at least as important, if not more so, than intra-
gallery polymerization rate. To further support this conclusion
the minimal impact of compounding on the development of the
epoxy network needs to be verified.

Differential scanning calorimetry (TA Instruments Q1000)
verified complete cure for all processes, cure histories and
concentrations of OMM examined (Table 1). Further verifica-
tion that the final epoxy matrix is similar and independent of
mixing history was provided by FTIR and NMR. Focusing on
Cloisite 30A (results are similar for I30E), the decrease of the
epoxy band at 910 cm ™' (Fig. 5) is the same for both the
compounded (III) and sonicated (II) sample, and not affected
by the presence of nanofillers.

Fig. 6(a) shows the 125 MHz solid state carbon spectra for
Epon 862 and the composites with Cloisite 30A prepared by II
and III. The broad lines in Fig. 6(a) are a consequence of the
many non-equivalent carbon atoms in such a network structure.
Among the peaks of interest are the aromatic carbons bonded to
oxygen atoms near 160 ppm, the aromatic carbons between
150 and 110 ppm, the methylene carbons bonded to oxygens
near 70 ppm and other aliphatic carbons between 50 and
20 ppm. While the individual peaks are not well resolved, we
would expect that the peak intensities and line shapes would be
sensitive to gross changes in the network structure. With in the
signal-to-noise limits of this experiment, we do not detect any
large differences in the network structure by NMR.

NMR relaxation methods were used to evaluate the structure
and dynamics of the resins and composites at room temperature
[32,33]. The carbon and proton spin—lattice (77) and the proton
rotating-frame relaxation times (7 ,) are listed in Table 2. The
proton Tis are sensitive to megahertz frequency molecular
motions and the presence of any paramagnetic ions contained
in the Cloisite 30A samples. Magnetization is rapidly
exchanged between nearby protons in solids (a process
known as spin diffusion), leading to averaging of the proton
relaxation times. It has been previously noted that the
paramagnetic contribution to the proton relaxation time is
sensitive to the dispersion of the clay platelets [49-51]. The
data in Table 2 show that the proton Ts for the sonicated (II)
and compounded (III) samples are similar to each other, but
shorter than the values observed for neat Epon 862. The proton
T, relaxation times, which are sensitive to molecular motions
on the kilohertz time scale, show a similar pattern. The carbon
relaxation times are not averaged by proton spin diffusion and
are more sensitive to the molecular dynamics. The relaxation
times for the aromatic carbons are quite long (as expected for

Table 2

Relaxation times from cross polarization and magic-angle spinning
Sample 'HT, (5) 'HT,,(ms)  CT(s)
Epon862 3.7 44 19

3 wt% Epon862/30A 2.2 3.6 -
sonicated (IT)

3 wt% Epon862/30A 2.0 3.6 24

compounded (IIT)

aromatic carbons below the glass transition temperature) and
not very sensitive to the presence of the clay. Taken together
the relaxation data do not show a large difference in the
structure or dynamics between the sonicated (II) and
compounded (III) samples.

The proton spectra of polymers are often broad and featureless
because of the dipolar interactions between nearby spins. The line
widths for polymers below T, are typically on the order of
50-60 kHz, but the line widths can be greatly reduced by large
amplitude molecular motions. We have measured the proton line
widths indirectly using 2D wide line correlation NMR [34], and
the proton line shapes for neat Epon 862 and the sonicated and
compounded Cloisite 30A samples are shown in Fig. 6(b).
Without a detailed analysis it can be seen that similar line shapes
are observed for all three samples. This shows that there is not a
large difference in the kilohertz frequency dynamics for the
aromatic rings in the neat Epon 862 and the sonicated and
compounded Cloisite 30A nanocomposites.

Thus, within the resolution of general spectroscopic
techniques, the epoxy network structure, the extent of cure
and global dynamics are independent of process history.

3.2. Physical properties

Although the volume fraction of montmorillonite is similar,
the physical characteristics of these epoxy nanocomposites are
anticipated to be divergent given the various morphologies and
different interfacial surfactants. However, this is not the case in
general.

Fig. 7 compares hardness from micro-indentation tests at
room temperature (Vickers test) and coefficient of thermal
expansion (CTE) above the glass transition temperature for the
various layered silicate nanocomposites. No differences in
hardness with respect to the addition of montmorillonite, or the
various morphologies (compounded (III) and sonicated (II)
samples), is observed. For CTE, although the absolute value
decreases with addition of montmorillonite, the CTE only
marginally depends on morphology. The slightly higher values
of CTE observed for I30.E compared to Cloisite 30A
nanocomposites may reflect a slight stoichiometic off-set
arising from the reactivity of the I30.E surfactants (see below).

Fig. 8 summarizes the dynamic mechanical analysis of
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Fig. 7. (a) Vickers hardness for neat Epon 862/W and 3 wt% Cloisite 30A
nanocomposites. (b) Coefficient of thermal expansion (CTE) at T> T, for neat
epoxy and various processing of 3 wt% Cloisite 30A and 3 wt% Nanocor 1.30E
nanocomposites: () sonicated (II); (O) compounded (III).
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Fig. 8. Storage modulus and tan 6 from dynamic mechanical analysis for 3 wt%
Cloisite 30A sonicated (II) (- —), compounded (III) (-) and neat Epon 862
compounded (III) (—).

Cloisite 30A nanocomposites. Complementing the Vicker’s
test results, little difference beyond experimental uncertainty is
observed in the storage modulus at room temperature
(~2.5 GPa) between the morphologies (process II and III
samples) and unfilled epoxy processed similarly (III).
Furthermore, the room temperature moduli between Cloisite
30A and I30.E nanocomposites, either compounded (IIT) or
sonicated (II), were comparable (not shown).

Differences, however, arise in the region surrounding the
glass transition temperature (7,), implying the different
dispersions and interfaces have an impact on the cooperative
network relaxation. Table 3 summarizes the T,s determined by
DMA and DSC. The T,s determined by DSC were consistently
17-19 °C lower than determined by DMA and exhibited the
same trends.

Although the compounded Cloisite 30A nanocomposite has a
more uniform morphology, the T, from DMA (145 °C) s close to
that of the pure epoxy (143 °C), and substantially lower than that
of the sonicated 30A sample (172 °C), which exhibits a less
uniform morphology. The width and shape of the alpha transition
of Cloisite 30A nanocomposites and the neat epoxy are similar
(Fig. 8), indicating that the distribution in relaxation times (and
the associated distribution in local environments) within the
epoxy are similar—just that the mean relaxation time of the
network has changed. Overall, the decrease in T, with increased
montmorillonite dispersion can be taken as a direct reflection of
interfacial plasticization and/or disruption of the thermoset
network arising from the greater interfacial area of a non-reactive
surface in the compounded (IIT) 30A. Increased number density
of non-reactive nano-scale layers, which can yield 700-
800 umZof interfacial area per cubic micrometers of layers [52],
will effectively slice through the network structure, disrupting a

Table 3
Glass transitions obtained from DSC and DMA data

plane of cross-links every 15-20 nm at only 5-7 vol% OMM
addition [53]. As interfacial area increases with dispersion, both
plasticization and disruption of the network topology would
become more pronounced. At temperatures greater than 7,
though, the extent of reinforcement, rather than interfacial details,
appears to dominate the impact of the OMM addition, as indicated
by the similar CTEs. The slightly lower CTE value from the
compounded (III) Cloisite 30A may simply reflect the more
uniform dispersion of a filler with a substantially lower bulk
expansivity than that of the medium. The more uniform
distribution and smaller mean particle—particle distances would
better constrain expansion of the majority of the molten epoxy
network.

In contrast to 30A, the 130.E nanocomposites exhibited a much
smaller impact on T, (AT,~5 °C, Table 3) due to processing
differences. This is not completely unexpected given that there
were only moderate changes in morphology. The addition of
3 wt% I30E, though, increased T, relative to the unfilled epoxy
(15-20 °C) less than that observed for the sonicated (II) 30A,
which exhibited qualitatively similar global morphology. The
reduced effectiveness of I30.E relative to 30A, whether in
increasing T, or reducing the CTE at 7> T, may be related to the
different molecular details at the montmorillonite—epoxy inter-
face. Recall that the extent of cure and the chemistry of the epoxy
network are, within the experimental resolution of DSC, FTIR
and NMR, identical for the different processing techniques and
OMMs. Nevertheless, the relatively diminished ‘reinforcement’
effect of a moderate dispersion of I30E (process II) (Table 1,
Table 3, Fig. 7) could reflect an increase in epoxide condensation
and concomitant offset of stoichiometry that is below the
resolution limit of the aforementioned spectroscopic techniques;
thus modifying network topology and reducing the effective 7.
Note that both OMMs have the same organic content, so extent of
plasticization associated with the surfactants would be compar-
able for comparable morphologies. Overall, however, attributing
these differences in CTE and T, to plasticization or changes in
network architecture is far from straightforward due to numerous
counteracting factors. The molecular details of the MMT—-epoxy
interface and impact on macroscopic properties may depend on
the surfactant content, the interfacial area (depends on extent of
dispersion), the extent of alkyl primary ammonium incorporation
in the epoxy network, the concomitant decrease in CEC of the
MMT, and the degree of solubilization of the alkyl quaternary
ammonium by the epoxy network. Quantitatively detailing
mesoscopic 3D connectivity and the impact of the OMM on the
topology and dynamics of the networks near the montmorillonite
surface is at this time beyond currently standard analytical
techniques.

Sample Epon862/130.E (3 wt%)

Epon862/30A (3 wt%)

Neat Epon 862

Sonicated (II) Compounded (IIT)

Sonicated (IT)

Compounded (IIT) Sonicated (II) Compounded (IIT)

T, (°C) DSC 144 140 153
T, (°C) DMA 163 157 172

126 136 131
145 - 144
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4. Conclusion

The comparison of global morphology and the thermal—
mechanical properties of montmorillonite—epoxy nanocompo-
sites with respect to process history and interfacial chemistry
provides conceptual insight to clarify the complex inter-
relationships between processing, morphology and properties,
as well as validating a technologically-relevant methodology to
maximize dispersion in these systems through mechanical means.

Cloisite 30A (Southern Clay), a quaternary OMM, and
I30.E (Nanocor), a primary OMM, contain surfactants with
different catalytic effects on the curing chemistry of the Epon
862 epoxy matrix. Irrespective of the OMM, conventional
processing results in poor global dispersion, large agglomer-
ates, tactoids and large areas of neat epoxy. Sub-ambient
temperature (cryo) compounding has only little impact on
breaking these tactoids/agglomerates apart for I30.E, probably
reflecting the enhanced cross-link density around the swollen
OMM layers due to the enhanced catalysis of the curing
reaction within the interlayer and at the layer edges. In contrast,
sub-ambient temperature (cryo) compounding had substantial
impact on the ability to reduce tactoid and agglomerate size
and increase homogeneity of dispersion for Cloisite 30A. The
reactivity near Cloisite 30A is similar to that in the bulk and
thus localized gelation around the layer-stacks does not retard
particulate refinement. In these cases, alteration of the global
epoxy network structure was ruled out by FTIR and NMR
measurements. Additionally, complete morphology validation
could only be accomplished with a systematic combination of
electron microscopy (TEM, SEM EDS) and small angle X-ray
scattering. The global-scale morphology was not consistent
with simple interpretation of the position and strength of X-ray
scattering peaks.

Thus, according to these findings, minimizing initial tactoid
size before the onset of gelation is critical in obtaining uniform
dispersion and exfoliation. Traditional concepts of enhancing
intra-gallery polymerization rates restrict the ability to
decrease the tactoid size (as defined by the number of
orientationally coherent layers).

Despite the substantial differences in the morphology of the
cryo-compounded nanocomposites, their thermal-mechanical
properties (DMA and TMA) were very similar. However, the
increased uniformity of the Cloisite 30A did not increase the
glass transition temperature in comparison to I30.E or
traditionally-processed Cloisite 30A nanocomposites. Compet-
ing effects associated with increased OMM dispersion—rigid-
phase reinforcement versus disruption of the extent of epoxy
network topology and plasticization by non-reactive surfac-
tants—probably negate one another resulting in a glass
transition comparable to the unfilled epoxy.

On the whole, the cryo-compounding of thermoset
nanocomposites provides a unique alternative to current
thermoset nanocomposite fabrication methods. However, it
must be noted that many applications of thermosets have
viscosity limitations (such as RTM or VATRM). The cryo-
compounding fundamentally relies on high matrix viscosity to
enhanced refinement of the filler, and thus is limited in its

applicability to these low-cost composite fabrication tech-
niques. Nevertheless, adhesive technologies and pre-preg
formation are felt to be amenable to these concepts.

Finally, this study shows that it is crucial to balance the OMM
interfacial chemistry (surfactants) and the processing history for
successful dispersion and exfoliation of OMM in thermosets.
However, optimizing dispersion and exfoliation may not lead to
the desired or anticipated improvements in mechanical and
thermal properties, especially when the interface between resin
and OMM is ‘soft’ and not ideal (perfect bonding). In general, the
inter-relationships between OMM surface chemistry, mechanical
processing and the desired property enhancements are not linear
and thus must be considered in light of a final application to
evaluate the optimal ‘nanocomposite’ fabrication methodology
to achieve maximal benefit.
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