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ABSTRACT: The thermal and dynamic behavior of epoxy nanocomposites with varying cross-link density was
tested via dynamic scanning calorimetry (DSC) in order to determine the influence of cross-link density on the
creation of “interphase”, zones of altered polymer properties near polymer-particle interfaces. The results show
that the inclusion of nanoparticles creates an increase in the glass transition temperature (Tg) at low cross-link
density and a decrease in Tg at higher cross-link densities. This phenomenon suggests that two mechanisms work
in tandem to alter the Tg of epoxy systems, with relative magnitudes determined by cross-link density: (1) network
disruption at the nanotube-polymer interfaces leading to lower Tg and (2) interphase creation leading to retarded
dynamics, resulting in higher Tg. Results show that as cross-link density increases, the length scale of cooperatively
rearranging regions (CRRs) decreases. This decrease hinders communication of the dynamics between adjacent
CRRs, thereby reducing interphase penetration into the bulk matrix. Moreover, increasing cross-link density leads
to increased network disruption due to the presence of nanoparticle obstacles in an otherwise densely connected
network.

Introduction

Recent work in polymer nanocomposites has demonstrated
that incorporation of very small weight fractions of nanoparticles
has the ability to significantly alter bulk polymer properties.1-4

While some of the changes are due to the inherent properties
of the nanoparticles themselves, alterations in the glass transition
temperature indicate fundamental changes in polymer mobility
due to the interaction of polymer chains with the nanoparticle
surfaces. This region of the polymer matrix, in which interac-
tions with the nanoparticle surfaces substantially modify the
chain dynamics and properties, is typically termed the interphase.
Sheathing of polymers around nanotubes on fracture surfaces
provides strong visual evidence of this phenomenon.5 While
small interphase regions exist in traditional composites with
micron-scale filler dimensions, the interphase is of critical
importance for nanocomposites due to the extraordinarily high
surface area to volume ratio of nanoparticles. In well-dispersed
systems, it is possible for the interphase zones to perco-
late through the entire nanocomposite, thus dominating bulk
properties.1-4 Such a percolated interphase network manifests
itself through changes in bulk properties such as the glass
transition temperature (Tg), aging response, and modulus.3,4,6,7

The small interparticle distances in nanocomposites and
associated Tg changes relative to the neat matrix (no nanopar-
ticles) have been quantitatively linked to confinement effects
on Tg in thin polymer films.1,8 In thin films, the length scale of
the confinement effect (50-500 nm) is larger than and
independent of the radius of gyration (Rg) of most polymer
chains.8,9 One theory that may explain the mismatched length
scales involves the concept of cooperatively rearranging regions
(CRRs) from the Adam-Gibbs model of the glass transition.

Since the polymer chain system is densely packed, center-of-
mass motions (glass transition) of one chain segment necessarily
involve coordinated motions of other segments. The length scale
of these coordinated motions can be measured by various
means10-13 and is typically in the range of 2-4 nm for
polymeric systems. While these domains are usually smaller in
length scale compared with Rg, the CRRs are not discrete; thus,
the dynamics of one CRR affect neighboring regions. In this
way, a strong polymer-substrate interaction will affect the
dynamics of the nearest layer of polymer segments, and the
change in dynamics can be propagated up to several hundred
nanometers into a film.

Quantitative studies on confinement in thin polymer films
have been performed only on thermoplastic systems. However,
nanocomposites with thermoset matrices have also been ex-
plored, particularly cross-linked epoxy matrices for usage in
many structural applications. While no specific assessment of
confinement or interphase effects have been discussed for these
nanocomposites, several examples of increased Tg in epoxies
through the incorporation of nanoparticles can be found in the
literature.14-19 In many cases,15,17,19 functionalization of the
nanotubes has resulted in strong (covalent) interactions and thus
retarded surface dynamics, resulting in a substantial interphase
regime as described above. However, many examples of
depressed Tg in epoxies due to nanotube inclusion may also be
found.14,16-18,20 Little discussion is offered regarding the
mechanism behind these Tg decreases or the apparent discrep-
ancies between results on the same nominal system of an epoxy
matrix with carbon nanotube filler. Additionally, there are no
data in the literature showing improved Tg with nanotubes for
high-performance epoxies. Thus, interphase-like behavior with
associated Tg increases in nanoparticle-filled epoxy systems has
only been found in particular cases of epoxies with relatively
low glass transition temperatures (<150 °C).

A fundamental difference between low- and high-performance
epoxies is the density of covalent cross-links within the network.
General agreement attributes increases in glass transition
temperature with cross-link density to the limitations in chain
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mobility due to the presence of the cross-links. In neat epoxy
resin systems, several approaches have been used to study the
influence of cross-linking on molecular scale dynamics using
systems based on an epoxide resin cured with a hardener
containing amine functional groups. These methods include
varying the curing time or temperature in order to produce
systems with different degrees of cross-linking,21 altering the
molecular weight between cross-links by changing the molecular
weights of the epoxide or amine chains,22,23 or by altering the
reactive group functionality of the curing agent. A model system
for this last method includes diglycidyl ether of bisphenol A
(DGEBA) resin cured with various combinations of monoamine
“chain extender” and diamine “cross-linker” chains while
keeping the epoxide/amine stoichiometry constant.24-26 This
method is particularly attractive for investigating the cross-link
density without added compositional variation.27

In this work, we apply this method to polymer nanocompos-
ites and systematically study the difference between interphase
formation near nanoparticles in a linear polymer resin and in
progressively cross-linked polymer networks. To achieve this
end, we disperse unfunctionalized multiwalled carbon nanotubes
(MWNTs) in varied blends of a difunctional epoxide resin with
mono- and difunctional amines. This method was selected to
vary cross-link density without changing the ratio of functional
groups, thus minimizing changes in the interaction strength
between the matrix and the MWNTs. Tg was measured using
dynamic scanning calorimetry (DSC) to detect the signature of
interphase formation. Interphase behavior (and increasing Tg)
is demonstrated for linear chains and sparsely cross-linked
systems but vanishes as cross-link density increases. Further
DSC studies were performed to understand the underlying
trends.

Methods

Diglycidyl ether of bisphenol A (DGEBA, Sigma-Aldrich),
cyclohexylamine (CHA, Sigma-Aldrich), and isophorone diamine
(IPD, Sigma-Aldrich) were used to make nanocomposite samples
(Figure 1). The epoxide to amine stoichiometry was kept constant
at 2:1. MWNTs produced by CVD with a diameter of ∼25 nm
were used as the nanofiller material. Surface analysis by XPS found
carbon with small amounts of oxygen (<2 mol %), thus confirming
the unfunctionalized aromatic surface.

The cross-link density is defined by the diamine fraction, �,
which represents the fraction of amine functional groups that are
present in diamine molecules:

�) 2[IPD]
2[IPD]+ [CHA]

(1)

� was varied from linear chains cured with CHA (diamine � ) 0)
to a fully cross-linked network cured with IPD (� ) 1), with

intermediate steps of 0.25, 0.50, and 0.75 diamine fraction. Three
samples were made at each cross-link density: neat (0 wt %), 0.25
wt %, and 0.5 wt % MWNT.

Each nanocomposite sample was mixed by combining an
appropriate amount of the neat masterbatch (epoxide resin + amine
mixture) with nanotubes, so that all samples of a given cross-link
density retained the same matrix phase composition. Blending of
the nanoparticles was performed by two 2 min shear-mixing cycles
at 10 000 rpm. All three samples of a given cross-link density were
cured simultaneously in the same oven with the following curing
cycle: 1 h at 140 °C, 6 h at 190 °C, 5 h postcure at 190 °C. The
last step of postcuring was performed to ensure completion of
curing.

Curing was subsequently confirmed by a 10 °C/min temperature
ramp in the DSC to 320 °C where exothermal signatures indicative
of incomplete curing would be observed. Dispersion of the
nanotubes was checked via SEM analysis of a fracture sample.
Individual tubes were observed, and large aggregates were not
found, as demonstrated in Figure 2.

Samples were not well suited for mechanical testing due to
porosity induced by the release of gas during the curing process.
This porosity was trapped in the nanocomposite samples due to
the formation of a load-bearing network from good nanotube
dispersion.28 This elastic network resulted in an increased viscosity
that prevented the escape of air bubbles within the time scale of
the curing reaction. Despite this macroscale porosity, high repeat-
ability in Tg data for multiple experiments on specimens from
various locations within a given sample demonstrates negligible
global heterogeneity.

DSC work was performed on a Mettler Toledo DSC 822 with
sample sizes between 4 and 7 mg. The glass transition temperatures
reported are the midpoint Tg measured on the second cycle upon
cooling at 10 °C/min after annealing at least 30 °C above Tg for 4
min. The change in the heat capacity at Tg, ∆Cp, is reported from
the same experiment for each neat epoxy sample, and the length
scale of the glass transition (�CRR) was measured on the DSC by
the method derived by Donth.13,29 In practice, this involved cooling
from an annealed state at 5 °C/min through the glass transition,
then heating the sample at 5 °C/min through Tg, and measuring the
width of the transition (in temperature) and ∆(1/Cp) as explained
in the text. Sample densities were measured by helium pycnometry.

Results and Discussion

The properties of the neat samples are presented first to
demonstrate the success of the method used to change cross-
link density. The Tg and ∆Cp of neat samples are shown in

Figure 1. Chemical structures of (a) diglycidyl ether of bisphenol A
(DGEBA) resin, (b) cyclohexylamine (CHA) chain extender, and (c)
isophorone diamine (IPD) cross-linker.

Figure 2. SEM micrograph of a sample containing 0.5 wt % MWNT
and � ) 0.75. The sample was coated with 5 nm film of gold-palladium,
and the image was captured using a magnification of 10 000× and beam
energy of 1.00 kV.
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Figure 3. The Tg of the neat samples increases monotonically
with diamine fraction. The relationship is in accordance with
previous studies24,25 and corroborates the intuitive reasoning that
covalent cross-links restrict the mobility of polymer segments.
Moreover, ∆Cp of the neat samples decreases as the fraction of
diamine is increased, which agrees with previous studies.24 ∆Cp

is a byproduct of the increase in entropy gained by the system
as the chains move more freely, and our results show ∆Cp

decreases as cross-links increasingly restrict the conformations
available to the rubbery material above Tg. Both curves are linear
with R2 > 0.99, which shows a surprisingly simple relationship
despite the complex nature of the glass transition. Other studies
of cross-link density effects in polymeric systems result in linear
relationships as well,30,31 which is amenable to current theoreti-
cal modeling.32

Figure 4 presents the difference in Tg between the nanocom-
posites and neat samples at a given diamine fraction. Nano-
composites based on purely linear polymer (� ) 0) show an
increased Tg. The increase is approximately the same for a
loosely cross-linked network (� ) 0.25) and then disappears
completely at the midpoint (� ) 0.5). Highly cross-linked
samples have a slightly negative ∆Tg.

We propose three possible mechanisms for alteration of Tg

of the epoxy matrix by nanoparticle inclusion in Figure 5. First,
altered thermal conductivity of the sample due to the nanopar-
ticles may change the curing kinetics for a given system and
thus impede attainment of a consistent cross-link density for
the standard curing cycle (Figure 5b). In this work, we followed
the recommended curing cycle25 and postcured for an additional
5 h at 190 °C. All three samples at a given diamine fraction
were cured simultaneously in the same oven. Additionally, the
nanocomposites were created from the same masterbatch of
epoxy/amine mixture as the neat samples for a given cross-link

density. All samples were also checked for completion of curing
by DSC, and no exothermic peaks indicative of incomplete
curing were found. These precautions provide strong evidence
for equal extent of curing in the samples and thus elimi-
nate incomplete cross-linking as a plausible mechanism for a
change in Tg for this particular study.

The second mechanism to explain altered Tg’s in a thermoset-
based nanocomposite is network disruption (Figure 5c). The
epoxy network near nanoparticle interfaces may be disrupted
compared to the bulk matrix, leading to an effective decrease
in cross-link density and diminished Tg. We posit two possible
reasons for network disruption: (1) steric limitations near
interfaces and (2) phase segregation. In this work, the nanotubes
are unreactive surfaces, and thus functional groups near the
surface may not be able to react because the presence of the
nanotube limits the number of functional groups in the local
vicinity (steric limitations). Alternatively, either the amine or
the epoxy may phase segregate to the nanotube interface,
resulting in local functional group ratios that are not consistent
with their bulk values (2:1 amine to epoxide), which would
likely result in altered cross-link densities. Whether by means
of steric limitations or phase segregation, this mechanism would
likely lead to a decrease in Tg in the bulk matrix of the sample.
Considering the results in Figure 3, network disruption is the
likely cause of the statistically significant decreases in Tg

observed in the highly cross-linked nanocomposites. This
mechanism of network disruption may also be present at lower
diamine fractions but would be smaller in magnitude and may
be offset by a different mechanism that increases Tg as discussed
below.

The final mechanism for Tg changes observed in epoxy
nanocomposites corresponds to interphase creation, analogous

Figure 3. Glass transition temperature (Tg) and change in heat capacity
(∆Cp) of the neat epoxy samples as a function of the diamine fraction
(�). Error bars represent a composite standard deviation of the samples
and are too small for observation for the Tg data.

Figure 4. Difference between Tg of the nanocomposites and neat epoxy
as a function of diamine fraction (�). Error bars represent the combined
measurement error of both neat and nanocomposite samples.

Figure 5. Schematic diagrams of the three proposed mechanisms of
Tg changes in epoxy nanocomposites: (a) fully cured neat epoxy (with
green dots representing covalent cross-links), (b) mechanism 1 showing
dangling unreacted end groups of epoxide chains (red dots) due to
incomplete curing, (c) mechanism 2 showing unreacted end groups at
the nanotube surface due to nanotube-induced network disruption, and
(d) mechanism 3 of interphase creation showing secondary bonding
(blue dots) with the CNT surface that modifies network dynamics.
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to the altered mobility arguments made for thin films or
nanocomposites based on thermoplastic polymers. The inter-
phase can either increase Tg by retarding the dynamics in
systems via strong attractive interactions or decrease Tg through
repulsive interfacial interactions. In this study, linear chains and
lightly cross-linked networks have an increased Tg, an indication
of an interphase characterized by positive attractions. The
specific attraction in this system, composed of DGEBA epoxy
and MWNTs, may be π stacking33 between the aromatic groups
in DGEBA and the surface of the MWNTs. The interphase effect
is not strong in this system, producing a maximum change of
only 7 °C. However, the interaction that leads to the interphase
should be constant across the cross-link density series since the
functional group composition is constant between linear chains
and a fully formed network.

Since the underlying interaction that causes the interphase
does not change with cross-link density, further investigations
were undertaken to understand how cross-link density affects
interphase creation by probing the inherent length scale of the
glass transition (�). Donth et al. proposed a method using DSC
to measure the CRR volume (�3)

�3 )
∆(1/CV)

F(δT)2
kBT2 (2)

where F is the density (1.145 ( 0.01 g/cm3 for all samples), kB

is the Boltzmann constant, T is the temperature, CV is the heat
capacity at constant volume, and (δT)2 is the temperature
fluctuation of one CRR. Details on the method can be found in
papers by Donth et al.,13,29 with an additional simplified
explanation and accompanying diagram provided by Saiter et
al.34

Figure 6 shows the characteristic length scale of the glass
transitionsthe length of a CRR (�)sas a function of diamine
fraction, �, for the neat samples in this study. The CRR length
scale for a nanocomposite of a given cross-link density was
indistinguishable from (i.e., within error of) a corresponding
neat sample with the same cross-link density. The CRR length
was found to decrease monotonically with increasing cross-link
density from 3.9 nm for linear chains to 2.6 nm for the fully
cross-linked network. The volume of the cooperative motion
raises these values to the third power, resulting in a CRR volume
for a fully cross-linked network that is only about one-third that
of a system of linear chains. This corresponds to an astonishing
loss of cooperativity in the system, even though intuition may
lead one to believe that covalent cross-links would increase the
distances over which motions are linked.

In order to understand why the size of the CRRs shrink as
the system becomes more cross-linked, consider two arguments
about the relationship between connectivity and rearrangement
sizes in an abstract system. In the first argument, cross-links

promote relaxations over larger length scales under the straight-
forward assumption that two chain units linked by covalent
bonds lead to motions more strongly coupled than if they are
not part of the same molecule. Thus, this first argument leads
to the idea that rearrangement (CRR) size should grow as
network connectivity (cross-link density) increases.

The second argument, in contrast, explains that relaxation
occurs over smaller length scales as cross-link density increases.
In this second argument, consider that no connectivity in the
system (linear chains) leads to relatively free-moving individual
chain units. Large-scale motion is possible because of the lack
of topological constraints. As network connectivity is increased,
covalent bonds restrict the spatial rearrangements of individual
chain units. Constraints imposed on the system by the cross-
links increase the activation energy of large-scale chain motions
and hence impede them in favor of more localized motions,
thereby decreasing the CRR size with cross-link density.

The results on our system indicate that the latter argument is
operative, despite the fact that it may seem less intuitive. Cross-
links inhibit large-scale motions in cross-linked polymers,
leading to smaller CRRs. This relationship has not been well
established in polymer systems but is documented in aggregate
studies of a wide range of glass-forming materials (small organic
molecules to network inorganic glasses).35-37

Critically, there exists a natural link between cooperativity
and interphase-induced Tg changes. As stated in the Introduction,
one theory of interphase formation relies on communication
between the relaxing cooperative regions in order to percolate
interface effects deeper into the polymer matrix. Naturally,
changes in the cooperative length scale will affect the distance
from the interface that the effects of an interaction will be
observed. As the cooperatively rearranging regions become
smaller, the length scale over which the change in dynamics is
propagated from an interface also decreases. This results in a
loss in the interphase behavior in polymer nanocomposites with
increasing cross-link density.

In our system, we propose that the interphase mechanism and
the network disruption mechanism work together in the nano-
composites to affect the Tg of the material system and that the
degree of influence of each mechanism varies with cross-link
density. The network disruption mechanism, resulting in de-
creased effective cross-link density and decreased Tg, increases
in magnitude with increasing cross-link density of the matrix.
In contrast, the restricted mobility interphase decreases in
importance with increasing cross-link density due to the
reduction in the CRR size with increasing cross-link density.
Overall, the interphase effect can either mask the (small)
network disruption effect in lightly cross-linked systems or is
itself diminished and also counteracted by network disruption
in highly cross-linked systems.

Conclusion

In this paper, we systematically varied cross-link density in
order to understand its effect on the formation of an interphase
in cross-linked nanocomposite systems. Three mechanisms of
Tg variation were proposed in order to explain the interactions
of cross-linked polymer networks with nanofillers. For the
system examined here, two of these mechanisms were proposed
to be active. At low cross-link density, a Tg increase was
measured, indicating a restricted mobility interphase formed by
attractive interactions between the polymer and the nanopar-
ticles. As the cross-link density was increased, Tg of the
nanocomposites was observed to remain constant or decrease.
This Tg decrease was related to two mechanisms working in
tandem: First, a reduction in the cooperativity of the system
with increased cross-link density was shown which translates
into less communication of interfacial dynamics through the bulk

Figure 6. Cooperatively rearranging region (CRR) length scale (�) as
a function of diamine fraction (�) with composite standard deviation
bars.
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of the polymer matrix. The reduction of the extent of interphase
from the nanoparticle interfaces leads to smaller or negligible
impact of the interphase on glass transition. Second, the
nanotubes may disrupt the cross-linking network of the system,
reducing the effective cross-link density and leading to degrada-
tion in Tg. These results have important implications both for
interpreting existing data in the literature of various epoxy
nanocomposite systems and for design of nanocomposites in
thermosetting resins. In highly cross-linked thermosets, the
ability of nanoparticles to significantly alter the physical and
thermal properties of the polymer through creation of a
percolated interphase of altered polymer matrix properties will
be significantly decreased.
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