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ABSTRACT: The reinforcing effect of carbon nanoparticles in an epoxy resin has been
estimated with different approaches based on rheology, molecular dynamics (evaluated by
differential scanning calorimetry, dielectric relaxation spectroscopy, and thermally stimulated depolarization current), and dynamic mechanical analysis. Carbon particles aggregate as the volume increases and form a fractal structure in the matrix polymer. The
dispersion microstructure has been characterized by its viscoelastic properties and relaxation time spectrum. The scaling of the storage modulus and yield stress with the volume
fraction of carbon shows two distinct exponents and has thus been used to determine the
critical carbon volume fraction of the network formation (⌽*) for the carbon/epoxy dispersions. At nanoﬁller concentrations greater than ⌽*, the overall mobility of the polymer
chains is restricted in both dispersions and solid nanocomposites. Therefore, (1) the relaxation spectrum of the dispersions is strongly shifted toward longer times, (2) the glasstransition temperature is increased and (3) the relaxation strength of both the secondary
(␤) and primary (␣) relaxations increases in the nanocomposites, with respect to the pure
polymer matrix. The dispersion microstructure, consisting of fractal ﬂocs and formed above
⌽*, is proposed to play the main role in the reinforcement of nanocomposites. Moreover, the
network structure and the interface polymer layer (bond layer), surrounding nanoparticles,
increases the relaxation strength and slows the cooperative ␣ relaxation, and this results
in an improvement of the mechanical properties. © 2005 Wiley Periodicals, Inc. J Polym Sci Part
B: Polym Phys 43: 522–533, 2005
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INTRODUCTION
The inclusion of conductive nanoparticles, such as
carbon in an insulating polymer, is usually used
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to take advantage of the improved conductivity of
the polymer.1 In our previous studies, we have
used carbon nanoﬁllers synthesized by a shockwave method, and we have studied in detail the
electrical and microwave-absorbing properties of
composites based on thermosetting polymers.2– 4
The physical properties exhibited by such composites depend strongly on the microstructure of
the dispersions. However, it is important for var-
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ious applications to study the reinforcement effect
of nanoﬁllers in polymer matrices to understand
the mechanism of the improvement of the mechanical properties.
Different approaches have been proposed to
investigate the effects of nanoﬁllers, but we stress
here the rheology, molecular dynamics, and dynamic mechanical studies. Rheology has been
used as a tool for the characterization and control
of the dispersion microstructure of ﬁne particles
within the liquid matrix. For colloidal dispersions, a cluster aggregation is proposed in which
many particles diffuse and stick together to form
clusters that also diffuse and stick. It has been
shown recently that the two most popular models
proposed for understanding colloidal aggregation,
the diffusion-limited aggregation model and the
cluster– cluster aggregation model, produce ramiﬁed structures that are self-similar and are
known as fractals.5–13 Power-law behavior as a
function of the volume fraction usually shows that
the aggregates are fractal. Although there have
been many studies on the scaling (power-law)
behavior of the rheology of colloidal dispersions,10 –14 polymer matrix nanodispersions have
been explored less. Pelster and Simon10 reported
that a small increase in the ﬁller loading in nanodispersions dramatically changed the interparticle distance and affected the degree of order. We
have reported a correlation between the structures of nanodispersions and the speciﬁc properties of composite systems, such as the conductivity and microwave absorption.2 In this article, we
provide some examples to illustrate the application of rheology to the study of interactions in
concentrated dispersions of carbon nanoparticles
in an epoxy resin (ER) matrix.
Polymer dynamics have been investigated actively to evaluate the effects of interfaces in
nanocomposites.15–21 Because of the large surface
areas of nanoparticles, the interfacial layer can
represent a signiﬁcant volume of the polymer and
thus determine the properties of the material.
The local chain dynamics and cooperative motion,
affected by nanoﬁllers embedded in a polymer
matrix, have been studied recently with different
techniques. In general, two effects contribute to
changes in the overall molecular mobility in nanocomposites: (1) the loosened molecular packing of
polymer chains due to the presence of nanoparticles and interactions with them, leading to
increased free volume and enhanced molecular
mobility, and (2) the formation of a layer of a
modiﬁed polymer (bound polymer) around the
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nanoparticles, leading to decreased molecular mobility.17 In our previous studies, we have used
broadband dielectric relaxation spectroscopy
(DRS) and have reported that the large-scale heterogeneity of the matrix is suppressed in nanocomposites and replaced by small-scale heterogeneity related to the presence of nanoﬁllers.19,21 In
this study, we apply broadband DRS, thermally
stimulated depolarization current (TSDC) measurements, and differential scanning calorimetry
(DSC) to study molecular mobility in nanocomposites altered by the surfaces and aggregation of
nanoparticles.
The reinforcement effect of nanoﬁllers in polymers has been reported as a remarkable combination of high stiffness and toughness; this is in
contradiction to conventional composites.22–35
This synergy is probably caused by changes in the
morphology of the polymer matrix due to the presence of nanoﬁllers. There is not yet a satisfactory
theoretical explanation for the origin of mechanical property improvements in polymer nanocomposites; however, it is generally agreed that the
large surface-to-volume ratio of the nanoscale inclusions plays a signiﬁcant role.22–24 Two concepts are discussed in the literature. One assumes that the formation of a nanostructured
network of ﬁnely dispersed particles, which are
strongly bonded to the polymer, is probably responsible for the reinforcement. For the strongly
aggregated systems, a complex inorganic structure has been proposed to be more effective
in load-transfer mechanisms than a simple
sphere.27,28 In the other concept,24 –26 the existence of an interphase is integrated into a mechanical approach to describe the observed reinforcement in composites. Although some doubts
remain about its physical existence, the interphase appears as a concept that takes into account the important modulus difference between
the ﬁller and polymer matrix above the main relaxation temperature of well-dispersed composite
systems.25–31
To estimate the reinforcement effects of
nanoparticles, we have investigated dispersions
and solid nanocomposites of carbon in ER. We
stress the rheological characterization of
semiconcentrated and concentrated carbon/
epoxy dispersions to evaluate the transition of
the structure from an aggregated type to a network (fractal) type. Furthermore, the molecular
dynamics and mechanical properties of solid
composites are correlated with respect to the
dispersion microstructure.
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EXPERIMENTAL
Materials and Sample Preparation
The materials studied in this work consist of ER
composites containing nanosized carbon particles
(NCPs). The nanoﬁller component was supplied
by the Materials Science Laboratory of the Space
Research Institute (Bulgarian Academy of Sciences, Soﬁa, Bulgaria) and was synthesized by a
shockwave propagation method.36 The carbon
nanoﬁller (NCPs) was synthesized as a mixture of
disordered graphite and diamond in a 67:33 ratio,
with a speciﬁc surface area (S) of 590 m2/g (Blein
method) and a speciﬁc gravity () of 1.86 g/cm3.
The diamond nanoparticles, with S ⫽ 230 m2/g
and  ⫽ 3.36 g/cm3, could be separated from the
NCP mixture with chemical puriﬁcation. Obviously, the diamond particles in the NCP mixture
were larger than the disordered graphite. Figure
1(a) presents a scanning electron micrograph of
NCPs (data from ref. 37). Small inclusions (composed of diamond and graphite particles) are visible, with an average diameter of approximately
10 nm and a maximum diameter of approximately 50 nm. They formed large clusters of 200 –
1200 nm. Figure 1(b) compares the X-ray diffraction (XRD) spectra of NCPs and diamond nanoparticles. NCP XRD data show one peak for
graphite (at 26.8°) and two peaks for diamond (at
43.5 and 75.7°) corresponding to d values of 3.32,
2.08, and 1.26 Å, respectively. This conﬁrms the
crystalline forms of the diamond particles and the
amorphous forms of the graphite particles. Both
XRD data and S values led to the conclusion that
the diamond nanoparticles (⬃10 nm) were larger
than the graphite (⬃3 nm). Araldite LY556 (bisphenol A epoxy resin; Ciba), with a viscosity () of
25 Pa s, was used as a matrix polymer.
Semidiluted and concentrated dispersions of
1–10 vol % NCP were prepared as the desired
amount of the carbon nanoparticles was dispersed
in the ER matrix by a high-power ultrasonic disperser. The carbon particle surfaces were negatively charged, as already reported in ref. 1. Thus,
the NCP clusters were easily dispersed in a low
polar epoxy matrix, and this led to a stable dispersion. However, we did not expect all the clusters of carbon powder to be broken down to single
nanoparticles in ER, as the resulting dispersion
was not transparent. Samples of solid composites
(1– 6 vol %) were prepared as diethylenetriamine
in stoichiometric proportions was added to the
dispersions as a hardener, and they were cured

Figure 1. (a) Scanning electron micrograph of NCPs
(data from ref. 37) with a micrometer bar of 500 nm.
Small inclusions with an average diameter of approximately 10 nm and a maximum diameter of approximately 50 nm formed large clusters ranging from 200 –
1200 nm. (b) XRD spectra of NCPs and diamond.

for 1 h at room temperature; this was followed by
postcuring for 3 h at 140 °C. Table 1 presents the
compositions and characteristic parameters of the
samples.
Rheological Measurements
The rheological characteristics of the carbon/epoxy dispersions were measured with a Rheotron
Brabender viscometer with cone–plate geometry.
Steady-state shear measurements were carried
out in the shear rate (␥˙ ) region of 0.1–100 s⫺1. The
oscillatory shear mode in the frequency range of
0.1–75 s⫺1 at a low strain amplitude of 0.01% was
used to measure the dynamic storage modulus
(G⬘) and loss modulus (G⬙) within the linear viscoelastic range. The relaxation time spectrum
was calculated from the linear theory of viscoelas-
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Table 1. Compositions and Characteristic
Parameters of the Carbon/Epoxy Dispersions
Carbon
Sample

wt %

vol %

m(s)

rel
m

ER
1% NCP
2% NCP
4% NCP
6% NCP
8% NCP
10% NCP

0
1.68
3.34
6.58
9.74
12.82
15.82

0
1
2
4
6
8
10

0.12
0.12
0.14
0.16
0.33
1.03
5.82

1
1
1.17
1.33
2.75
8.58
48.5

ticity through the ﬁtting of the experimental values of G⬘() and G⬙() (where  is the angular
frequency) to a generalized Maxwell model (eqs 1
and 2)38 in terms of the relaxation spectrum coefﬁcients, according to the Maxwell model (Gi and
i). The mean relaxation time (m) was calculated
from the relaxation spectrum coefﬁcients (eq 3).
Finally, the relative increase in the mean relaxrel
ation time (m
) was determined as the ratio of the
mean relaxation time of the nanodispersions
[m(⌽ ⬎ 0), where ⌽ is the volume fraction of
carbon] to the mean relaxation time of matrix
rel
polymer [m(⌽ ⫽ 0); eq 4]. m
, the additional
relaxation, was produced by the presence of the
nanoparticles in the dispersions:

冘G  
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Samples (ca. 1 mg) were sealed in aluminum pans
and heated from 0 to 300 °C at scanning rate of
10 °C/min under a nitrogen atmosphere. The
glass-transition temperature (Tg; onset) was determined from the curves with data from the second run.
Dielectric Measurements
With DRS analysis, the complex dielectric permittivity (⑀ ⫽ ⑀⬘ ⫺ i⑀⬙, where ⑀⬘ is the dielectric constant
and ⑀⬙ is the dielectric loss) was measured as a
function of frequency (10⫺2–106 Hz) and temperature (from ca. ⫺150 to ca. 200 °C).17–20 A Schlumberger FRA SI 1260 frequency response analyzer,
supplemented with a buffer ampliﬁer of variable
gain (Chelsea Dielectric Interface) and a Hewlett–
Packard Precision HP4284A LCR meter, in combination with the Novocontrol Quatro Cryosystem,
was used. Each sample was clamped between goldplated, stainless steel electrodes in a Novocontrol
dielectric cell. TSDC is a dielectric technique in the
temperature domain and is complementary to DRS.
It consists of recording the thermally activated release of frozen-in polarization and corresponds to
the measurement of ⑀⬙ as a function of temperature
at constant low frequencies in the range of 10⫺2–
10⫺4 Hz.17,19
Dynamic Mechanical Analysis (DMA)

n

G⬘共  兲 ⫽

/ 共1 ⫹  2 i2兲
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i⫽1

rel
m
⫽ m共⌽ ⬎ 0兲/m共⌽ ⫽ 0兲

(4)

Both Rheometric software and a similar previously developed and proved method39 were used
for the calculation of the relaxation spectrum, m,
rel
and m
.
DSC
DSC temperature scans were taken of the samples after curing with a PerkinElmer DSC-7.

The dynamic mechanical characteristics of solid
composites—the storage modulus (E⬘), loss modulus (E⬙), and tan ␦—were determined on a Rheometric Scientiﬁc DMTA IV dynamic mechanical
thermal analyzer at strain amplitude of 0.2%,
which was found to be the linear viscoelastic
range for the solid epoxy composites studied. The
cured samples were clamped in a medium frame
with a small center clamp in the bending mode. A
frequency of 1 Hz was used. The measurement
temperature ranged from 23 to 300 °C; the heating rate was controlled at 2 °C/min.

RESULTS AND DISCUSSION
Rheological Properties of the Nanodispersions
Experimental and theoretical studies of colloidal
dispersions predict that with increasing inorganic
content, an aggregation of colloidal particles will
take place, and this will lead to the formation of
clusters of aggregates (fractal ﬂocs) and ﬁnally to
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an inﬁnite cluster (network).11,12 Dispersions of
nanoparticles differ from classical colloidal dispersions by a much smaller mean interparticle
distance, and the interparticle interaction is
much more difﬁcult to control.10 Therefore, interactions between carbon nanoparticles cannot be
neglected, and the preparation of well-deﬁned
systems requires strong control of the dispersion
microstructure.
The studied carbon/epoxy dispersions obviously have a broad size distribution of particles,
which range from nanosized single particles of a
few nanometers to clusters of a micrometer size.
As already postulated by Flandin and
Schueler1(a,b) and measured by Harbourg et al.,1(c)
carbon particles possess a permanent electrical
charge that leads to a long-range Coulombic repulsion and thus results in an electrostatic stabilization of dispersions. The level of the potential
barrier depends on the electric charge at the surface of the particles and on the polarity of the
matrix. The shearing during mixing lowers this
barrier. Thus, shearing and thermal agitation
during high-power ultrasonic dispersion lead to
the following two effects in epoxy/carbon dispersions. First, the NCP clusters disperse into
smaller ones or single particles. Second, the motion of the dispersed particles in the medium and
the collisions created by this motion involve sufﬁcient energy to overcome the electrostatic barrier; therefore, pairs of particles become aggregated.
To characterize the nature of the microstructure and the evolution of the structural change of
the carbon nanoparticle dispersion in shear ﬂow,
we adopt the concept of cluster– cluster aggregation in colloidal dispersions, which yields selfsimilar structures known as fractals.11–14 Simulation studies11,12 suggest that colloidal aggregates behave as stochastic mass fractals on a
scale that is large in comparison with the primary
particle size. In ref. 13, it is shown that clusters of
submicrometer spheres, formed by rapid aggregation, form a network at a critical volume fraction
(⌽*) of approximately 0.05 (⬃5 vol %). The rheological properties of such aggregated dispersions
are changed at ⌽*. Below ⌽*, dispersions are
weakly shear-thinning and show little or no viscoelasticity. Above ⌽*, solid-like behavior is observed, and so data for the shear modulus (G) and
yield stress (0) suggest that aggregate networks
show universal behavior that is consistent with
the scalings G ⬃ ⌽ and 0 ⬃ G(⌽). The theoretical values of scaling exponent  are predicted to

be 4.5 ⫾ 0.2 under the assumption that the clusters comprising the network are fractal. For diffusion-limited aggregation,  becomes 3.5
⫾ 0.2.12,13
Rheological measurements have been performed, which are informative for analyzing the
structure of the carbon epoxy dispersions and the
interaction between the particles. We have applied an oscillatory ﬂow rheological technique under a small strain amplitude so that the structure
of the dispersion is not much disturbed from its
equilibrium conditions. Figure 2(a) shows that
the carbon loading of a very low volume fraction
reduces the terminal slope of the low-amplitude
storage modulus from the theoretical value of G⬘
⬃ 2 (for the pure resin) to G⬘ ⬃ 1.5 and G⬘ ⬃ 0.9
for 1 and 2% NCP/epoxy, respectively. Moreover,
in the volume fraction range of 4 –10%, G⬘()
trends to an equilibrium plateau in the terminal
region, and this could be related to the formation
of a network structure. Figure 2(b) presents the
shear-ﬂow data [shear stress (1/2) vs ␥´ 1/2] for the

Figure 2. (a) Low-amplitude G⬘ values versus  and
(b) Casson plot of 1/2 versus ␥´ 1/2 for the carbon/epoxy
dispersions with various values of ⌽ (vol %). The experimental temperature was 20 °C.
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carbon/epoxy dispersions, which have been analyzed with Casson’s equation:40 1/2 ⫽ 01/2 ⫹ 1/2
␥´ 1/2, where 0 is the Casson yield value. 0 appears
if ⌽ increases above 4%. Thus, the results from
Figure 2 conﬁrm the transition of the rheological
behavior of the carbon/epoxy dispersions with increasing ⌽ from weak shear thinning (1–2%) to a
solid (4 –10%).
The changes in the elasticity of the dispersion
structure due to particle aggregation have
been determined from a log–log plot of G⬘ (at
 ⫽ 0.1 s⫺1) and 0 versus ⌽ (Fig. 3). The values
of 0 have been shifted by division by a factor of
10. Two distinct straight lines have been obtained
over the ⌽ range of 1–10% with two power laws:
G⬘ ⬃ ⌽ 3.7 at 1% ⬎ ⌽ ⬎ 5%
G⬘ ⬃ ⌽ 6.45 and 0 ⬃ G⬘共⌽兲 at 5% ⬎ ⌽ ⬎ 10%

(5)

The power-law behavior for both functions is a
signature of fractal structures. The lower power
in the ﬁrst region, ⌽ ⬍ 5%, indicates a weak
interaction between the carbon particles. In contrast, at ⌽ ⬎ 5%, the interaction becomes much
stronger, and the power in ⌽ becomes larger.
Therefore, cluster– cluster aggregation and network formation can be proposed at ⌽ ⬎ 5%. The
cross point of the straight lines in Figure 3, obtained at ⌽* ⬃ 5%, is deﬁned as the critical concentration, which presents the transition of the
structure of the carbon/epoxy dispersions from a
cluster type to a fractal (network) type.
Figure 3 shows that the observed value of
 ⫽ 6.45 at ⌽ ⬎ ⌽* is higher than the theoretical
values of  ⫽ 4.5 ⫾ 0.2 predicted for a colloidal
dispersion structure of a fractal type. High values
of the slope, such as 6 and 10, are reported in refs.
9 and 13 for strongly ﬂocculated dispersions. The
high power in ⌽ for carbon/epoxy nanodispersions
can be related to the strong interparticle interactions produced by the small particle size, as well
as the interfacial interactions. Because of the extended surface area of the nanoﬁller in the volume range ⌽ ⬎ ⌽*, most of the matrix polymer is
in the state of an interface layer surrounding
nanoparticles. This bond polymer layer, having
elasticity different than that of the bulk polymer,
obviously dominates the overall elasticity of the
individual fractal ﬂocs and increases the scaling
exponent. In our previous studies,2– 4 ⌽* has been
associated with the percolation threshold (⌽c) and
has led to a sharp increase in the electrical conductivity.
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Figure 3. Plateau G⬘ values (at  ⫽ 0.1 s⫺1) and 0
values (Casson) versus ⌽ of the epoxy dispersions at
20 °C. The values of 0 are divided by a factor of 10. The
lines represent the prediction of the power-law model
(eq 5). Slopes of 3.7 and 6.45 were determined for the
two regions; the arrow shows ⌽* ⬃ 5%.

If the network structure of a dispersion is considered to be closely packed fractal ﬂocs, according to Shih et al.,14 the elasticity of the dispersion
will be dominated by either interactions within
ﬂocs or interlinks between ﬂocs. Such microstructural interactions in nanodispersions obviously
produce an additional relaxation process, which
can be clearly observed in the terminal ﬂow region (Fig. 2). To describe quantitatively the additional relaxation processes in the nanodispersions, we use the linear theory of viscoelasticity to
predict the relaxation in polymers through the
calculation of the relaxation time spectrum.38,39
Thus, the relaxation spectrum has been calculated from the experimental values of G⬘() and
G⬙(), in terms of Gi and i, with eqs 1 and 2.
Figure 4 compares the relaxation time spectra (Gi
vs i) of ER and carbon/epoxy dispersions with
various ﬁller concentrations of 2–10%. Table 1
rel
shows the calculated values of m and m
(from
eqs 3 and 4) at various carbon volume concentrations in the range of 1–10%.
With increasing ﬁller content, the spectrum is
shifted toward longer relaxation times. This is
interpreted as a total characteristic for particle–
particle and polymer–particle interactions, resulting in an additional relaxation behavior. The
effect is strongly pronounced in the concentrated
region (i.e., ⌽ ⬎ ⌽*), accounting for a restricted
overall mobility of polymer chains in dispersions
with respect to the pure epoxy matrix. Sharp inrel
creases in m
(eq 4) can be observed above ⌽*
with magnitudes of 2.75, 8.58, and 48.5 for the 6,
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Figure 4. Relaxation time spectra of the carbon/epoxy dispersions with various carbon fractions at 20 °C.

8, and 10% NCP concentrations, respectively, if
compared with a value of 1 for pure ER. We asrel
sume that such a strong increase in m
is due to
the formation of a network of interacted fractal
ﬂocs at high ﬁller concentrations (8 –10% NCP).
As the fractal ﬂocs consist of clusters of nanoparticles surrounded by an interface polymer layer,
they behave as an elastic barrier during the shear
ﬂow and relax for a longer time than the matrix in
the bulk. The alteration of the relaxation processes has also been observed in polymer/layeredsilicate nanocomposites15,16 and has been attributed to the end tethering of polymer segments at
the silicate surfaces.
Molecular Dynamics of the Nanocomposites
The cured carbon/epoxy nanocomposites were examined with DSC, DRS, and TSDC techniques to
evaluate the effects of the nanoﬁllers on the molecular mobility of the polymeric chains and, in
particular, on the cooperative motion of the chain
segments at the interfaces.
Figure 5 compares the DSC thermograms of
the cured ER and carbon/epoxy nanocomposites,
and Table 2 presents the DSC data of Tg (onset).
As shown in Figure 5, the DSC curve of pure ER
shows a Tg (onset) at approximately 94 °C. The
addition of the carbon nanoﬁller (2– 6%) increases
Tg by about 5–10 °C in comparison with Tg of pure
ER. That conﬁrms the assumption drawn from
the rheological data, showing that the polymer
chains must be under constraint because of the
inﬂuence of the interfacial polymer–particle interactions; therefore, Tg of the nanocomposites
has been shifted to higher temperatures. Such an

increase in Tg has been discussed by other authors16,30,31 in terms of an interface layer (bound
polymer) around the ﬁller particles due to chains
being tied down by the inorganic surface. Our
results clarify that above ⌽*, the change in Tg can
be signiﬁcant, as most of the polymer is immobilized as an interface layer around the particles,
and so the interfacial effects dominate the bulk
properties of the material.
Taken in the context of the restricted polymer
relaxation in nanodispersions (Fig. 4) and the increased Tg values of the nanocomposites (Fig. 5),
the results appear to indicate that the cooperative
motion precipitously decreases because of the
presence of nanoparticles. The effects observed
here can be associated with the formation of a
dense network, but it is an open question whether
the curing reaction of ER is affected by the presence of carbon nanoparticles. Some results for
nanocomposites suggest that the rate of reaction
may change with the presence of modiﬁed nanolayers, but the ﬁnal state of curing does not. For
example, organically modiﬁed clay surfaces in
clay/epoxy systems act primarily as acid catalysts
rather than as curing agents.41 The carbon nanoparticles probably act as additional crosslinks
through the interface (bond) polymer layer, but
the conditions of curing followed here with nonmodiﬁed carbon nanoparticles allow ER to
achieve the ﬁnal state of curing. It is not easy to
separate the two effects; however, the morphology
of the epoxy matrix at the interfaces could be
affected by the nanoﬁller surfaces.
Figure 6 shows results obtained by DRS: ⑀⬘ and
⑀⬙ versus the temperature for the pure ER matrix

Figure 5. DSC thermograms of pure ER and carbon
nanocomposites with different ﬁller volume fractions.
The arrows point out Tg (onset).
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Table 2. DSC and DMA Summary of the Carbon/Epoxy Composites
E⬘ (MPa)
Sample

Tg
(Onset, °C)

T␣
(°C)

Tan ␦
Peak

30 °C

80 °C

106 °C

150 °C

ER
2% NCP
4% NCP
6% NCP

94.0
98.6
99.0
103.9

104.6
104.6
106.7
108.6

1.062
0.903
0.927
0.816

2650
2742
3230
2887

1130
1490
1610
1900

56
117
138
290

20.7
32.7
31.4
67.6

and three nanocomposites at a constant frequency of 80,805 Hz. The data have been recorded
isothermally by frequency scanning and have
been replotted here to facilitate a comparison
with DSC and dynamic mechanical data. A relatively high frequency has been chosen for the
presentation to eliminate conductivity effects
present at lower frequencies.17 An overall increase of the molecular mobility can be observed
in Figure 6 (in agreement with TSDC data not
shown here), in the sense that, at each temperature, ⑀⬘ and ⑀⬙ increase with increasing ﬁller content. This is to a large extent related to the formation of a percolation structure of the nanoparticles, as conﬁrmed by the dependence of ⑀⬘ (at a
frequency of 1 Hz and a temperature of ⫺50 °C)
on ⌽ of NCP in the inset of Figure 6(a). The
well-known equation for the dependence of ⑀⬘ on ⌽
from percolation theory has been used:1
⬘
⑀ ⬘共⌽兲 ⫽ ⑀ m
⫹ A兩⌽ ⫺ ⌽ c兩 ⫺t

peratures and lower frequencies are less conclusive for higher content nanocomposites, as the
results are masked by conductivity effects). Thus,
the DRS results allow us to discuss molecular
mobility in terms of the relaxation strength and
the timescale of the response. The increase in the

(6)

⬘
where ⑀m
is the dielectric constant of the matrix
and t is the critical exponent. The values of ⌽c and
t have been determined to be 7.4% and 0.69, respectively.
Two relaxations, a secondary (␤) relaxation at
lower temperatures and a primary (␣) relaxation
at higher temperatures, associated with the glass
transition of the ER matrix, can be observed in
Figure 6.17 For both relaxations, the strength
[i.e., the magnitude of the peak in ⑀⬙(T) and the
corresponding step in ⑀⬘(T)] increases in the nanocomposites, particularly for the sample above ⌽*.
The timescale (temperature position) of the response shows, however, a different behavior. For
the local ␤ relaxation, it does not change with the
composition, whereas for the cooperative ␣ relaxation, the peak temperature increases slightly in
the nanocomposites, particularly at higher ﬁller
contents, at which it shifts out of the temperature
range of Figure 6 (measurements at higher tem-

Figure 6. (a) Real part (⑀⬘) and (b) imaginary part (⑀⬙)
of the dielectric permittivity versus the temperature
(T) at 80,805 Hz. The inset shows ⑀⬘ (measured a 1 Hz
and ⫺50 °C) versus the NCP volume concentration.
The line is a ﬁt of eq 6 to the data.
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relaxation strength for both ␤ and ␣ can be understood in terms of increased free volume, in
agreement with results obtained for other nanocomposites.17 The slowdown of the cooperative ␣
relaxation (dynamic glass transition) provides additional evidence for the immobilization of polymer chains in the interface layer around the particles (the formation of a bound polymer).
The dynamics of the dielectric relaxations can
be further studied on the basis of the Arrhenius
plot (activation diagram) shown in Figure 7. The
results in this ﬁgure refer only to dipolar relaxations. Conductivity effects have been eliminated
by the ﬁtting of an appropriate expression to the
dielectric data after common praxis in the analysis of the dielectric measurements.19,20 For the ␤
relaxation, the results show that, although the
timescale of the response does not change with
the composition, the dynamics do change: the activation energy in the Arrhenius equation19 decreases in the nanocomposites (0.69 eV in ER and
0.51, 0.59, and 0.63 eV in the nanocomposites
with 1, 4, and 6% NCP, respectively), just like the
corresponding frequency factor. The TSDC data,
at the equivalent frequency of 1.6 mHz, corresponding to a relaxation time of 100 s,19 are in
good agreement with the DRS data for the two
samples measured by both techniques and provide further support for the accuracy of the activation energy determination. For the ␣ relaxation, for which less dielectric data are available
with the required accuracy because of conductivity contributions, we show only the plot for the
pure ER matrix with two DRS points, the DSC
point (again at the equivalent frequency of
1.6 mHz19) and the point from dynamic mechanical measurements (to be discussed later). The
Vogel–Tammann–Fulcher (VTF) equation, 17
which is characteristic for the ␣ relaxation, has
been ﬁtted to the data. The ﬁt is good (a broad
frequency range is covered) with reasonable values of the ﬁtting parameters and provides support for the consistency of the three techniques
involved.
Dynamic Mechanical Properties
The effect of nanoﬁllers on the viscoelastic properties of crosslinked (cured) epoxy matrix composites has been probed with DMA performed from
20 to 300 °C. This technique allows us to investigate the ␣ relaxation, which is related to the
Brownian motion of the main chains at the transition from the glassy state to the rubbery state,

Figure 7. Arrhenius plot of (a) ␣ and (b) ␤ relaxations. The lines are ﬁts of the VTF and Arrhenius
equations, respectively, to the experimental data.

as explained previously with respect to molecular
dynamics studies. It is likely that this motion can
be affected by carbon nanoﬁllers because of interactions in the interface layer around the particles.
When a polymer goes through an ␣ transition, tan
␦ shows a maximum at the ␣-transition temperature (T␣), and a substantial drop in E⬘ and E⬙
appears, indicating viscous damping due to segmental motion in the polymer.26 For crosslinked
polymers, both E⬘ and T␣ generally increase with
increasing crosslink density.24,27
Figure 8 shows the temperature dependence of
E⬘, E⬙, and tan ␦ of the ER matrix and carbon/
epoxy composites with 2– 6% NCP. Table 2 summarizes the most important dynamic mechanical
data for the studied systems—T␣, tan ␦, and
E⬘—at 30 and 80, 106, and 150 °C, which represent three important regions: glassy, transition
(glass to rubber), and viscoelastic (rubber), respectively. To compare the effects of the nanoﬁller
in the three regions, the inset in Figure 8(a) presents the relative storage modulus (E⬘rel), that is,
the storage modulus of the nanocomposites divided by that of the pure resin, versus ⌽ at 80,
106, and 150 °C.
The presence of the nanoﬁller with 2– 6%
NCP enhances the values of E⬘, and this effect
appear in different magnitudes at various temperature ranges. As shown in Table 2 and by the
intercept in Figure 8(a), E⬘rel ⫽ E⬘composite/E⬘resin
is affected slightly by the nanoﬁller in the
glassy region (30 – 80 °C), showing a 1.3–2 magnitude increase (⬃9%) for the composites over
the pure epoxy. Above T␣, when materials become soft, the mechanical reinforcement by carbon nanoparticles becomes prominent. Notably,
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oxy composites containing micrometer or larger
ﬁller particles do not exhibit substantial
changes in E⬘ at the ﬁller volume concentrations below 10 –15 vol %.29,30
In addition, Figure 8(b) shows the tan ␦ results
at 70 –150 °C and estimations of the peak characteristics. The results summarized in Table 2 show
that the tan ␦ peak decreases and becomes
broader with increasing ﬁller content, and this
indicates that the chain mobility of the
crosslinked epoxy is restricted by the presence of
NCPs. The reduction of the tan ␦ peak is consistent with the increase in Tg noted in the DSC data
(Table 2), and this effect becomes signiﬁcant
above ⌽*, accounting for a structure with increased density.
In general, a microstructure consisting of fractal ﬂocs, which is formed above ⌽*, is proposed to
play the main role in the reinforcement of nanocomposites. The interface polymer layer (bond
layer), surrounding nanoparticles within the
ﬂocs, increases the relaxation strength and slows
down the cooperative ␣ relaxation and thus probably results in enhanced elasticity in both the
transition and rubbery regions.

CONCLUSIONS
Figure 8. Dynamic mechanical behavior of the carbon/epoxy composites with various NCP concentrations
(0, 2, 4, and 6%): (a) E⬘ and E⬙ and (b) tan ␦. The ␣
transition is presented as the peak of the tan ␦ curves.
The inset shows E⬘rel ⫽ E⬘composite/E⬘resin (measured at
80, 106, and 150 °C) versus the NCP volume concentration.

a signiﬁcant increase in E⬘ can be observed for
nanocomposites with ﬁller concentrations
greater than ⌽*. For example, 6% NCP/epoxy
nanocomposites show an enhancement of E⬘ of a
magnitude of approximately 5.1 (420%) in the
transition region (105 °C) and of a magnitude of
3.5 (226%) in the rubbery region (150 °C), in
comparison with that of the pure resin. T␣ also
increases by a few degrees at this ﬁller concentration, and this indicates an interface layer
effect due to chains being tied down by the
surface of carbon. Obviously, the network structure of such composites gives rise to better modulus reinforcement because the fractal ﬂocs act
as large soft particles during the deformation
process. Typically, conventionally prepared ep-

We have used the rheological approach for colloidal systems and have studied the scaling and
relaxation behavior of carbon/epoxy nanodispersions. On the basis of the rheological results, the
microstructure of the dispersions has been found
to change from a cluster to a network (fractal) at
⌽* ⬃ 5 vol %. G⬘ and 0 (Casson value) scale above
⌽* with  ⫽ 6.45, which is higher than the theoretical predictions for colloidal dispersions. This
is associated with the small size of the carbon
particles producing strong interparticle and interfacial interactions.
The rheologically determined microstructure of
the dispersions is very important for the properties of the solid nanocomposites. The cooperative
motion of the matrix polymer precipitously decreases in the presence of a nanoﬁller, and this
results in an increase in Tg.
The results for the molecular dynamics from
the dielectric measurements show that the relaxation strength of both the ␤ and ␣ relaxations
increases in the nanocomposites, with respect to
the pure polymer matrix. This is attributed to the
increase in the free volume due to the loosened
molecular packing of the polymer chains. The
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timescale of the local ␤ relaxation does not change
in the nanocomposites, but the activation energy
of the relaxation decreases. The cooperative ␣
relaxation, on the other hand, slows down in the
nanocomposites, being more pronounced at concentrations above ⌽*. This is explained by the
larger characteristic length scale of that relaxation, which becomes comparable to the thickness
of the polymer layer conﬁned between the nanoparticles.
The network structure of fractal ﬂocs above ⌽*,
at which a large amount of the polymer is adsorbed at the particle surface, plays an important
role in the reinforcement of nanocomposites. The
overall composite elasticity above ⌽* increases
signiﬁcantly in the transition and rubbery regions, accounting for the dominant role of the
elasticity of fractal ﬂocs and interlinks between
ﬂocs. Such a hybrid structure produces a complex
debonding process, easily undergoes deformation,
and improves the stiffness of nanocomposites in
the temperature region above the glass transition.
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