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ABSTRACT: Stable dispersions of impure multiwall car-
bon nanotubes (multiwall carbon nanotubes and carbon
soot) in an acrylated epoxidized soy oil (AESO) based ther-
mosetting resin were obtained by mechanical stirring. The
required stirring time increased with an increasing amount
of carbon nanotubes. Thermogravimetric analysis of the po-
lymerized samples showed some loss of multiwall carbon
nanotubes due to sedimentation. The mechanical properties
of the polymerized samples improved significantly (the
modulus increased by 30%) for 0.28 wt % dispersed multi-
wall carbon nanotubes. Higher multiwall carbon nanotube
loads resulted in significant aggregation during polymeriza-
tion. The mechanical properties were compared with exist-
ing models for nanocomposites. Wide-angle X-ray scatter-
ing, optical microscopy, and transmission electron micros-

copy demonstrated the formation of aggregates at higher
multiwall carbon nanotube loads, which reversed the poten-
tial for mechanical improvement. Because of the stability of
the original dispersion, the aggregates were believed to form
during polymerization. This aggregation was magnified by
the carbon soot, so only small amounts of impure multiwall
carbon nanotubes could be used as reinforcements. Trans-
mission electron micrographs showed good adhesion of the
polymer matrix to the nanotubes upon the rupture of the
polymer matrix. AESO was believed to act as a solubilizing
surfactant, in line with previously published results. © 2005
Wiley Periodicals, Inc. J Appl Polym Sci 98: 1325–1338, 2005
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INTRODUCTION

Carbon nanotubes (CNTs) have been studied exten-
sively because of their unique mechanical,1,2 optical,3,4

electronic,5,6 and gas storage7 properties. Their high
Young’s modulus (�1TPa) and aspect ratio (10–1000)
make them ideally suited as reinforcements.8,9 For the
full exploitation of these extraordinary properties, the
CNTs have to form stable dispersions.10 Dispersions
have been obtained with a variety of solvents,11,12

surfactants,13,14 conjugated polymers,15–17 sugars,18–20

and biological molecules21,22 and by the chemical
functionalization of the CNT surface. Chemical func-
tionalization, involving the addition of acid function-
ality,23,24 silica,25 fluorine,26,27 and alkanes,28 has the
inherent effect of altering the properties of the CNTs
by altering the sp2 hybridization of the carbon atoms
and thus the CNT properties.29 Therefore, benign
means of dispersing nanotubes are desired. Richard et

al.30 showed the appearance of a self-assembled struc-
ture on the surface of CNTs by synthetic lipids.

Biobased resins have already been used to makes
composites with natural fibers, lignin, and glass fi-
bers.31–36 These resins are based on modified soy oil
(Fig. 1) with styrene as a reactive diluent and have
proven to be comparable to commercial, petroleum-
based thermosetting resins.31,35 Each fatty acid is
about 18 carbons long with 0–3 double bonds per fatty
acid arm.37 The free radically unreactive double bonds
of the soy oil are functionalized with acrylate func-
tional groups, which allow free-radical polymeriza-
tion with a reaction pathway that includes an epoxi-
dation, followed by an acrylation reaction, as shown in
Figure 2. The soy oil is made of triglyceride molecules,
with three fatty acids joined at a glycerol juncture.
This chemical structure, with local polar centers, is
similar to synthetic lipids used by Richard et al.30 It
can therefore be assumed that natural oil tryglicerides
will have a favorable effect on the dispersion of CNTs.
Recently published work has shown that acrylated
epoxidized soy oil (AESO) can be used to disperse
single-walled carbon nanotubes (SWNTs) in toluene
and styrene.38

The purpose of this work is to investigate the po-
tential for obtaining a stable dispersion of impure
multiwall carbon nanotube (MWNT) powder, ob-
tained from an arc-discharge reactor, in an unsatur-
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ated triglyceride-based thermosetting resin. Simple
mixing has already been successful in dispersing
MWNTs in epoxies.39 This resin is subsequently free-
radically polymerized, and the resulting composite is
further tested and analyzed. The use of unpurified
CNTs, which contain a significant amount of carbon
soot, may allow for a cheaper method to form nano-
composites because of the absence of a necessary pu-
rification step.

EXPERIMENTAL

Materials

AESO (trade name Ebecryl 860) and styrene (99%
pure) were obtained from UCB Chemicals (Brussels,

Belgium) and Aldrich Chemicals (St. Louis, MO), re-
spectively. AESO contains on average 3.4 acrylates per
triglyceride molecule and acts as a crosslinker during
polymerization. tert-Butyl peroxybenzoate (98% pure;
Aldrich Chemicals) was used as a free-radical initia-
tor.

The MWNTs were prepared with the arc-discharge
Krätschmer–Huffman process at Trinity College Dub-
lin (Dublin, Ireland).40 The crude powder had a nano-
tube concentration of 30–40%. The remaining 60–70%
was carbon soot containing largely pyrolytic carbon
and some other carbon nanoparticles. For consistent
nomenclature, carbon soot denotes the 60–70% non-
nanotube carbon and graphitic particles, whereas
MWNT refers only to the 30–40% MWNTs in the
crude powder. A scanning electron microscopy (SEM)
micrograph of the crude powder is shown in Figure 3.
The micrograph was taken on a JEOL 7400F field
emission scanning electron microscope with an accel-
eration voltage of 1.0 kV. This powder was used as
received without any purification steps. The MWNTs
in the powder had an average diameter of 24 nm and
a length of 800 nm, which resulted in an aspect ratio of
33.3. These dimensions were confirmed by high-reso-
lution SEM and transmission electron microscopy
(TEM).

Figure 1 Chemical structure of AESO.

Figure 2 Chemical structure of the triglycerides found in soy oil and the chemical pathway for obtainingAESO.31
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Dispersion

AESO and styrene were mixed in a 65/35 weight ratio.
The crude carbon powder and AESO/styrene mixture
were added to 20-mL glass vials to obtain 1, 3, and 5
wt % crude powders in the AESO/styrene mixture.
The total sample weight was approximately 7.5 g.
They were mixed for various amounts of time at 1150
rpm. The 1 wt % sample was stirred for 24 h and then
left to settle for 24 h. Sedimentation started to occur
after 24 h, so it was stirred again for 24 h, after which
it was left to settle again for 24 h. No sedimentation
was seen afterwards. The 3 and 5 wt % samples were
initially stirred for 48 h and left to settle for 24 h. Only
the 5 wt % sample showed signs of sedimentation and
was stirred for an additional 24 h. No sedimentation
was seen after 24 h of settling. All samples were left to
settle for an additional week without visible sedimen-
tation. The dispersion thus appeared to be stable.

Composite preparation

To the stable dispersions, 1.5 wt % tert-butyl peroxy
benzoate was added, and this was followed by a purg-
ing step of the monomer mixture with nitrogen for 2
min to remove all free oxygen. The mixtures were then
polymerized in a silicone mold at 110°C for 2 h. The
cured samples were postcured at 160°C for an addi-
tional 2 h before demolding. Two pure AESO/styrene
samples were also prepared and cured at the same
time as the dispersion samples. The samples were then
polished to a specimen size of approximately 55 � 10
� 5 mm. The 3 wt % sample size was smaller at 35
� 10 � 5 mm because of cracking at one end of the
sample during polymerization. No cracks were seen in
the sample with an optical microscope. A small section

was cut from each composite sample before the pol-
ishing for thermogravimetric analysis (TGA).

Measurement

TGA under an active airflow was carried out on a
PerkinElmer Pyris 1 TGA instrument (Boston, MA)
with a 10 mL/min airflow and a sample weight of
approximately 3 mg. The temperature was ramped
from 100 to 900°C at a rate of 20°C/min.

The composite sample dynamic mechanical analysis
(DMA) was performed on a TA Instruments DMA
2980 (New Castle, DE) in the dual-cantilever mode.
The samples were clamped on both ends and de-
formed in the middle, where the sample was clamped
as well. This setup resulted in more stable data than
the three-point-bending setup in the region past the
glass-transition temperature. However, absolute mod-
ulus values depend on the clamping pressure. So that
the results could be compared, the sample thickness
was constant for all samples, as well as the clamping
pressure, which was kept constant with a torque
wrench. The testing frequency was 1 Hz, and the
temperature was ramped between 30 and 200°C at
2°C/min. The deformation amplitude was 15 �m.

Optical microscopy was carried out on a Leitz com-
pound optical microscope (Leica Microsystems, Ban-
nockburn, IL). The samples were cut from the original
DMA samples with a glass knife to a thickness of
about 7.5 �m. TEM samples 80 nm thick were ob-
tained by the microtoming of sections at room tem-
perature from the tested DMA samples. The sections
were placed on a 400-mesh hexagonal copper grid.
TEM was carried out on JEOL 2000FX and 2010F trans-
mission electron microscopes. The acceleration volt-
age used with both electron microscopes was 200 kV.

Wide-angle X-ray scattering (WAXS) was per-
formed with a Rigaku copper rotating-anode X-ray
source (The Woodlands, TX) (Cu K�, wavelength
� 1.54 Å) with a Bruker two-dimensional gas-filled
area detector (Madison, WI). The incident beam
passed through approximately 5 mm of the compos-
ite/polymer sample, which was cut from the used
DMA sample and used without additional treatment.
The WAXS experiments were run at room tempera-
ture for 4 h. The crude powder was tested in a quartz
capillary tube for only 1 h because of the much higher
signal obtained.

RESULTS AND DISCUSSION

TGA

TGA was used to determine the exact amount of crude
powder in the composite samples. The TGA data ob-
tained under an air atmosphere for all samples are
combined in Figure 4. The decomposition of the pure
polymer starts around 250°C. The maximum rate of

Figure 3 SEM micrograph of the MWNT/carbon soot mix-
ture obtained by the arc discharge used in this work. The
MWNT concentration was approximately 65%.
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decomposition is reached at 430°C, whereas a local
maximum at 375°C can be observed as a small dip in
the decomposition profile. An extra shoulder around
545°C can also be seen for the pure polymer sample.
This decomposition behavior is similar to the results
found for the thermal decomposition of styrene-con-
taining commercial polyesters.41 The first decomposi-
tion at 375°C is attributed to the rupture of crosslinks
and the formation of linear chains,42 the second and
largest weight-loss region, around 430°C, is due to
random scission of the linear chains into smaller frag-
ments,42 whereas the high-temperature decomposi-
tion at 545°C is characteristic for the complete decom-
position of the polyester chain.41

The thermal decomposition of the composite sam-
ples is largely unchanged from the pure polymer

sample, except that the crude powder decomposi-
tion appears as a large shoulder between 600 and
800°C. Little change is seen in the positions of the
decomposition regions for the polymer matrix. The
thermal decomposition of the polymer ends before
the decomposition of the crude powder starts. This
allows us to calculate the amount of MWNT and
carbon soot (total crude powder) in the sample by
the relative area under the crude powder first-de-
rivative peak and the first-derivative polymer
peaks.43 The absolute differences in the peak heights
shown in Figure 4(b) are due to differences in the
initial sample weight and are not due to differences
in the decomposition behavior. TGA does not allow
a distinction between MWNTs and carbon soot as
both decompose over the same temperature range.

Figure 4 TGA data for the pure polymer and composite samples under an air atmosphere: (a) decomposition data and (b)
first derivatives. The plot labels refer to the amount of crude powder (MWNTs and carbon soot) in the original dispersion.
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One can thus obtain only the amount of crude pow-
der in the composite sample.

The TGA results are combined in Table I. The total
amount of MWNTs and carbon soot found for the 1 wt
% sample was deemed inaccurate because of the small
amount of crude powder in the sample. The calculated
crude powder fractions show a significantly lower
content in the composite than in the original monomer
dispersion. This can only be due to sedimentation of
either nanotubes or carbon soot particles, even though
no apparent sedimentation occurred from the liquid
dispersions. The TGA data also show a significant
amount of crude powder that was lost in the 3 wt %
sample. That could be an indication of a dispersion
that was less stable than previously assumed, so sed-
imentation did occur either during the settling time or
the polymerization stage (before gelation).

Mechanical properties

The storage modulus (E�) and loss modulus (E�) for
the various samples are shown in Figure 5. E� at 35°C,
as well as the maxima in E� and tan �, are combined in
Table II. A significant and comparable increase in E�
can be seen for the 1 and 5 wt % samples, whereas the
3 wt % sample does not show any increase in compar-
ison with the pure polymer samples. The most con-
siderable increases in maximum E� and maximum tan
� can also be seen for the 1 wt % sample. This is a clear
indication that the polymer chains in this sample are
the most restricted in their movement. This can only
be due to dispersed MWNTs. The absence of a change
in the modulus for 3 wt % points toward the complete
aggregation of carbon soot particles and MWNTs. It
has been shown that the addition of a carbon filler
does not affect the modulus of thermosetting poly-
mers.44 On the other hand, a carbon filler is expected
to increase the glass-transition temperature,45 as is
seen in the increase in the maxima of E� and tan �. It
thus appears that all crude powder (MWNTs and
carbon soot) is aggregated in the 1.8 wt % composite
sample, whereas some MWNTs are dispersed in the
other composite samples. This apparent aggregation is

also in agreement with the TGA data, in which a loss
of 1.2% of the initial crude powder amount was re-
corded for the 3 wt % dispersion sample. Because this
loss can only be due to sedimentation, which is pre-
ceded by aggregation, the aggregation of most, if not
all, added MWNTs and carbon soot could be expected.
The small loss of crude powder for the original 5 wt %
solution, determined by TGA, points toward a good
original dispersion. It has, however, been shown that
carbon black has a tendency to aggregate in clusters
during free-radical polymerization.46 Aggregation has
also been shown to occur during the dynamic com-
pounding and processing of thermoplastic polymer
melts.47 It is also well known that carbon black re-
duces the polymerization rate of tert-butyl peroxy ben-
zoate initiated free-radical polymerization.48 The
slower polymerization and higher agglomeration rate
for the 5 wt % crude powder dispersion, both due to
the higher concentration of carbon soot, result in a
significantly larger amount of cluster formation, in
comparison with the 1 wt % sample. The apparent
result is the encapsulation of a large amount of
MWNTs in these aggregates, so they do not contribute
to reinforcement. This effect appears to be significant
enough to result in a reduced mechanical improve-
ment in comparison with the 1 wt % composite sam-
ple. So even when the polymerization is initiated from
an initially well-dispersed sample, aggregation is ex-
pected and will strongly affect the mechanical prop-
erties of the obtained composite sample.

All the composite samples show an increase in the
rubber plateau modulus above the glass-transition
temperature. A similar rubbery plateau for 1 and 5 wt
% MWNT composite samples points to a similar
amount of dispersed nanotubes, which is also seen in
a similar low-temperature E� value. The additional
nanotubes in the 5 wt % sample, determined by TGA
where 4.4 wt % crude powder was in the composite
sample, were thus expected to be aggregated.

The E� values for the 1 and 5 wt % MWNT compos-
ites [Fig. 5(b)] behave similarly below the glass-tran-
sition temperature. In the rubbery regime (above the
glass-transition temperature), the ratio of E� to E�,
which equals tan �, for the various composite samples
is related as follows:

�E�

E��
5wt%

� �E�

E��
1 wt%

� �E�

E��
3 wt%

� �E�

E��
pure resin

(1)

Aggregates thus increase this ratio slightly, whereas
dispersed MWNTs have a more pronounced effect on
tan � (following the relations between 5, 1, and 3 wt %
samples).

Optical microscopy

Pictures taken with the optical microscope show an
increase in the number of black regions as the crude

TABLE I
Comparison of the Amounts of MWNTs Added to the

Monomer Mixture and in the Composite After
Sedimentation and Polymerization as Determined by

TGA Under and Air Atmosphere.

Initial nominal amount
of crude powder

(wt %)

Crude powder in
the composite

(wt %)

1 0.2a

3 1.8
5 4.4

a Deemed inaccurate because of the small amount of the
crude powder.
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powder content increases (Fig. 6). The size of these
regions increases with increasing crude powder con-
tent as well. These regions are believed to be aggre-

gates of MWNTs and carbon soot. The original size of
the dark regions (at 1 wt % MWNT) is between 1 and
5 �m. As the amount of MWNT increases to 4.4 wt %,

Figure 5 (a) E� and (b) E� of AESO/styrene (65/35 w/w) composites with various crude powder (MWNTs and carbon soot)
concentrations as measured by DMA in the cantilever mode. The crude powder concentrations were obtained from TGA
(except for 1 wt %).

TABLE II
Compilation of Important DMA Data for the Different Composite Samples

Crude powder in the solution
(wt %)

Crude powder in the composite
(wt %)

E� at 35°C
(MPa)

Maximum
E� (°C)

Maximum
tan � (°C)

0 0 1.113 � 0.073 53.4 � 3.7 70.9 � 0.5
1 1 1.516 63.8 77.3
3 1.8 1.090 56.7 72.1
5 4.4 1.482 61.5 73.7

The variation for the pure polymer sample is the standard deviation between the two polymer samples.
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the size of these regions increases to a range of
10–30 �m.

TEM

The TEM micrographs of a 1 wt % MWNT composite
show a very good dispersion of the MWNTs (Fig. 7).
Several MWNTs can be found together and aligned.
Strong van der Waals forces hold them together, and
they cannot be easily broken apart by the shear forces
of stirring. Aggregates consist largely of graphitic par-

ticles (carbon soot) and contain a very limited amount
of MWNTs. Their size is around 1 �m, in agreement
with optical microscopy. The significant amount of
dispersed MWNTs, whether or not in sets of two
aligned tubes, explains the significant improvement in
E�. The dispersed MWNTs will act as reinforcements,
whereas the MWNTs found in the aggregates are not
expected to contribute.

The micrographs of the 4.4 wt % composite samples
show large clusters of aggregates (Fig. 8). A large
fraction of the clusters is made up of MWNTs. There

Figure 6 Optical microscopy pictures of various composite samples: (a) 1 wt % composite sample, (b) 1.8 wt % composite
sample (3 wt % crude powder in the dispersion), and (c) 4.4 wt % composite sample (5 wt % crude powder in the dispersion).

IMPURE CARBON NANOTUBES AS REINFORCEMENTS 1331



are also a significant number of dispersed nanotubes.
These dispersed nanotubes would explain the im-
proved properties, in comparison with the pure poly-
mer samples. The similar improvements of the 1 and
4.4 wt % composite samples point toward a similar
amounts of dispersed nanotubes. This is seen in the
larger MWNT fraction in the aggregates. Micrographs
for the 1.8 wt % composite did not show any signifi-
cant amount of dispersed MWNTs.

Figure 9 shows TEM micrographs of ruptured sec-
tions of the composite samples. The sections were
ruptured during microtoming. One can clearly see the
polymer sticking to the nanotube when the polymer
matrix was pulled apart, and this indicates a strong
interface between the polymer matrix and the dis-
persed nanotubes. The strong interface may be par-
tially due to grafting during the polymerization reac-
tion. A strong interface is paramount for mechanical
improvement. The crosslinking of the polymer, how-

ever, limits the deformation that the matrix can attain,
so the CNT does not stay completely covered by the
polymer during composite rupture. If grafting does
occur, it is thus limited, or the whole surface of the
nanotubes would be expected to stay covered. A large
amount of grafting is not desired however, because it
changes the CNT sp2 hybridization, and this nega-
tively affects the CNT properties.29

WAXS

The WAXS spectrum for the crude powder is shown in
Figure 10. The deconvolution of the profile into indi-
vidual signals was done with GRAMS/386 software
(Galactic Industries Corp., Woburn, MA). Deconvolu-
tion signals were allowed to be a mix of Gaussian and
Lorentzian fits, as is common for these patterns.49 This
Lorentzian component is attributed to the distribution

Figure 7 TEM micrographs of the 1 wt % composite sample.
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of interlayer spacing. The combination of Gaussian
and Lorentzian signals resulted in the best agreement
between deconvoluted and experimental profiles. The
labels shown in the crude powder profile are the dis-
tances related to the scattering angle (�) position of the
maxima of the deconvoluted peaks. These distances
were calculated with Bragg’s law:50

� � 2d sin � (2)

where � is the X-ray wavelength and d is the charac-
teristic spacing. The broad signal with a maximum at
2� � 23.6° (d � 3.76 Å) is the background scattering of
the quartz tube and is unrelated to the scattering of the
crude powder (MWNTs and graphitic particles/car-
bon soot). Two sharp signals can be seen at 2� � 26.25°

and 2� � 27.85° (d � 3.39 Å and d � 3.2 Å, respec-
tively). The first signal has been reported as the dif-
fraction signature of the distance between walls in
MWNTs (d � 3.4 Å).10,51 The second signal at 3.2 Å is
attributed to CNT–CNT alignment. Thess et al.52 ob-
tained a lattice constant and tube diameter of SWNT
bundles from which a spacing of 3.2 Å can be calcu-
lated. Charlier et al.53 calculated the most stable
SWNT packing distance to be 3.14 Å, found in hexag-
onal packing. Girifalco et al.54 calculated the equilib-
rium distance between infinitely long aligned SWNTs
as a function of their diameter. Their calculations
found a distance between NT walls for tubes of 24 nm
of 3.13 Å. It can therefore be concluded that this signal
is due to aligned MWNTs in the sample. The signal at

Figure 8 TEM micrographs of the 4.4 wt % composite sample (5 wt % crude powder in the original dispersion).
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2� � 43.4° (d � 2.08 Å) is attributed to the MWNT
interwall spacing as well.55 The two MWNT interwall
signals discussed (2� � 26.25° and 2� � 43.4°) have
been determined to be the reflections of the (002) and
(004) graphitic planes, respectively.55 Finally, the sig-
nals at lower angles (2� � 4.23° and 2� � 0.78°, or d
� 20.89 Å and d � 113.8 Å) are due to low-angle
scattering of amorphous carbon and graphitic parti-
cles.56,57 The lowest angle signal has to be viewed with
caution because it is too close to the limit of the de-
tector. Duclaux et al.56 performed a variety of WAXS
experiments in the low-angle limit. A signal at 4.22°
was assigned in this work to reflections of the (002)
plane in amorphous carbon and graphitic articles.
These particles have been shown to be present in the
crude powder in large quantities.

Figure 10(b) shows the diffraction profiles of the
pure polymer and composite samples. The profiles are
shifted vertically for easier interpretation. The pure
polymer sample shows the expected halo seen for all
amorphous polymers. Two maxima in this amorphous
halo can be seen at 2� � 21.56° and 2� � 8.48°. With
Bragg’s law, these correspond to distances of 4.12 and
10.42 Å, respectively. The shortest distance of 4.12 Å
can be attributed to the van der Waals contacts be-
tween carbon atoms of paraffin chains in random
chain configurations58 found in the triglyceride mole-
cule of AESO (Fig. 1). The value found here is mar-
ginally lower than the generally reported distance
range of 4.2–4.65 Å;58 the lower values are signs of
some molecular ordering such as crystallization. This
range of values, however, was found to be valid for

Figure 9 TEM micrographs of MWNTs sticking out of the polymer matrix at ruptured composite sections. The nanotubes
are partially covered by the polymer. Because the thermosetting polymers cannot easily deform, sticking of the polymer
matrix to the dispersed nanotubes is a sign of substantial interfacial strength potentially due to some grafting polymerization.
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aliphatic thermoplastic polymers. The incorporation
of styrene and crosslinking result in a decrease in the
free volume; this is apparent in the marked increase in
density upon crosslinking and the higher density of
polystyrene in comparison with that of aliphatic poly-
mers.59 This decrease results in an increase in the
packing density and thus the lower value of 4.12 Å.
The second, 10.42Å distance correlates with the length
of the branches on the main chains.58 If we consider
the acrylate side groups on the AESO molecule, the
number of carbon atoms can be correlated to a spacing
distance of 10 Å, in good agreement with the experi-
mental value. The deconvolution of the polymer dif-
fraction profile could not be performed because it was
too diffuse. The deconvolution results were too depen-
dent on the choice of the amount of signals. This can
be expected because the total profile is the sum of a
large amount of small scattering signals due to the
amorphous polymer matrix. The interwall MWNT
peak at 2� � 26.25° (d � 3.4 Å) cannot be seen for any

of the composite samples because of the amorphous
halo of the polymer matrix. The WAXS results of the
composite samples do show an increasing signal rep-
resenting the 3.20Å distance with increasing MWNT
content. It can be seen in the TEM micrographs that
there were still a significant amount of aligned
MWNTs in the composite samples, and this is consis-
tent with these scattering results. It can also be ex-
pected that the amount of aligned MWNTs will in-
crease with increased aggregation. With complete ag-
gregation of the 1.8 wt % composite sample, it is
possible to determine a dispersion efficiency (�d). This
parameter measures the relative amount of MWNT
alignment. The relative signal height at 3.2 Å, cor-
rected for the amorphous halo interference, for the 1.8
wt % composite sample is used to define the maxi-
mum amount of alignment in the 1.8 wt % sample.
Together with a 3.2Å signal height of zero for the pure
polymer, it is possible to calculate the expected rela-
tive signal height for the 1 and 4.4 wt % composite
samples with maximum alignment. �d is then defined
as the relative difference between this maximum
alignment height and the actually measured, corrected
signal height:

�d � 1 	

�Acorr�3.2Å�

A�4.12Å� �
�Acorr

1.8wt%�3.2Å�

A1.8wt%�4.12Å� � 

wt%

1.8 wt%

(3)

where A(i) is the signal height at distance i, with the
subscript corr denoting the signal height corrected for
the polymer halo interference and the superscript 1.8
wt % denoting the signal for the 1.8 wt % composite
sample. The term wt %⁄1.8 wt % corrects the signal height
for maximum alignment for the 1.8 wt % composite
sample to the value for the sample under investiga-
tion. The 3.2Å signal also includes dispersed aligned
nanotube signals. This is acceptable because the align-
ment of dispersed CNTs will also reduce the reinforce-
ment capability of CNTs. The calculated �d values for
the 1 and 4.4 wt % composite samples are 70.7 and
10%, respectively. Taking the purity of the crude pow-
der to be 40%, we have found the amount of effec-
tively dispersed MWNTs in the composites to be 0.283
and 0.174 wt % for the 1 and 4.4 wt % composite
samples, respectively. These values can only be ex-
pected to be estimates of the amount of dispersed
MWNTs. Nevertheless, they are consistent with E�
measured with DMA.

Property analysis

Several reinforcement models can be used to describe
the reinforcing behavior of CNTs. The most common
models used are the upper bound rule of mixtures and
the Halpin–Tsai equation.60–62 The Halpin–Tsai equa-

Figure 10 WAXS profiles versus 2�. (a) The profile shows
the signals from the crude powder with deconvoluted
peaks. The labels refer to the distances (Å) related to � by
Bragg’s law. (b) The diffraction profile shows the signals for
the polymer and composite samples. These spectra have
been offset vertically for easier interpretation.
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tion for composites reinforced with randomly oriented
CNTs is given by63–65

EC � �3
8

1 � 2aCNT�LCNT

1 	 �LCNT
�

5
8

1 � 2�TCNT

1 	 �TCNT
�EM

(4)

�L �

�ECNT

EM
� 	 1

�ECNT

EM
� � 2aCNT

�T �

�ECNT

EM
� 	 1

�ECNT

EM
� � 2

where aCNT � lCNT/dCNT is the aspect ratio, lCNT and
dCNT being the length and diameter of the nanotubes,
respectively; CNT is the CNT volume fraction; and
ECNT, EM, and EC are the moduli of the CNTs, matrix,
and composite, respectively. Thostenson and Chou62

suggested a correction to the CNT modulus due to its
hollow core and based on micromechanics:

ECNT,eff �
4t
d ECNT (5)

where t is the nanotube wall thickness and d is the
diameter. Equation (5) is only valid for t/d 	 0.25, and
the correlation of the tube wall thickness with the
diameter62 shows that this constraint is only valid for
CNTs with diameters less than 13 nm. Because the
average diameter of the MWNTs used in this work is
24 nm, this correction is not applicable. The success of
the Halpin–Tsai model and the rule of mixtures to
describe the reinforcement of composites with ran-
domly oriented CNTs is quite varied. The fitting of the
Halpin–Tsai model to experimental data, with the as-
pect ratio as a variable, commonly results in large
overpredictions of the aspect ratio. The fitted CNT
lengths have been found to be several orders of mag-
nitude larger than what is determined by electron
microscopy.60 The rule of mixtures has a more varied
record, with the fitted CNT modulus being both over-
predicted and underpredicted from reported values.60

Cadek et al.60 recently developed a new model based
on the CNT surface area:

EC � �4k
d CNT � 1�EM (6)

where k is a parameter describing the strength of the
CNT–polymer interface. Other parameters are consis-
tent with previous definitions. This model is quite
interesting, in that it does not include the CNT mod-
ulus. The reasoning is the relative weakness of the
CNT–matrix interface, compared with the CNT mod-
ulus, such that the interface is expected to fail before
the CNT does. The full reinforcement potential of
CNTs can thus not be attained. Equation (6) is success-

ful in describing the tensile modulus for a wide vari-
ety of different CNTs and CNT weight fractions in a
poly(vinyl alcohol) (PVA) matrix.60 A universal k pa-
rameter was found for these composites of 468 � 114
nm. This would suggest that small-diameter CNTs
(resulting in larger surface area per unit of volume)
would be the most efficient reinforcements.

Figure 11 shows the experimental results in com-
parison with different reinforcement models: the up-
per bound rule of mixtures

EC � MEM � FEF (7)

the lower bound rule of mixtures

1
EC

�
M

EM
�

F

EF
(8)

with M the matrix volume fraction, the Halpin–Tsai
model [eq. (4) with aCNT � 33.33], and Cadek et al.’s
model [eq. (6) with k � 468 nm]. The MWNT modulus
was taken to be 1 TPa.61 The polymer and MWNT
density were taken to be 1.07 and 1.9 g/cm3, respec-
tively. The MWNT density was reported by Thosten-
son and Chou62 to be lower than the graphite density
of 2.2 g/cm3. The weight fraction of MWNTs used in
the calculation was obtained by the multiplication of
the TGA-determined crude powder amount with the
MWNT purity, taken to be 40%. The experimental
data fall within the boundaries of the two rules of
mixtures, as could be expected. The Halpin–Tsai
model underpredicts the experimental results, and
this is expected because of the need for higher than
actual aspect ratios to fit experimental results.60 Cadek
et al.’s model underpredicts the experimental result
for 1 wt %. Because the maximum MWNT content in
the crude powder has been used for the volume frac-
tion calculations, this can only be due to a higher
interfacial strength between the polymer and dis-
persed MWNTs. The k value used in the model pre-
dictions was experimentally determined for thermo-
plastic PVA composites.60 The interface is largely de-
pendent on the van der Waals interactions between
the polymer and MWNT.66,67 The considerable in-
crease for the 1 wt % sample suggests a strong poly-
mer–MWNT interface, possible due to some grafting
during polymerization. Active radicals can react with
the sp2 hybridized structure of the CNTs and form
covalent bonds. This has been shown to occur during
the free-radical bulk polymerization of methyl
methacrylate.68,69 These results clearly show an enor-
mous potential for MWNT–AESO/styrene compos-
ites.

CONCLUSIONS

The work presented here on CNTs allows us to draw
some very important conclusions with respect to
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MWNT/unsaturated thermoset composites and the
AESO/styrene system in particular. The ability of
AESO to disperse MWNTs with simple mixing is a
further confirmation of the earlier reported dispersing
capacity of AESO with respect to SWNTs. The stirring
time needs to be increased with increasing MWNT/
carbon soot content, as can be expected. The subse-
quent polymerization of these stable dispersions,
however, leads to aggregation of the carbon soot, ap-
parently dragging MWNTs into the aggregates during
this process. The result is a marked decrease of free
and thus reinforcing MWNTs in the composite sample
with growing carbon soot content. TEM, WAXS, and
DMA results agree with this process. Additionally,
TEM shows very good adhesion between the resin
matrix and the reinforcing MWNTs, potentially due to
some limited grafting. Underprediction of the experi-
mental data by the generally used descriptive models
for these composites also points to a strong interface
between MWNTs and the resin matrix. One can thus
conclude that the use of crude powder, containing
MWNTs and carbon soot, as a cheaper source of
MWNTs as reinforcements of thermosetting polymers
is only viable at small volume fractions. Additionally,
the AESO/styrene resin system looks very promising
as matrix material for CNT composites, and work is
currently in progress to investigate the MWNT–AESO
interactions during and after polymerization with
pure MWNTs.
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