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Abstract

In this study, the thermo-physical properties of epoxy nanocomposites reinforced by fluorinated single wall carbon nanotubes (FSWCNT) and
vapor grown carbon fibers (VGCF) were investigated. A sonication technique using a suspension of FSWCNT and VGCF in acetone was utilized
to process nanocomposites in anhydride-cured epoxy. The viscoelastic properties of the nanocomposites were measured with dynamic mechanical
analysis. The glass transition temperature decreased approximately 30 ◦C with an addition of 0.14 vol.% (0.2 wt.%) FSWCNT. The depression in
Tg is attributed to non-stoichiometric balance of the epoxy matrix caused by the fluorine on single wall carbon nanotubes. The correct amount of
the anhydride curing agent needed to achieve stoichiometry was experimentally determined by DMA measurements. After adjusting the amount
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f the anhydride curing agent for stoichiometry, the storage modulus of the epoxy at room temperature increased 0.63 GPa with the addition of
nly 0.21 vol.% (0.30 wt.%) of FSWCNT, a 20% improvement compared with the anhydride-cured neat epoxy. For VGCF, the storage modulus at
oom temperature increased 0.48 GPa with the addition of only 0.94 vol.% (1.5 wt.%) and then reached a plateau for larger amounts of VGCF. To
nderstand the influence of VGCF on thermo-physical properties, the microstructure of the nanocomposites was interrogated using transmission
lectron microscopy (TEM). This study discusses the chemical effects of fluorine on matrix properties and the effect of stoichiometric balance on
he thermo-physical properties of nanocomposites.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Owing to their splendid elastic modulus and strength, the
tility of using carbon nanotubes (CNT) as reinforcements in
rganic polymers began when CNT were discovered by Iijima
n 1991 [1–7]. One major concern affecting the usage of CNT for
ngineering applications is its high cost compared to other nano-
einforcements, such as clay nanoplatelets. Alternately, vapor
rown carbon fibers (VGCF) are also attracting increasing atten-

Abbreviations: CNT, carbon nanotubes; CVD, chemical vapor deposi-
ion; DGEBF, diglycidyl ether of bisphenol F; DMA, dynamic mechani-
al analysis; FSWCNT, fluorinated single wall carbon nanotubes; HOPG,
ighly ordered pyrolytic graphite; HR-TEM, high resolution TEM; MTHPA,
ethyltetrahydrophthalic-anhydride; MWCNT, multi wall carbon nanotubes;
WCNT, single wall carbon nanotubes; phr, parts per hundred resin; TEM,

ransmission electron microscopy; Tg, glass transition temperature; VGCF, vapor
rown carbon fibers; XPS, X-ray photoelectron spectroscopy
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tion as nano-reinforcements due to much lower cost, although
some mechanical properties of VGCF may be inferior to those
of CNT. In some cases the reinforcing effects of the CNT and
VGCF have not been maximized due to the inhomogeneous dis-
persion of these materials in the polymer matrix.

In this study, epoxy matrix nanocomposites reinforced by flu-
orinated single wall carbon nanotubes (FSWCNT) and VGCF
were prepared. The morphologies of FSWCNT and VGCF in the
as-received condition and after incorporation in an anhydride-
cured epoxy matrix were observed by transmission electron
microscopy. The effect of FSWCNT and VGCF loading on the
viscoelastic properties of the nanocomposites was determined
by dynamic mechanical analysis (DMA).

2. Experimental

2.1. Materials

2.1.1. Fluorinated single wall carbon nanotubes
Fluorinated single wall carbon nanotubes (Carbon Nanotech-

nologies Inc., Houston TX) were blended in the epoxy using a
040-6031/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2006.01.016
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sonication technique [8]. The vendor reports a fluorination yield
of at least 10 wt.% of fluorine, which equals a fluorine/carbon
ratio of 0.08 [9]. FSWCNT retain much of their thermal con-
ductivity and mechanical properties, since no carbon atoms are
displaced during the fluorination, and consequently their struc-
ture is still defect-free. Kudin et al. [10] have concluded from
the computed elastic constants that the stiffness of CNT is not
affected by addition of large amounts of fluorine. Generally,
untreated single wall carbon nanotubes (SWCNT) agglomerate
via van der Waals forces to form a bundle that is extremely
difficult to separate into individual SWCNT during the pro-
cessing of SWCNT-reinforced nanocomposites. The supplier
reports that SWCNT are typically about 100–1000 nm in length,
whereas bundles are far longer than any individual SWCNT [11].
Mechanical characteristics of epoxy nanocomposites reinforced
by untreated SWCNT report more than 1.0 wt.% SWCNT were
used to improve the elastic modulus [12,13]. However, when
the aspect ratio of SWCNT in these studies is considered, the
theoretical reinforcing effect predicted by Tandon and Weng
[14], Halpin and Tsai [15], and Hui and Shia [16] has not been
achieved, which can be attributed to aggregation of the nan-
otubes. Fluorination disrupts the van der Waals forces between
the nanotubes and increases the solubility of SWCNT in solvents
such as alcohols and ketones, which leads to a greater degree
of dispersion in these solutions. It is expected that the fluorine
treatment will lead to greater bundle separation and dispersion
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VGCF were sonicated in acetone for 2 h using a solution con-
centration of more than 100 L of acetone to 10 g of VGCF.
DGEBF was then added to the solution and mixed with a mag-
netic stirrer for an additional hour. The acetone was removed
from the mixture by vacuum extraction at 100 ◦C for 24 h,
after which time MTHPA and imidazole were blended in the
solution with a magnetic stirrer. Previous work on clay/epoxy
nanocomposites demonstrated that the acetone is fully removed
and has no chemical effect on the system [8]. The speci-
mens were cured at 80 ◦C for 4 h followed by 160 ◦C for
2 h.

2.2. Transmission electron microscopy

As-received FSWCNT were sonicated in acetone for 5 h, and
then deposited onto a lacey carbon film substrate grid for eval-
uation by TEM. The nanocomposite samples were sectioned
at room temperature using an ultramicrotome fitted with a dia-
mond knife having an included angle of 4◦. Thin sections of
approximately 100 nm thick were obtained for TEM observa-
tions. A JEOL 2200FS TEM with a field emission filament
operated at 200 kV accelerating voltage or a JEOL 100CX TEM
with LaB6 filament at 120 kV accelerating voltage was used
to collect bright-field TEM images of the epoxy nanocompos-
ites.
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f CNT in the polymer matrix and produce greater increases
n the elastic modulus of the nanocomposites made with these

aterials.

.1.2. Vapor grown carbon fibers
A commercially available VGCF [17], obtained from Applied

ciences Inc. (Cedarville OH), were evaluated in this study. PR-
9-PS is pyrolytically stripped VGCF, in which polyaromatic
ydrocarbons have been removed from the surface. PR-19-PS
as a CVD carbon layer on the surface having a surface area
f 20–30 m2/g as measured by nitrogen adsorption. The out-
ide diameter and the length of PR-19-PS are 100–200 nm and
0–100 �m, respectively. The density of VGCF was approxi-
ately 1.95 g/cm3. The supplier reports that the elastic modulus

s approximately 500 GPa.

.1.3. Anhydride-cured epoxy
The epoxy resin was diglycidyl ether of bisphenol F

DGEBF), Epon 862 (Resolution Performance Products, Hous-
on TX, epoxide equivalent weight = 172) processed with
he anhydride curing agent methyltetrahydrophthalic-anhydride
MTHPA), AradurTM HY 917 (Huntsman Advanced Materials
mericas Inc., Brewster, NY, equivalent weight = 159) and the

ccelerator 1-methylimidazole (DY 070, Huntsman Advanced
aterials Americas Inc.). The mixing ratio for the neat epoxy
as 100 parts by weight DGEBF to 92.7 parts MTHPA to 1.0 part

midazole. To fabricate the anhydride-cured FSWCNT/epoxy
anocomposites, up to 0.36 vol.% (0.5 wt.%) FSWCNT were
onicated in acetone for 5 h using a solution concentration
f more than 1 L of acetone to 1 g of FSWCNT. Similarly
or epoxy/VGCF nanocomposites, up to 2.5 vol.% (4.0 wt.%)
.3. Dynamic mechanical analysis

Dynamic mechanical properties were measured with a TA
nstruments DMA 2980 operating in the three-point bend-
ng mode at a frequency of 1.0 Hz. The amplitude and the
tatic force were 75 �m and 1.0 N, respectively. Data were
ollected from room temperature of 27 ◦C to 170 ◦C at a scan-
ing rate of 2 ◦C/min. DMA specimens were cut by a wet
iamond saw in the form of rectangular bars of nominal dimen-
ions: 2.2 (±2.0) mm × 12 (±1.5) mm × 50 mm. A minimum of
specimens of each composition were tested.

.4. X-ray photoelectron spectroscopy

The surface chemistry of the VGCF was determined
y X-ray photoelectron spectroscopy (XPS) using a PHI
400 ESCA spectrometer (Physical Electronics, Eden Prairie
N). All measurements took place at operating pressures

f less than 5 × 10−8 Torr. The samples were irradiated with
non-monochromatic Mg X-ray source (1253.6 eV) oper-

ting at 300 W with a take off angle of 45◦. A pass
nergy of 187.85 eV was used for survey scans (0–1100 eV)
nd elemental regional scans were acquired with a pass
nergy of 29.35 eV. The O1s spectral envelope was decon-
oluted with a non-linear least squares curve-fitting program
Multipak, Physical Electronics, Eden Prairie MN) using a
aussian–Lorentzian peak shape. Peaks were assigned based
n the assumption of a 1.5 eV chemical shift per bond to oxy-
en. The main oxygen peak was fixed to a binding energy of
33.6 eV.
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3. Results and discussion

3.1. Transmission electron microscopy

Fig. 1 shows the bright field image of FSWCNT recorded
by TEM. The diameter of the FSWCNT were recorded as
1.1 nm. In this TEM micrograph, the bundles of the Fluorinated-
SWCNT were recorded to be typically smaller than the untreated
SWCNT. The density of the FSWCNT was calculated using
known values for highly ordered pyrolytic graphite (HOPG).
Based on the density at 2.1 g/cm3 with a d-spacing of HOPG at
approximately 0.34 nm, and an assumed nanotube thickness of
0.3 nm, the density of FSWCNT was calculated to be approxi-
mately 1.7 g/cm3. In the nanocomposites, the FSWCNT could
not be recorded by TEM which indicates that the nanotubes were
well separated and dispersed.

Fig. 2 shows a low magnification TEM micrograph reveal-
ing the dispersion of 2.5 vol.% (4.0 wt.%) PR-19-PS VGCF in
the anhydride-cured epoxy matrix. The VGCF were randomly-
oriented in the nanocomposites, showing both the transverse
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Fig. 3. HR-TEM micrograph depicting graphene layers of PR-19-PS VGCF.
Arrow indicates fiber axial orientation.

cross section of the VGCF as well as several axial sections as
indicated by black arrows. For all weight fraction nanocompos-
ites processed in this study the VGCF did not form aggregated
bundles and were recorded to be homogeneously dispersed in the
anhydride-cured epoxy matrix. The level of adhesion between
untreated PR-19-PS VGCF and the epoxy matrix was weak as
indicated by bright areas (white arrows in Fig. 2) where debond-
ing is evident.

Fig. 3 shows a high resolution HR-TEM micrograph reveal-
ing the graphene layers of VGCF dispersed in the epoxy matrix.
The fiber direction is indicated by the white arrow showing that
the graphene layers are oriented along the fiber longitudinal axis.
It is known that graphene sheets have an elastic modulus in the
a-b plane that is approximately 1 TPa, and the transverse elas-
tic modulus perpendicular to the a-b plane is much lower than
1 TPa [18]. The graphene layers are oriented to the longitudinal
fiber axis in VGCF as seen in Fig. 3. It can be expected that
the elastic modulus of nanocomposites will be greatly increased
with the addition of the high modulus VGCF. The d-spacing of
the graphene layers of VGCF was measured as 0.34 nm, which
is almost the same as those of graphite platelets and multi-wall
carbon nanotubes (MWCNT).

3.2. DMA evaluations
ig. 1. High magnification TEM micrograph depicting sonicated FSWCNT
efore mixing with DGEBF.
ig. 2. Low magnification TEM micrograph of anhydride-cured epoxy
anocomposites reinforced by 2.5 vol.% (4.0 wt.%) PR-19-PS VGCF.
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Fig. 4 presents the graphical results of the DMA evaluation
f the anhydride-cured FSWCNT/epoxy nanocomposites. The
THPA was employed stoichiometrically with the neat DGEBF

poxy at 92.7 parts per hundred resin (phr). The same mixing
atio of epoxy was used to process FSWCNT nanocomposites
n this figure. The storage modulus at 30 ◦C increased with up
o 0.21 vol.% (0.3 wt.%) FSWCNT as shown, in Fig. 4(a). The
ymmetric peak of the loss factor, tan δ, in Fig. 4(b) indicates
omplete cure of the anhydride-cured epoxy matrix. The glass
ransition temperature was assigned as the temperature at peak

aximum of tan δ as shown in Fig. 4(b). It can also be observed
hat the glass transition temperature decreased with increas-
ng content of FSWCNT in the nanocomposite. The 0.21 vol.%
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Fig. 4. DMA measurements for anhydride-cured FSWCNT/epoxy nanocom-
posites. (a) Storage modulus. (b) Loss factor.

FSWCNT nanocomposite exhibited a glass transition tempera-
ture near room temperature, which is a large variance from the
neat, unfilled epoxy Tg of ∼140 ◦C.

Unfilled symbols in Fig. 5 present the storage modulus of
FSWCNT/epoxy nanocomposites, where the same mixing ratio
of epoxy was used to process FSWCNT nanocomposites, as
a function of volume percent FSWCNT measured at 30 ◦C
by DMA. The storage modulus of FSWCNT/epoxy nanocom-
posites exhibited an almost linear increase with increas-
ing FSWCNT content up to 0.21 vol.%. For the 0.36 vol.%
(0.5 wt.%) nanocomposite, the storage modulus increased sub-
stantially by 1.1 GPa, representing ∼33% improvement.

The effect of FSWCNT loading on the glass transition tem-
perature, defined as the peak maximum of tan δ is shown as
unfilled symbols in Fig. 6. The glass transition temperature
of FSWCNT/epoxy nanocomposites linearly decreased with
increasing volume percent of FSWCNT. After adding only
0.071 vol.% (0.1 wt.%) FSWCNT, the glass transition tempera-
ture decreased approximately 20 ◦C. A large decrease in glass
transition temperature was not observed with nanocomposites
reinforced with organo-clay nanoplatelets [18], silica nanopar-

Fig. 5. Storage modulus at 30 ◦C of anhydride-cured epoxy nanocomposites vs.
volume content of FSWCNT.

ticles [19], or vapor grown carbon fibers (as discussed in the next
section). The cause of the large reduction of the glass transition
temperature with FSWCNT is not known. One possibility is that
preferential adsorption of one of the matrix constituents leads
to non-stoichiometric balance which would result in depression
of the glass transition temperature. The glass transition tem-
perature decreased to near room temperature for the 0.36 vol.%
FSWCNT. Indeed, additional increases in storage modulus were
not observed beyond 0.21 vol.%. It can be envisioned that even
greater amounts of FSWCNT will cause further depression of
Tg, leading to a nanocomposite with a Tg below room temper-
ature. When this occurs, it could result in the nanocomposite
operating in a temperature plateau where additional improve-
ment in modulus would be minimal above Tg, irrespective of
the amount of FSWCNT in the nanocomposite.

To investigate the effects of stoichiometric balance on matrix
and nanocomposite properties, the amount of MTHPA was
adjusted between 60 and 92.7 phr. In this set of specimens, the
weight content of FSWCNT became larger when the amount

F
v

ig. 6. Glass transition temperature of anhydride-cured epoxy nanocomposites
s. volume content of FSWCNT.
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Fig. 7. Dependence of glass transition temperature on concentration of anhy-
dride curing agent.

of MTHPA was reduced. Fig. 7 shows the relationship between
the amount of anhydride curing agent and the glass transition
temperature. It is known that the glass transition temperature is
maximized at the stoichiometric ratio of curing agent to epoxide
functionality [20]. The solid curve in this figure shows the aver-
age experimental values for FSWCNT/epoxy nanocomposites
and their least-square fit, having a maximum at approximately
67 phr MTHPA. The dashed curve in Fig. 7 shows the average
experimental values for neat epoxy, which has a peak glass tran-
sition temperature at 92.7 phr MTHPA. This suggests that the
addition of 0.14 vol.% (0.2 wt.%) FSWCNT causes a depression
of glass transition that would occur with a change in MTHPA of
nearly 26 phr from the optimal amount. It should also be noted
that the glass transition temperature of the 0.14 vol.% FSWCNT
nanocomposites was still lower than that of the neat epoxy. Zhao
et al. [21] observed a significant change in the infrared absorp-
tion spectra and electrical resistance of FSWCNT at 150 ◦C. The
change of infrared spectra was observed at different heated tem-
perature, and they concluded that the pristine FSWCNT reverted
to SWCNT after annealing at or above 150 ◦C. In addition,
they have measured the change of electrical resistance. After
the heat annealing process, the fluorine atoms were removed.
As a result, it was found that the highly electrically conductive
SWCNT were regained from insulating FSWCNT. The present
FSWCNT/epoxy nanocomposites were cured at 160 ◦C. One
possibility is that fluorine free radicals were created during cure
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Fig. 8. Dependence of storage modulus on concentration of anhydride curing
agent.

where, M and x are correlated as:

M = −66.1x + 92.7 (1)

Fig. 8 shows the dependency of the storage modulus with
adjusted amounts of MTHPA for both neat epoxy (shown
as unfilled symbols) and ∼0.14 vol.% (0.2 wt.%) FSWCNT
nanocomposites (shown as filled symbols). For the nanocompos-
ites, the mixing ratio between DGEBF, imidazole, and FSWCNT
was fixed in this figure. Consequently, the volume (and weight
content) of FSWCNT decreased when larger amount of MTHPA
was added to the FSWCNT/DGEBF blend. It was found that
excess amount of MTHPA, greater than 93 phr, produced storage
modulus increases for both neat epoxy and FSWCNT nanocom-
posites. That is, the nanocomposites processed with excess
MTHPA, which causes a slight decrease of FSWCNT volume
fraction, demonstrated significant increases in storage modu-
lus. This is attributed to anti-plasticization effects with excess
amount of the anhydride curing agent above the stoichiometric
ratio.

The filled symbols with solid curve in Fig. 5 present the
storage modulus at 30 ◦C of nanocomposites versus volume
fraction of FSWCNT in which the amount of MTHPA was
adjusted to maximize Tg using Eq. (1). The storage modulus at
30 ◦C increased by 0.63 GPa, ∼20%, with the addition of only
0.21 vol.% (0.3 wt.%) of FSWCNT. In comparison with the pre-
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rocessing at 160 ◦C resulting in chain scission or stoichiometric
mbalance resulting in reduction of the glass transition temper-
ture.

From the results presented in Fig. 7, the reduction in anhy-
ride curing agent to maximize the Tg was 26 phr. Assuming
hat the reduction of MTHPA to maximize Tg is proportional to
SWCNT weight content, the amount of anhydride curing agent
as adjusted to process up to 0.3 wt.% (0.21 vol.%) FSWCNT
anocomposites. The mixing weight ratio was:

GEBF : MTHPA : imidazole : FSWCNT = 100 : M : 1 : x
ious work, 1.5 vol.% (2.5 wt.%) of exfoliated clay nanoplatelets
ere required to achieve the same improvement of the storage
odulus [8]. Comparing the FSWCNT/epoxy nanocomposites
ith the adjusted amount of MTHPA (solid curve) in Fig. 5 to

he FSWCNT/epoxy nanocomposites processed with 92.7 phr
THPA (dashed curve), it can be seen that the difference in

torage modulus was less at reduced amounts of MTHPA. It was
iscussed in Fig. 8 that the excess amount of MTHPA resulted in
igher storage modulus due to anti-plasticization effects. There-
ore, larger improvement observed as unfilled symbols in Fig. 5
s attributed to the reinforcing effect of well-dispersed FSWCNT
s well as anti-plasticization effects of the epoxy matrix.
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Fig. 9. Storage modulus at 30 ◦C of anhydride-cured epoxy nanocomposites vs.
volume content of VGCF.

In Fig. 6, the filled symbols with solid curve show the glass
transition temperature of FSWCNT/epoxy nanocomposites after
reducing the amount of MTHPA. The decrease of the glass tran-
sition temperature was minimized by adjusting the amount of
MTHPA. However, the glass transition temperature continued
to decrease as the amount FSWCNT in the composites was
increased.

3.3. VGCF/epoxy nanocomposites

The relationship between storage modulus at 30 ◦C and vol-
ume content of PR-19-PS VGCF is graphically presented as
filled symbols in Fig. 9. The result of FSWCNT/epoxy nanocom-
posites processed with adjusted amount of MTHPA is also pre-
sented as unfilled symbols for reference. The storage modulus
of VGCF nanocomposites exhibited a non-linear increase with
increasing VGCF content into up to 2.5 vol.% (4.0 wt.%). The
storage modulus of the epoxy at room temperature increased
450 MPa, 14%, with the addition of only 0.63 vol.% (1.0 wt.%)
of VGCF. As expected, the lower modulus VGCP resulted in a
lower composite storage modulus compared with correspond-
ing loading levels of SWCNT. However, the improvement with
small amounts of VGCF was greater than that with organo-clay
nanoplatelets [12].

Filled symbols in Fig. 10 show the glass transition tempera-
t
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Fig. 10. Glass transition temperature of anhydride-cured epoxy nanocomposites
vs. volume content of VGCF.

lower cross-link density, and consequently detected as lower
Tg.

4. Conclusions

In this study the thermo-physical properties of epoxy
nanocomposites reinforced by FSWCNT and VGCF were
investigated. The sonication method produced well-dispersed
FSWCNT and VGCF in the anhydride-cured epoxy matrix.
The glass transition temperature and decomposition temperature
of FSWCNT/epoxy nanocomposites decreased with increasing
amount of FSWCNT. Adjusting the amount of MTHPA resulted
in an improvement in storage modulus and glass transition of
FSWCNT/epoxy nanocomposites. The matrix with the adjusted
MTHPA levels exhibited ∼20% improvement of storage mod-
ulus of FSWCNT/epoxy nanocomposites, when incorporating
only a 0.21 vol.% of FSWCNT. For VGCF/epoxy nanocom-
posites, smaller decreases of glass transition temperature was
observed with increasing weight fraction. This Tg decrease was
caused by the chemical reaction between the hydroxyl group
on the VGCF surface and MTHPA, resulting lower cross-link
density.
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