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Abstract. In this study, electrical, thermal and mechanical properties of multi-walled carbon nanotubes (CNTs) reinforced
Epon 862 epoxy have been evaluated. Firstly, 0.1, 0.2, 0.3, and 0.4 wt% CNT were infused into epoxy through a high inten-
sity ultrasonic liquid processor and then mixed with EpiCure curing agent W using a high speed mechanical agitator. Elec-
tric conductivity, dynamic mechanical analysis (DMA), three point bending tests and fracture tests were then performed on
unfilled, CNT-filled epoxy to identify the loading effect on the properties of materials. Experimental results show signifi-
cant improvement in electric conductivity. The resistivity of epoxy decreased from 104 Q-m of neat epoxy to 10 Q-m with
0.4% CNT. The experimental results also indicate that the frequency dependent behavior of CNT/epoxy nanocomposite can
be modeled by R-C circuit, permittivity of material increase with increasing of CNT content. DMA studies revealed that
filling the carbon nanotube into epoxy can produce a 90% enhancement in storage modulus and a 17°C increase in T.
Mechanical test results showed that modulus increased with higher CNT loading percentages, but the 0.3 wt% CNT-infu-
sion system showed the maximum strength and fracture toughness enhancement. The decrease in strength and fracture
toughness in 0.4% CNT/epoxy was attributed to poor dispersions of nanotubes in the composite.
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L. Introduction heat deflection temperature of epoxy is also

Epoxy resin is the polymer matrix used most often  improved by the addition of fillers. In recent years,
with reinforcing fibers for advanced composites nanosized fillers such as nanoparticles, nanotubes,
applications. The resins of this class have good clay and nanofibers have been considered as filler
stiffness, specific strength, dimensional stability, —material for epoxy to produce high performance
and chemical resistance, and show considerable = composites with enhanced properties [5—10].

adhesion to the embedded fiber. Over the years, Carbon nanotubes are excellent candidates for
many attempts have been made to modify epoxy by = multi-functional nano-reinforcing a variety of poly-
adding either rubber particles [1-2] or fillers [3—4]  mer matrices because of their high strength (~100
to improve the matrix-dominated composite prop- times stronger than steel) and modulus (about
erties. The addition of rubber particles improves the 1 TPa), high thermal conductivity (about twice as
fracture toughness of epoxy, but decreases its mod-  high as diamond), excellent electrical capacity
ulus and strength. The addition of fillers, on the (1000 times higher than copper), and thermal sta-
other hand, improves the modulus and strength of  bility (2800°C in vacuum) [11]. Nanophased matri-
epoxy, but decreases its fracture toughness. The ces based on polymers and carbon nanotubes have
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attracted great interest because they frequently
include superior mechanical, electronic, and flame-
retardant properties. Different polymer/CNT nano-
composites have been synthesized by incorporating
CNTs into various polymer matrices, such as
polyamides [12], polyimides [13-15], epoxy [16],
polyurethane [17, 18] and polypropylene [19-21].
Previous results indicated that the addition of small
amounts of CNT (<1 wt%) to a matrix system can
increase electric, thermal and mechanical proper-
ties without compromising the weight or process-
ability of the composite. These polymer-based
nanocomposites derive their high properties, partic-
ularly mechanical properties, at low filler volume
fractions owing to the high aspect ratio and high
surface area to volume ratio of the nano-sized parti-
cles. According to Reynaud et al. [22], an interface
of 1 nm thick represents roughly 0.3% of the total
volume of polymer in case of micro particle filled
composites, whereas it can reach 30% of the total
volume in case of nanocomposites. However, high
specific surface area causes strong tendency to
agglomerate, which reduces the strength of nano-
composite by stress concentration effect. When dis-
persing conductive CNT in polymer matrix, it is
important to keep the filler volume (or weight) frac-
tion below a certain value to maintain the strength
and fracture toughness. Optimal loading of CNT in
matrix is key parameter to develop multi-functional
nanophased composite.

The purpose of this paper is to show the effect of
carbon nanotubes loading on the electronic, thermal
and mechanical properties of epoxy. An ultrasoni-
cator was used to process the CNT-epoxy nano-
composite. Dynamic Mechanical Analysis (DMA)
was performed to evaluate thermal performances.
Flexural tests and fracture test were performed to
evaluate mechanical performances. Microscopic

-
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approaches were used to investigate the dispersion
of CNT and material’s failure mechanisms.

2. Material processing

The epoxy used was Part A: Epon 862 (bisphenol
F epoxy) and Part B: EpiCure curing agent W, both
purchased from Miller-Stephenson Chemical Com-
pany, Inc. Carbon Nanotechnologies, Inc. produced
the multi-walled carbon nanotubes (purity > 95%)
used in this study. The tube diameter ranges from
30 to 50 nm, the tube length ranges from 3 to wm.
The weight fraction of the carbon nanotubes ranged
from 0 to 0.4 wt%, to help identify the loading with
the best thermal and mechanical properties.

Figure 1 shows the pictures of received carbon nan-
otubes at different magnifications. High specific
surface area and cotton-like entanglements caused
the formation of agglomerates [16]. Agglomerates of
CNTs, called nanoropes, are difficult to separate
and infiltrate with the matrix. For polymer matrix
nanocomposites, high power dispersion methods,
such as ultrasound and high-speed shearing, are the
simplest and most convenient to improve the dis-
persion of nanosized fillers in a polymer matrix
[15, 16]. In this study, the components were mixed
using a high-intensity ultrasonic processor. In this
case, the application of alternating acoustic pres-
sure above the cavitation threshold creates numer-
ous cavities in the liquid. Some of these cavities
oscillate at a frequency of the applied field (usually
20 kHz) whereas the gas content inside these cavi-
ties remains constant. However, some other cavi-
ties grow intensely under tensile stresses whereas
yet another portion of these cavities that are not
completely filled with gas start to collapse under
the compression stresses of the sound wave. In the
latter case, the collapsing cavity generates tiny par-

b)

Figure 1. SEM pictures of as received carbon nanotube at different magnification
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ticles of debris and the energy of the collapsed one
is transformed into pressure pulses. It is noteworthy
that the formation of the debris further facilitates
the development of cavitation. It is assumed that
acoustic cavitation in liquids develops according to
a chain reaction. Therefore, individual cavities on
real nuclei develop so rapidly that within a few
microseconds an active cavitation region is created
close to the source of the ultrasound probe. The
development of cavitation processes in the ultra-
sonically processed melt creates favorable condi-
tions for the intensification of various physico-
chemical processes. Acoustic cavitation accelerates
heat and mass transfer processes such as diffusion,
wetting, dissolution, dispersion, and emulsification.
The uniform dispersion of CNF was observed in
sonication process [8].

Pre-calculated amounts of carbon nanotubes and
Epon 862 resin were carefully weighed and mixed
together in a beaker. A high-intensity, ultrasonic
irradiation mixed the CNTs and resin for an hour on
pulse mode, 50 sec on/25 sec off (Ti-horn, 20 kHz
Sonics Vibra Cell, Sonics & Materials, Inc). The
beaker containing the mixture was submerged in an
ice bath to keep it cool during the sonication
process. Once the irradiation was complete, Epi-
Cure curing agent W was added to the modified
resin and mixed using a high-speed mechanical
stirrer for about 10 minutes. The mix ratio of
Epon 862 and W agent was 100:26. The mixing of
epoxy and curing agent initially produced highly
reactive, volatile vapor bubbles, which could create
voids and detrimentally affect the properties of the
final product. To reduce the chance of voids, the
liquid was preheated to 80°C to reduce its viscosity
and a high vacuum system was used for about
30 minutes. After the bubbles were completely
removed, the mixture was transferred to plastic-
and Teflon-coated metal rectangular molds and
cured for 4 hours at 120°C. The cured material was
then trimmed. Finally, test samples were machined
for thermal and mechanical characterization and all
panels were post-cured at 170°C for 4 hours in a
Lindberg/Blue Mechanical Convection Oven.
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3. Experimental results and discussions

3.1. Electric properties

The electrical properties of the neat and nano-
phased epoxy were measured by using an Agilent
4294-A Precision Impedance analyzer. The com-
posites were cut into rectangular bars with dimen-
sion of 8 mm x 4 mm x 1 mm (length, width and
thickness) by a diamond saw. The two end surfaces
were fully coated with gold as electrodes, which is
about 4 mm?2. The measurement was carried at fre-
quencies from 100 Hz to 10 MHz at room tempera-
ture. In the measurement, the impedance of the
sample at each frequency was measured and
recorded. The resistivity of the composites was cal-
culated using the measured impedance and the
geometry of the sample.

The application of conductive nano-particles to an
insulating polymer matrix is supposed to induce an
electrical conductivity, when the volume fraction
exceeds the percolation threshold [23]. Generally,
the percolation threshold is considered to be lower
for fiber-shaped fillers (high aspect ratio) than for
spherical particles. The results shown in Figure 2
are the resistivity of the neat and nanophased epoxy
at frequency 100 Hz. In this figure, the impedance
results of each material are consistent, even some
samples are not very uniform. A dramatic decrease
in resistivity has been found in nanophased epoxy.
With only 0.2% CNT, resistivity of epoxy
decreased from 104 Q-m of neat epoxy to 10 Q-m.
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Figure 2. Effect of CNT weight fraction on resistivity of
epoxy
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According to Gojny’s results [23, 24], a reagglom-
eration of nanotubes will lead to conductive paths
at lower filler contents, depending on the aspect
ratio and the mobility in the matrix. The CNTs have
the highest tendency to re-agglomerate under for-
mation of conductive paths. The percolation thresh-
old has, therefore, been determined to be below
0.1 wt%. However, once CNT loading is higher
that 0.2%, resistivity decreased with CNT content
slowly.

Figure 3 shows the effect of frequency on resistiv-
ity of nanophased epoxy. It is interesting that the
impedance of the sample decreases significantly
with frequency at frequencies higher than 100 kHz,
indicating that at high frequency the impedance of
the sample is dominated by the capacitance of the
epoxy matrix. Therefore, it is possible to determine
the connectivity between the CNT and polymer
matrix by using the complex resistivity of the sam-
ple at different frequencies over a broad frequency
range.

From Figure 3, the frequency dependent behavior
of CNT/epoxy sample can be simulated by using
R-C circuit. For R-C circuit, the impedance is given
by the Equation (1):

R

J1+C@nf ¥ R*C?

where R is resistance, C is the capacitor’s capaci-
tance and f'is frequency. The resistance and capaci-
tance of rectangular bars are given by Equations (2)
and (3):
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Figure 3. Resistivity vs. frequency for the composites with
different concentrations
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where € is the permittivity of the dielectric and p is
the resistivity. Both of them are material parame-
ters. L, W and T are length, width and thickness of
sample, respectively. Substituting Equations (2)
and (3) into Equation (1) and rearranging, one can
obtain the Equation (4):

*

p
V1-Cnyfpe?

where p* is resistivity of the composites calculated
by using the measured impedance and the geometry
of the sample. From experimental results and Equa-
tion (4), resistivities and permittivities of nano-
phased epoxy were simulated and plot them as
function of CNT content (Figure 4). As we expected,
resistivity descreased, and permittivity increased
with increasing of CNT. The solid lines in Figure 3
shows simulated results, which agree with experi-
mental data well.

4

3.2. Thermal properties

Dynamic Mechanic Analysis (DMA) was per-
formed on a TA Instruments 2980, operating in the
three-point bending mode at an oscillation fre-
quency of 1 Hz. Data were collected from room
temperature to 200°C at a scanning rate of
10°C/min. The sample specimens were cut into rec-
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Figure 5. DMA results of neat and nanophased epoxy

tangular bars measuring 2 mm x 30 mm X 12 mm
by a diamond saw.

The loss factor curve, tand, of the neat epoxy and
its nanocomposites measured by DMA are shown
in Figure 5. The peak height of loss factor decreased
with higher CNT content, but the temperature
determined from the peak position of tand, T,
increased 17°C. In addition, the width tand increased
with higher CNT content. Similar results have been
observed in other nanocomposites [21]. Figure 5
also shows the DMA plots of storage modulus vs.
temperature as a function of loading carbon nan-
otubes. The storage modulus steadily increased
with higher CNT weight percents. The addition of
0.4 wt% of carbon nanotube yielded a 93% increase
of the storage modulus at 30°C. The high aspect
ratio and elastic modulus of CNTs, as compared to
nanoclay and nanoparticles [7, 8], increase the stor-
age modulus with smaller amounts of CNTs.
Thermogravimetric Analysis (TGA) was conducted
with a TA Instruments TGA2950 in nitrogen gas at
a heat rate of 10°C/min, from ambient to 600°C.
The TGA samples were cut into small pieces using
an ISOMET Cutter and were machined using a
mechanical grinder to maintain sample weights
between 5-20 mg. Universal Analysis 2000-TA
Instruments Inc., a data acquisition system, gener-
ated the real-time characteristic curves. All TGA
tests are run in nitrogen gas. Figure 6 shows the
TGA results of neat and nanophased epoxy. The
normalized weights vs. temperature curves of five
materials overlap. All samples started to decom-
pose around 340°C and completely decomposed
around 460°C. The derivative peaks of weight vs.
temperature curves show the decomposition tem-

44

3.0 200

MNeat epoxy

0.1% CNT/epoxy

0.2% CNT/epoxy

0.3% CNT/epoxy |
5 20 0.4% CNT/epoxy i 150
2 " 9
g 1.0 ﬁsasaaaassxzssn? 100 -2
5 . =
H : /
© ¥ @
o 0.0 aaaasaa 2 50

=
*“ﬁaaaﬁaa
-1.0 ; : 0
100 200 300 400 500 600

Temperature [°C]

Figure 6. Normalized weight vs. temperature curves of
neat and nanophased epoxy

perature. But CNT has little effect on decomposi-
tion temperature of epoxy.

3.3. Mechanical response

Flexural tests were performed according to ASTM
D790-86 under a three-point bend configuration.
The tests were conducted in a 10 kN servo-hydraulic
testing machine equipped with a Test Ware data
acquisition system. The machine was run under dis-
placement control mode at a crosshead speed of
2.0 mm/min. All the tests were performed at room
temperature. Test samples were cut from the panels
using a Felker saw fitted with a diamond coated
steel blade. Five replicate specimens from four dif-
ferent materials were prepared for static flexure
tests.

Typical stress-strain behavior from the flexural
tests is shown in Figure 7. All specimens failed
immediately after the tensile stress reached the
maximum value. The stress-strain curves showed
considerable non-linearity before reaching the
maximum stress, but no obvious yield point was
found in the curves. Five specimens were tested for
each condition; the average properties obtained
from these tests are listed in Table 1.

Table 1. Mechanical properties of neat and nanophased

epoxy
Modulus Strength Failure strain

[GPa] [MPa] [%]
Neat epoxy 2.46 93.5 4.02
0.1% CNT 2.54 109 6.06
0.2% CNT 2.60 115 6.80
0.3% CNT 2.65 121 7.58
0.4% CNT 2.75 113 5.12
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Figure 7. Stress strain curves of epoxy and CNT/epoxy

The modulus of the nanophased epoxy increases
continuously with higher CNT content (Table 1,
Figure 7). The tensile modulus improved by 11.7%
with an addition of 0.4 wt% of CNTs. However, the
system with 0.3 wt% infusion is the best, with a
28.3% strength enhancement (Table 1, Figure 7).
The strength begins to decrease with 0.4 wt% load-
ing, although the gain in modulus is maintained.
See Figure 8 for the relationship between modulus,
strength, and CNT weight fraction. The dispersion
of CNTs that restricts the mobility of polymer
chains under loading improved the modulus and
strength in small loadings. The high aspect ratio,
high modulus, strength of CNTs also contributed to
the reinforcement. However, the decrease of
strength with high CNT content can be attributed to
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Figure 8. Effect of CNT content on strength and modulus
of neat and nanophased epoxy

45

following two effects: First, the dispersion of CNTs
is not uniform in higher loading systems. Acoustic
cavitation is one of the most efficient ways to dis-
perse nanoparticles with small loading into the pure
materials. Previous results have also indicated that,
using the acoustic cavitation method, the optimal
loading of carbon nanofibers in epoxy is 2.0 wt%
[7] and the optimal loading of SiC nanoparticles in
epoxy is 1.0 wt% [6]. The other one, voids may
have also decreased the strength. Choi and Gojny
reported that few voids were produced during the
fabrication process and that voids increased with
the higher nanoparticle contents [25, 26].

Fracture toughness of neat and nanophased epoxy
was determined from static three-point tests of the
single edge notch specimens. Each of these speci-
mens was cycled 100 times between 4 and 40% of
the peak load at 1 Hz and then statically tested.
During the static tests, the change in specimen
length Al was measured by recording the ram posi-
tions through the displacement transducer of the
MTS machine.

The critical stress intensity factor, Kj., was calcu-
lated according to the Equations (5) and (6):

ch =

(%sz )f(a/w) 5)

where P — applied load on the specimen, B — speci-
men thickness, w — specimen width, a — crack

length, and
w

2[1+2“
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2
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w 2
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Figure 9 shows the load-displacement diagrams of
neat epoxy and of 0.3 wt% CNT/epoxy. Since non-
linearity was seldom observed in load-displace-
ment diagrams, the critical stress intensity factor
(K7c) of materials was calculated from the peak load
of each load-displacement curve, and was plotted
as a function of the CNT weight fraction (Fig-
ure 10). It shows that enhancement reaches a maxi-
mum for the critical stress intensity factor at

w
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Figure 9. Load-displacement curves in fracture test

0.3 wt%. Degradation in fracture toughness was
found in 0.4% system.

3.4. Fracture surface

The fracture surfaces of composites give first infor-
mation about failure mechanism and influence of
CNT on failure process. SEM-images were taken
with a Jeol 2001 at acceleration voltages 25 kV on
the fracture surfaces of the neat epoxy and its
nanocomposites. The initial crack occurred at the
tension edge of both the neat and nanophased spec-
imens (Figures 11a and 11b). Neat epoxy resin

Figure 11. Fracture surface of nanophased epoxy
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exhibits a relatively smooth fracture surface and the
higher magnification SEM picture in Figure 11c
indicates a typical fractography feature of brittle
fracture behavior, thus accounting for the low frac-
ture toughness of the unfilled epoxy. The distance
between two cleavage steps is range from 40-
100 wm and the cleavage plane between them is flat
and featureless. Smooth fracture surface in neat
epoxy revealed that crack propagated through spec-
imen along the same plane. The fracture surfaces of
the nanocomposites show considerably different
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fractographic features. For example, the failure sur-
faces of the nanocomposite are rougher with the
CNTs added into the epoxy matrix (Figures 11b
and 11d). The higher magnification SEM picture in
Figure 11e shows that the size of the cleavage plane
decreased to 10 um after the infusion of the CNTs.
The decreased cleavage plane and the increased
surface roughness imply that the path of the crack
tip is distorted because of the carbon nanotubes,
making crack propagation more difficult. Fig-
ure 11d also shows that CNTs were uniformly dis-
persed in the epoxy. The flat cleavage planes were
formed by the network of cleavage steps and each
plane contains at least one carbon nanotube. During
the failure process, the crack propagation changed
direction as it crossed CNTs. The bridge effect,
which prevents crack opening, increased strength in
the CNT/epoxy matrix.

When the CNT content increased to 0.4 wt%, a
large particle, an agglomeration of several carbon
nanotubes (Figure 12), was observed in the fracture
surface. At a low stress level, the agglomerated par-
ticle increased the stiffness of the material, but at a
high stress level, the stress concentration caused by
the agglomerated particle initiated a crack, which
made the sample fail quickly.

4. Conclusions

Multi-walled carbon nanotubes have been infused

in epoxy by ultrasonic method. Based on electrical,

thermal and mechanical experiment results, we

reached the following conclusions.

1. Ultrasonic cavitation is an efficient method of
infusing carbon nanotubes into epoxy resin
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when CNT weight fractions are lower than
0.3 wt%. Above the 0.3 wt%, CNTs agglomer-
ated.

The frequency dependent behavior of CNT/
epoxy can be described by using as a R-C circuit
model. The resistivity of epoxy decreased with
CNT content, and permittivity increased with
increasing of CNT.

. Compared to neat epoxy, DMA results indicated
a 93% improvement in storage modulus in
0.4 wt% CNT/epoxy at room temperature and a
17°C increase in T,. However, the decomposi-
tion temperature decreased with higher CNT
contents.

Flexural modulus steadily increases with a
higher CNT weight percent. Modulus improved
by 11.7% with an addition of a 0.4 wt% of
CNTs. Flexural strength and fracture toughness
peaked in a 0.3 wt% CNT/epoxy system. The
decrease in strength and fracture toughness in
0.4% CNT/epoxy was attributed to poor disper-
sions of nanotubes in the composite.
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