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Abstract Acid treatment and triethylene-tetramine
(TETA) modification of multi-walled carbon nanotubes
(MWCNTSs) purposing to attain better dispersibility and
stronger interfacial bonding between MWCNTSs and epoxy
matrix have been carried out in this paper. The epoxy and
MWCNTs/epoxy composites were produced by cast
molding method. Stress—strain curves show that TETA-
MWCNTs/epoxy hold the greatest toughness of all samples
with 0.5 wt.% nanoparticles. The Young’s modulus of
TETA-MWCNTs/epoxy has a significant increase about
38% compared to the neat epoxy, while the Young’s
modulus of unmodified MWCNTSs/epoxy or acid-modified
MWCNTs/epoxy has a bit of decrease. Tensile and impact
strength tests reflect that TETA-MWCNTs reinforced
epoxy composites have an obvious improvement of tensile
strength about 30% and an enhancement of impact strength
over 34% compared to the pure epoxy composites with
only 0.5 wt.% loading of TETA-MWCNTSs. Scanning
electron microscopy images of fractured surface of
MWCNTs/epoxy indicate homogeneous dispersibility of
TETA-MWCNTs and strong interfacial adhesion between
the TETA-MWCNTs and the epoxy in the MWCNTSs/
€poxy composite.
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Introduction

Multi-walled carbon nanotubes (MWCNTSs) have attracted
great attention for their unique physical, mechanical, elec-
trical, thermal, and optical properties as well as relatively
low price. Polymer matrix nanocomposites using MWCNTSs
as reinforcing fillers have been explored for science and
engineering applications [1-5]. Epoxy matrix composites
are very important materials for aircraft, space shuttle,
electronics products, and many other industrial applications.
Hence, MWCNTs-reinforced epoxy systems hold the
promise of delivering superior composite materials with high
strength, lightweight, and multifunctional features [6, 7].
However, poor dispersibility and weak interfacial bonding
between the MWCNTs and the epoxy matrix have limited
the real application of MWCNTs/epoxy composites. The
slipping in the bundles of nanotubes and weak interfacial
interaction result in inefficient load transfer and this signif-
icantly decreases the mechanical properties of MWCNTs-
reinforced epoxy composites [8, 9]. Thereby, the two main
difficulties of weak interfacial bonding and poor dispersi-
bility have to be overcome to effectively improve the
material properties of polymers by adding carbon nanotubes
as filler. The functionalization process is the most promising
strategy for overcoming these difficulties [10, 11]. It has been
reported that an enhancement of the interfacial adhesion
between the carbon nanotubes and the polymers can be
achieved by a chemical functionalization of the nanotubes
surface [12—14]. Various chemical treatment and modifica-
tion of MWCNTs have been investigated, such as oxidation
in acid solution, amino functionalized, polymer graft, and
UV/Ozone treatments [15-17]. In the present paper,
MWCNTs were treated by acid and modified by triethylene-
tetramine (TETA). Epoxy-based nanocomposites filled by
unmodified and modified MWCNTSs were prepared by cast
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molding method. The tensile and impact strength of
MWCNTs/epoxy composites were measured and discussed,
and morphologies of fractured surface of the composites
were analyzed.

Experimental
Materials

Multi-walled carbon nanotubes were prepared by a chem-
ical vapor deposition method with a purity of carbon
content more than 95 vol% (supplied by Shenzhen Nano-
technologies Port Co.). The diameter of the MWCNTSs was
40-60 nm and the length was 5-15 pm, the specific surface
area was 40-300 m?/g and the content of amorphous car-
bon was 2% according the producer. The low-viscosity
epoxy resin 51, diglycidyl ether of biphenol A, was sup-
plied by Wuxi resin factory. TETA was obtained from the
Sinopharm Chemical Reagent Co, thionyl chloride (SOCl,)
was purchased from the Shanghai Jinshan Chemical
Reagent Co. Tetrahydrofuran (THF) and other reagents and
solvents were obtained from Shanghai Reagent Co.

Acid treatment and TETA modification of MWCNTs

The acid treatment procedure is as follows [18]: The
unmodified MWCNTs (U-MWCNTSs) were treated with a
mixture of H,SO,4 and HNO3; with a volume ratio of H,SOy4
to HNOj; of 3:1 by ultrasonication for 4 h to obtain acid-
modified MWCNTs (A-MWCNTs). After acid treatment,
the MWCNTs were diluted using deionized water, filtered,
and washed to neutral, then dried in vacuum at 70 °C till
stable weight. And the A-MWCNTs were obtained.

The amino modification is as follows [19]: A-MWCNTs
were stirred in a mixture of thionyl chloride and DMF (NV,N-
dimethyl formamide), at 70 °C with refluxing for 24 h. After
reaction, the products were filtered, washed with anhydrous
THF, and dried under vacuum at 70 °C till stable weight.
Thus the acyl-chlorinated MWCNTs (AC-MWCNTs) were
obtained. Then the AC-MWCNTs were reacted with TETA
at 120 °C for 96 h. The excess TETA was washed by
anhydrous ethanol. The products were then filtered and dried
in vacuum. Then the TETA-modified MWCNTs (TETA-
MWCNTSs) were obtained. The reaction scheme of the
functionalization of MWCNTs is shown in Fig. 1.

Preparation of MWCNTs/epoxy composites
The procedure using cast molding method for preparing

MWCNTs/epoxy composites was as follows. First, a proper
amount of U-MWCNTs, A-MWCNTs, and TETA-MWCNTs
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Fig. 1 The reaction scheme of the functionalization of MWCNTs

was dispersed in acetone by 40 min sonication separately,
then epoxy resin was added and the mixture was sonicated at
50 °C for about 30 min and then weighed to constant weight
until the acetone was removed entirely. Thereafter the curing
agent TETA (10%) was added and further stirring was per-
formed manually. The blend was degrassed to remove bubbles
for 0.5 h in a vacuum oven. After degasification, the mixture
was quickly poured into a stainless steel mold coated with the
mold release agent. The curing cycle took 2 h at 50 °C fol-
lowed by 2 hat 100 °Cin an oven. The epoxy resin was mixed
with weight percentages of 0.25, 0.5, 0.75 of unmodified or
modified MWCNTSs. Thus the unmodified carbon nanotubes,
acid-treated carbon nanotubes, and TETA functionalized
carbon nanotubes filling epoxy composites as U-MWCNTs/
epoxy, A-MWCNTs/epoxy, and TETA-MWCNTs/epoxy are
fabricated.

Characterization

Fourier-transform infrared (FTIR) spectra were recorded
with a Bruker Vector-22 FTIR spectrometer to characterize
the functionalized MWCNTs. Tensile strength of
MWCNTs/epoxy composites was tested using a SANS CSS-
2202 computer-controlled electronic universal tensile tester
at room temperature. The test procedure followed GB/
T2567-1995 standard. The loading speed was 0.5 mm/min.
Impact strength of MWCNTs/epoxy composites was mea-
sured using XJ-300A impact tester according to GB/T2571-
1995 standard. A minimum of five specimens of each com-
posite was tested. The microstructures of fractured surface of
the MWCNTs/epoxy composites coated with conductive
gold paint by vacuum sputtering were observed by LEO 1550
scanning electron microscopy (SEM).

Results and discussion
FTIR spectroscopy

In order to characterize the MWCNTs modified chemically
with acid and TETA, we measured the FTIR spectrum as
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Fig. 2 FTIR spectra of (a) U-MWCNTs, (b) A-MWCNTs, (c)
TETA-MWCNTSs

shown in Fig. 2. In Spectrum a, which is for the U-
MWCNTs, the feature at wavenumbers 3,000-2,800 cm™!
corresponds to —CH stretching and that at 3,402 cm ™!
corresponds to —OH stretching. The FTIR result (-CH
stretching) indicates that U-MWCNTs contain defects,
which may be formed during their manufacture. Figure 2b
presents the FTIR spectrum of A-MWCNTs: carboxylic
groups stretching (COOH) appears at 1,724 cm™ . Features
at wavenumbers 1,610-1,550, 3,000-2,800, and 3,650-
3,000 cm ™" are the absorption peaks of COO™~ symmetric
stretching, —CH stretching, and —COO™ stretching, respec-
tively [2]. Figure 2c shows the FTIR spectrum of TETA-
MWCNTs: the feature at wavenumbers 1,600 cm™! cor-
responds to the absorption of -NH bending and stretching
[20]. The —-NH stretching of the amide group was at
3,100 cm~! and the -C=0 stretching was at 1,650 cm™!
[17]. The strong peak at 1,126 cm™" reveals —CN stretch-
ing in TETA. The FTIR spectra confirm that MWCNTs
were successfully modified by acid and TETA.

Tensile and impact strength
The reinforcement potential of the MWCNTSs can only be

activated if an effective load transfers from the surrounding
epoxy matrix into the carbon nanotubes [21]. So, a strong

interfacial compatibility between MWCNTs and epoxy
matrix would play an important role on mechanical prop-
erties of epoxy nanocomposites. Figure 3 shows the
mechanical properties of the composites. The experimental
data are the average values of five specimens from different
batches of samples. Figure 3a displays the typical stress—
strain curves of neat epoxy and the MWCNTs/epoxy
composites containing 0.5 wt.% nanotubes filler. The
stress—strain curves show non-linearity before reaching the
maximum stress, but no obvious yield point can be found in
the curves. The fracture work of composites, which reflect
the fracture toughness, can be observed from the area under
the stress—strain curves. We found that TETA-MWCNTSs/
epoxy hold the greatest toughness of all samples. The
Young’s modulus of samples (see Fig. 3b) can also be
obtained from stress—strain curves. The Young’s modulus of
TETA-MWCNTs/epoxy has a significant increase about
38%, relative to the neat epoxy, while the Young’s modulus
of U-MWCNTs/epoxy or A-MWCNTs/epoxy has a bit of
decrease. The increase in Young’s modulus can be explained
by the improved dispersibility of TETA-MWCNTs in the
polar epoxy resin due to strong interaction with the polar
amino-groups [3]. It can be seen in Fig. 3c that the tensile
strength of MWCNTs/epoxy composites reduces slightly
with the increase loading of U-MWCNTSs. Intensive
agglomeration of U-MWCNTs and weak interfacial adhe-
sion between U-MWCNTs and epoxy matrix resulted in the
poor ability of stress transfer to internal layers of
U-MWCNTs, consequently decrease in tensile strength of
nanocomposites. In contrast, the tensile strength of com-
posites increases when the weight percentage of
A-MWCNTs is from 0.25 to 0.75. The carboxylic groups of
A-MWCNTs originated from acid treatment enable a direct
bonding to the epoxy matrix, which would be advantageous
for enhancement of mechanical properties of composites
[22]. For TETA-MWCNTs, an enhancement of 30% of the
tensile strength as compared to neat epoxy composites and a
53% increase as compared to the U-MWCNTs are exhibited,
when the loading of MWCNTs filler is 0.5 wt.%. The
functional amino groups of carbon nanotubes introduced by
TETA modification make TETA-MWCNTSs more compat-
ible both with polymer hosts and solvents. The free amino
functions of TETA-MWCNTs will react with the epoxy
molecules forming equivalent bonds [22], which lead to an
improved interfacial bonding between MWCNTSs and epoxy
matrix. This tends to dramatically improve mechanical
properties of nanocomposites [23]. In addition, there is a
light reduction of tensile strength of composites when the
amount of TETA-MWCNTSs reaches 0.75 wt.%. The
decrease in strength with higher TETA-MWCNTSs content
may be ascribed to the following two factors: first factor is
the relatively poor dispersion ability of TETA-MWCNTs in
higher loading systems; the other is the void produced
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Fig. 3 (a) Stress—strain curves; (b) Young’s modulus; (c) tensile strength; (d) impact strength of epoxy matrix composites

during the fabrication process [24]. That also hints an upper
limit of the content of carbon nanotubes can be filled into the
epoxy resin needing to be investigated, and similar conclu-
sions have been made by Zhu et al. [6]. The impact strength
(see Fig. 3d) has a same behavior as the tensile strength of
composites. The impact strength of TETA-MWCNTs/epoxy
presents a rise about 34% compared to the relatively brittle
neat epoxy polymer, in contrast to the 14% decrease in the
U-MWCNTs/epoxy composites, when the loading of
MWCNTs filler is 0.5 wt.%. It indicates that the ductility
increase effect is better when the MWCNT's are modified by
acid and TETA. It is obvious that TETA-MWCNTs can
disperse more homogeneously in epoxy resin and exert
better toughening effects on the epoxy matrix. The increases
in toughness, Young’s modulus, tensile strength, and impact
strength of TETA-MWCNTs/epoxy demonstrate the
immediate effective load transfer of modified carbon
nanotubes through strong interfacial bonding due to a
number of amino groups covalently attached to the side
chains on the carbon nanotubes. Full integration was
obtained by direct chemical bonding to these groups to the
epoxy matrix [8].

@ Springer

Scanning electron microscopy

The dispersion of MWCNTs in epoxy resin matrix plays a
crucial role on the properties of MWCNTSs/epoxy com-
posites. Figure 4 shows the SEM microphotographs of the
fractured surface of the epoxy matrix composites with
0.5 wt.% nanotubes filler. Figure 4a reveals that the U-
MWCNTs were curled, entangled seriously, and easy to
conglomerate in bundles in the epoxy matrix. It was
noticed that there were many extraction carbon nanotubes
appearing at the fractured surface, which testified poor
dispersibility and weak interfacial bonding between U-
MWCNTs and epoxy matrix. In order to reduce the
agglomeration, a control of surface polarity and resulting
interactive forces between nanotube particles and polymer
matrix is needed [21]. This can be achieved by chemical
functionalization of the MWCNTs, enabling the formation
of covalent bonds or polar interactions between polymers
and MWCNTs. Figure 4b demonstrates that the A-
MWCNTSs was shortened and entwist was seldom found
due to acid treatment for MWCNTs. It also indicates that
A-MWCNTs can disperse in epoxy matrix more uniformly
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Fig. 4 SEM image of fracture surface of the composites: (a) U-
MWCNTs/epoxy; (b) A-MWCNTs/epoxy; (¢) TETA-MWCNTs/

epoxy

as a result of the steric and electrostatic repulsion of the
carboxylic acid groups on the surface of A-MWCNTSs [18].
But some pull-outs of the A-MWCNTs from the sur-
rounding epoxy matrix still can be observed, which proves
that the stress transfer from the epoxy matrix to the
A-MWCNTs is lower than that of the TETA-MWCNTs.

Figure 4c displays the fractured surface of TETA-
MWCNTs/epoxy composites. Many broken segments of
nanotube ropes rather than just pull outs can be observed.
And most nanotubes are embedded and tightly held to
matrix. It indicates that the dispersibility of TETA-
MWCNTs is homogeneous and the interfacial bonding
between TETA-MWCNTSs and epoxy resin is strong in the
nanocomposites. This is favor of transferring the stress load
and preventing the sliding of nanotube bundles during
tension. And therefore generate the nanoreinforcement
effect of the composites [25, 26]. These observations are in
good agreement with the investigation reported by Zhu
et al. [6]. So, the amino groups of TETA-MWCNTs lead to
better compatibility of nanotubes and epoxy matrix, thus
the mechanical properties of MWCNTs/epoxy nanocom-
posites can be improved.

Conclusion

Preliminary tests of tensile and impact strength showed that
the TETA-MWCNTs reinforced epoxy composites have a
substantially improvement of toughness, Young’s modulus,
tensile strength, and impact strength compared to the pure
epoxy composites with only 0.5 wt.% loading of
MWCNTs filler. Homogeneous dispersibility of TETA-
MWCNTs and strong interfacial bonding between the
TETA modified nanotubes and the epoxy in the MWCNTs/
epoxy composite can be observed. It is concluded that the
TETA functionalization of MWCNTs are helpful to
improve the interfacial interaction between nanotubes and
epoxy, which can be able to transfer the stress load and
preventing the sliding of nanotube bundles during tension.
Therefore, the proposed TETA-MWCNTs can significantly
reinforce the mechanical properties of epoxy composites
by improving the dispersibility and interfacing bonding. In
addition, a proper usage of MWCNTs adding to epoxy
resin still needs to be investigated further in future exper-
iments, since there is a light reduction of tensile or impact
strength of composites when the amount of TETA-
MWCNTs reaches 0.75 wt.%.
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