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1. Introduction

An increasing number of studies on filler-reinforced compos-
ites with carbon materials have been recently reported."” Com-
posites based on epoxy resins are widely used as industrial
materials, and epoxy resins, such as the diglycidylether of bisphe-
nol A (DGEBA), are the most ubiquitous type of thermosetting
polymers.? In particular, epoxy resins are extensively applied in
engineering and used in various industrial applications such as
adhesives, electronics, and coatings. This is because of their
excellent mechanical and chemical properties, including high
tensile and compressive strengths, good solvent resistance,
outstanding chemical resistance, and high heat-distortion tem-
peratures.*® However, after curing, epoxy resins become brittle
owing to their high cross-linking density. To compensate for this
disadvantage, other materials such as inorganic particles and
thermoplastic polymers have been added to the composite.®”

Single-walled carbon nanotubes (SWCNTs) have demon-
strated remarkable mechanical and physical properties owing
to their structure, size, and topology. They are highly promis-
ing for use in various applications, including in nanotube-rein-
forced materials for nanocomposites and nanoelectronic devices.®*
Although SWCNTSs have great potential, their use has been lim-
ited for the processing of systems that require optimization to
obtain uniform dispersion, controlled interfacial properties, and
specific orientation in the composite. Therefore, advanced pro-
cesses to deal with SWCNTs must be developed to overcome
these problems.

Ozone treatment as a dry oxidation method is one of the
most common techniques used in industry and introduces var-
ious oxygen functional groups such as -C=0, -COOH, and -OH, to
the surface of the materials. The increased number of oxygen-
containing functional groups on surface of SWCNTSs can improve
the interfacial interaction between filler and epoxy resins, thereby
improving the mechanical and physical properties of the resulting
composite.>#
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Generally, amines or anhydrides are used as a curing agent,
the addition of which is a prerequisite for the thermal curing of
epoxy resins.?? The development of thermal latent initiators for
epoxy resins has attracted considerable attention because amines
and anhydrides have many drawbacks, including high toxicity
and low storage stability. The development of efficient thermal
latent initiators is desirable for improving the handling and stor-
age stability of epoxy resins,** and the initiators must be activated
by external stimulation such as heat and light25 Therefore, a ther-
mal latent initiator can easily control the initiation and curing of
an epoxy system.” Several types of catalysts, such as sulfonium,
pyrazinium, and ammonium salts, with few nucleophilic coun-
teranions, and counterions of thermal latent initiators are generally
inorganic metal halide complex anions, such as BF;™ ether, BF5
amine, or SbF, %’

In this study, the SWCNT's used as a reinforcing agent were
treated with ozone, and N-benzylpyrazinium hexafluoroantimon-
ate (BPH) was synthesized as a thermal latent initiator. In addition,
DGEBA/SWCNT composites were fabricated, and their mechan-
ical interfacial properties were examined by fracture testing.

2. Experimental
2.1. Materials

The epoxy resin used in this study was commercially available
DGEBA (YD-128, Kukdo Chemical Co). The epoxide equivalent
weight of DGEBA was 185-190 g/equiv, and the density was
1.16 g/cm? at 25 °C. The SWCNTSs used as a filler with a diame-
ter of 1.6+0.4 nm were obtained (Ocsial Co.). To synthesize BPH,
organic starting materials such as pyrazine (C,H,N,), benzyl
bromide (C;H,Br), and sodium hexafluoroantimonate (NaSbF;)
were obtained from Aldrich Chemical Co., and acetonitrile, diethyl
ether, and methanol were used as solvents for the filtration and
purification (Daejung Chemical and Metals Co.).

2.2.0zone treatment of SWCNTs

Ozone was produced from oxygen gas using an ozone genera-
tor (OzoneTechLabll), with the power parameters set to 220 V
and 60 Hz. Ozone was produced at 5 g/h under 0.05 MPa with a
gas flow of 0.5 L/min. The ozone treatment was performed for
6 h at room temperature. The ozone-treated SWCNTs are referred
to as O-SWCNTs.
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2.3. Synthesis of BPH

A solution of pyrazine (10 g, 0.12 mol) in acetonitrile (50 mL)
was added to benzyl bromide (22.23 g, 0.13 mol) at 25 °C. After
stirring the mixture for 3 days, the precipitated solid was col-
lected by filtration and washed with ether. The solid product was
subsequently evaporated in a vacuum oven. After sufficient
evaporation, the obtained product was added to a solution of
NaSbF; at the same molar ratio as the product in deionized
water, and the mixture was stirred for 10 min. The product was
filtered with ether and dried in a vacuum oven. Finally, the prod-
uct was recrystallized from methanol, yielding a white solid.?#*°

FTIR (cm™, KBr): 3116 (N-H), 1445 (C=C), 1356 (C-N), 1157,
756,705, and 654 (C-H).

'H NMR (ppm, acetone-dy): 9.637-9.648 (pyridine ring), 9.356-
9.363 (pyridine ring), 7.518-7.737 (aromatic ring), and 6.212
(-CHz-).

Elemental analysis (C;;H;;N,SbFs): Calculated C: 32.45%, H:
2.70%, and N: 6.88%. Found C: 32.43%, H: 2.58%, and N:
6.78%.

2.4. Fabrication of epoxy-based composites

The composites were prepared with different ratios of SWCNTs
and O-SWCNTs (0.10, 0.25, and 0.50 wt%), and were fabricated
by the following processes. The SWCNTs and O-SWCNTSs were
dispersed separately in acetone by sonication at room tem-
perature for 1 h. The solution was added to the epoxy resins
and mixed by stirring at 80 °C for 1 h. The mixture was placed
on a hot plate for 24 h at 100 °C to completely remove the sol-
vent. Thereafter, BPH was added in the mixture and stirred for
at 80 °C for 1 h. The final mixture was placed in a vacuum oven
for 30 min at 60 °C to remove bubbles and then cured at 170 °C
for 1 h, 200 °C for 2 h, and 230 °C for 1 h in a convection oven.

2.5. Characterization and measurements

The morphologies of the SWCNTSs were observed using scan-
ning electron microscopy (SEM, Hitachi SU8010) and field-
emission transmission electron microscopy (FE-TEM, Jeol JEM-
2100F).

The surface properties of the SWCNTs and O-SWCNTs were
investigated using a Fourier transform-infrared vacuum spec-
trometer (FTIR, Bruker Vertex 80V) and X-ray photoelectron
spectroscopy (XPS, Thermo K-Alpha).

The chemical structure of BPH was characterized using FTIR,
nuclear magnetic resonance (*H NMR, Bruker Avance III), and
elemental analysis (EA, Thermo EA1112).

The glass transition temperature (T,) of the DGEBA/SWCNT
and DGEBA/O-SWCNT composites were measured using a dynamic
mechanical analyzer (DMA Q800, TA Instruments) from 30 to
250 °C, a heating rate of 4 °C/min, and a frequency of 1 Hz. The
sample dimensions were 2 mm x 5 mm x 20 mm.

The fracture toughness tests were performed according to
ASTM E399 using a three-point bending test on a universal testing
machine (UTM, Lloyd LR5K). The sample dimensions were 5
mmx10 mmx50 mm, including a single edge notch (SEN), and
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the cross-head speed was 10 mm/min.
SEM was used to investigate the morphologies of the frac-
tured surfaces after the fracture tests.

3. Results and discussion

Figure 1 shows the surface morphology of the SWCNTSs used in
this study, which exhibited smooth surfaces approximately 1.6
nm in diameter.

The surface properties of the SWCNTs and O-SWCNTs were
examined using FTIR and XPS. Figure 2(a) shows the FTIR
spectra of the SWCNTs and O-SWCNTs. Characteristic absorp-
tion peaks observed at 2844-2920 and 1645 cm™ were attributed
to the C-H and C=C groups, respectively, which decreased in
intensity after the ozone treatment. After the ozone treatment,
the peaks corresponding to the C=0, C-OH, and C-O groups at
1531, 1379, and 1137 cm™, respectively, increased and broad-
ened. This indicated that oxygen-containing functional groups
were introduced onto the SWCNTSs surfaces by the ozone treat-
ment.3%3!

Figure 2(b) shows the XPS spectra of the SWCNTSs and O-
SWCNTs. Characteristic peaks of C=C, C-C, C-O, and C=0 were
observed at 283.9, 284.7, 286.0, and 287.7 eV, respectively. The
peaks corresponding to C=C and C-C decreased after ozone treat-
ment, while those of C-0 and C=0 increased in intensity."”!#**
These results demonstrate that oxygen-containing functional
groups were introduced onto the surface of the nanotubes after
ozone treatment.

The T, value of the DGEBA/SWCNT and DGEBA/O-SWCNT
composites was obtained from the DMA spectra, and the results
are summarized in Table 1. The T, value of the composites
decreased with increasing SWCNT or O-SWCNT content com-
pared to that of neat epoxy. This was likely due to the interfacial
interactions between the carbon nanotubes and epoxy matrix
in the composites.*®

The mechanical interfacial properties of the DGEBA/SWCNT
and DGEBA/O-SWCNT composites were investigated using

Figure 1. (a) SEM and (b) TEM images of SWCNTs.
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Figure 2. (a) FTIR and (b) XPS spectra of SWCNTs and O-SWCNTs.

Table 1. Glass transition temperature of the DGEBA/SWCNT and DGEBA/O-
SWCNT composites obtained from DMA

No. SWCNT 0-SWCNT T, (°C)
1 0 0 119.8
2 0.1 0 1182
3 0.25 0 108.7
4 0.5 0 96.1
5 0 0.1 119.0
6 0 0.25 110.7
7 0 0.5 97.8

fracture toughness measurements. The critical stress intensity
factor (K)c) and critical strain energy release rate (G,;) were cal-
culated as the key fracture toughness parameters using the fol-

lowing equations:**3¢

_P-L

- de/ZY

Y:3a/d1/2[1.99—(a/d)(1—a/d)(2.15—3.93a/d+(2.7a2)/b2)] @
2(1+2a/d)(1-a/d)*?

Kic (M

1-v%)-K;
Gie= (—E)lc (3)

where a is the pre-crack length (mm), b is the specimen width
(mm), d is the specimen thickness (mm), P is the critical load
for crack propagation, L is the length of the span (mm), v is
Poisson’s ratio (0.3), and E is the tensile modulus acquired
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from fracture testing.

Figure 3(a) shows the K;-values of DGEBA/SWCNT and DGEBA/
O-SWCNT composites. The K values of the DGEBA/SWCNT
and DGEBA/O-SWCNT composites increased with the increas-
ing SWCNTs/0-SWCNTs content to 0.10 wt% and decreased
thereafter. The DGEBA/SWCNT composite containing 0.10 wt%
SWCNTs exhibited a K value of 2.99 MPa m'/?, which was 20%
higher than that of the neat epoxy resins. The K;; of the DGEBA/
O-SWCNT composite with 0.10 wt% O-SWCNTs was 4.13 MPa
m'/2, which was 66% higher than that of neat epoxy resins and
38% higher than that of the DGEBA/SWCNT composite. The
ozone treatment introduces various oxygen-containing func-
tional groups onto the SWCNT surfaces. These functional groups
enhance the interfacial interaction between the nanotubes and
epoxy matrix, thereby improving their mechanical interfacial
properties. Notably, the mechanical properties deteriorated
when more than 0.10 wt% O-SWCNTSs was added. This was likely
because the carbon nanotubes were easily aggregated at high
O-SWCNT contents and the compatibility between the O-SWNTs
and epoxy matrix subsequently worsened, resulting in deterio-
rating mechanical interfacial properties.

Figure 3(b) shows the G;- values of DGEBA/SWCNT and DGEBA/
O-SWCNT composites. The G- values of the DGEBA/SWCNT
and DGEBA/O-SWCNT composites increased with increasing
SWCNT/O-SWCNT content to 0.10 wt% and decreased thereaf-
ter. The DGEBA/SWCNT composite containing 0.10 wt% SWCNTs
exhibited a G;c value of 8.31 k] /m? which was 48% higher than
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Figure 3. Mechanical properties of DGEBA/SWCNT and DGEBA/O-
SWCNT composites: (a) Kic and (b) Gy
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Figure 4. SEM images of the cross-sectional fracture surfaces of (a)
neat DGEBA and (b) 0.10 wt% DGEBA/O-SWCNT composite (magnifi-
cation of 600).

that of neat epoxy resins. The G;c of DGEBA/O-SWCNT compos-
ite with 0.10wt% O-SWCNTs was 10.98 k] /mz, which was 96%
higher than that of neat epoxy resins and 32% higher than that
of the DGEBA/SWCNT composite.

The surface morphologies of the neat epoxy resins and DGEBA/
0-SWCNT composite were investigated after the fracture tests,
and are shown in Figure 4. The SEM micrograph of neat DGEBA
exhibited a relatively smooth surface (Figure 4(a)). In contrast,
the cracks in the DGEBA/O-SWCNT composite were rougher and
far more pervasive than those in neat DGEBA (Figure 4(b)). The
rough surfaces were generated because a significant amount of
energy was required during crack propagation.

4. Conclusions

SWCNTs were treated with ozone to introduce oxygen-containing
functional groups onto their surfaces. Subsequently, SWCNT-rein-
forced epoxy composites were prepared using BPH as a ther-
mal latent initiator, and their mechanical interfacial properties
were investigated. Fracture toughness of the DGEBA/O-SWCNT
composites was significantly higher than that of neat epoxy resins
or DGEBA/SWCNT composites. This improvement could be
attributed to the superior dispersion of O-SWCNTs in the epoxy
matrix originating from the improved interfacial interactions
between oxygen-containing functional groups on the O-SWCNT
surface and epoxy matrix.
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