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a b s t r a c t
We investigated the effects of carbon nanotube (CNT) modiﬁcation with silane on the ﬂexural and fracture behaviors of modiﬁed carbon nanotube epoxy/basalt (CNT/epoxy/basalt) composites. Flexural and
mode I fracture tests were performed using acid-treated and silane-treated CNT/epoxy/basalt composites,
respectively. FT-IR analysis was conducted to determine the chemical change on the surface of basalt
ﬁber due to the silane modiﬁcation. After the fracture tests, the fracture surfaces of the CNT/epoxy/basalt
composites were examined with scanning electron microscopy (SEM) to investigate the fracture mechanisms of the CNT/epoxy/basalt composites, depending on the CNT modiﬁcation. The results show that the
ﬂexural modulus and strength of silane-treated CNT/epoxy/basalt composites are 10% and 14%
greater, respectively, than those of acid-treated CNT/epoxy/basalt composites. The fracture toughness
GIc of silane-treated CNT/epoxy/basalt composites was 40% greater than that of acid-treated CNT/
epoxy/basalt composites. SEM examination revealed that the improvement in the ﬂexural and fracture
properties of silane-treated CNT/epoxy/basalt composites occurred due to enhanced dispersion and interfacial interaction between the silane-modiﬁed CNTs and the epoxy.
Ó 2012 Elsevier Ltd. All rights reserved.

1. Introduction
Basalt ﬁber, which is made from basalt rock, exhibits superior
thermal performance, mechanical strength, and chemical resistance. Furthermore, basalt ﬁber can be produced at a considerably
lower cost than carbon ﬁber. For this reason, a number of studies
have been performed to investigate the mechanical behaviors of
basalt ﬁber-reinforced composites [1–4].
Carbon nanotubes (CNTs) have remarkable mechanical, electrical, thermal, and many other unique characteristics, allowing them
to be used as multi-functional reinforcement materials within
polymer matrixes. Accordingly, many studies have been conducted
to characterize the mechanical and electrical properties of CNTreinforced polymer composites [5–11].
Many researchers recently reported that multi-scale composites
composed of a mixture of micro-scale ﬁbers and a nano-scale CNTreinforced polymer matrix synergize mechanical properties better
than typical ﬁber/polymer composites [12–17]. For example,
Bekyarova et al. [18] reported that CNT/carbon fabric/epoxy composites enhanced interlaminar shear strength by 30% compared
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to that of carbon ﬁber/epoxy composites without CNTs and significantly improved the out-of-plane electrical conductivity. Qiu et al.
[19] reported that the tensile strength and Young’s modulus of
CNT/glass fabric/epoxy composites increased by 14% and 20%,
respectively, in comparison with those of conventional epoxy/glass
ﬁber composites. They also reported that the shear strength and
short-beam modulus increased by 5% and 8%, respectively.
CNTs are generally agglomerated and hydrophobic, resulting in
degradation of the material properties of CNT-reinforced multiscale composites. To address this, various dispersion methods such
as ultrasonication, chemical functionalization, and mechanical
grinding of CNTs have been conducted [20–21]. Lee et al. [22]
investigated the effect of silane treatment of CNTs on the tensile
properties of CNT/epoxy/basalt multi-scale composites and reported that the tensile strength and Young’s modulus of the silane-treated CNT/epoxy/basalt multi-scale composites were 17%
and 21% greater than those of the acid-treated CNT/epoxy/basalt
multi-scale composites, respectively. However, no research result
has been reported on the effect of silane treatment of CNTs on
the fracture behaviors of CNT/epoxy/basalt multi-scale composites.
In the present study, CNTs were surface-treated with silane to
improve dispersion and their interfacial strength with the epoxy
matrix, and the treatment effects on the ﬂexural and mode I fracture behaviors of CNT/epoxy/basalt multi-scale composites were
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investigated. Flexural and fracture tests were performed on acidtreated and silane-treated CNT/basalt/epoxy multi-scale composites. The fracture surfaces of the composites were examined via
ﬁeld emission scanning electron microscopy (FESEM) to determine
the dispersion of CNTs and fracture mechanisms with respect to
the surface modiﬁcation of the CNTs.

2. Experimental
2.1. Material
The carbon nanotubes and reinforcing ﬁbers used in this study
were multi-walled carbon nanotubes (MWCNTs, CM-95, Hanhwa
Nanotech, Korea) prepared by chemical vapor deposition and woven basalt ﬁber (EcoB4-F260, Secotech, Korea). Both ﬁbers had an
area density of 260 g/m2. The epoxy used was the diglycidyl ether
of bisphenol A (YD-115, Kukdo Chemical, Korea), and the curing
agent was polyamidoamine (G-A0533, Kukdo Chemical, Korea).
The reagents used for the acid treatment were nitric acid (60–
62%, Junsei Chemical, Japan), sulfuric acid (95%, Junsei Chemical),
acetone (99.5%, Dae Jung Chemical, Korea), and ethanol (99.5%, Aldrich, USA). The silane functionalization agent was 3-aminopropyltriethoxysilane with a purity of 99% (Aldrich, USA).

Fig. 2. FT-IR spectrum of (a) acid-treated and (b) silane-treated carbon nanotubes.

2.2. Surface treatment of CNTs
The acid and silane treatments of CNTs were performed according to the procedure described in Fig. 1.
2.3. Fabrication of multi-scale CNT/epoxy/basalt composites
The fabrication process of multi-scale CNT/epoxy/basalt composites was as follows. Epoxy resin mixed with hardener (2:1 v/
v) was prepared using 1 wt.% oxidized and silanized CNTs. Eight
plies of basalt fabric were then impregnated into the matrix, and
the multi-scale composites were cured in an autoclave (ISACA30, Ilshin Co., Korea) at 3 kgf/cm2 and 130 °C for 2 h.

Fig. 3. Stress–strain curves obtained from ﬂexural test of acid-treated and silanetreated multi-scale composites.

2.4. Flexural and fracture tests

Fig. 1. Flow chart of oxidization and silanization process.

Flexural tests were performed with an Instron universal testing
machine (Model: 8801) according to the ASTM D-790 [23] standard in a three-point bending mode and at a cross-head rate of
1.0 mm/min using 60  25  2.4 mm3 specimens. Mode I fracture
tests were performed using double cantilever beam (DCB) fracture
specimens (width 25 mm and length 200 mm). An initial delamination was performed by inserting a 50 mm kapton ﬁlm (thickness
13 lm) between the fourth and ﬁfth plies. One side of the specimen was coated with correction ﬂuid, and lines were drawn
1 mm apart to measure the delamination length. Displacement
was controlled at a loading rate of 0.5 mm/min in the fracture tests
performed according to ASTM D 5528-01 using a universal testing
machine at room temperature [24]. After the initial delamination
increased to a certain extent, the applied displacement was reduced and then increased again to cause further delamination. This
process was repeated more than 10 times until the delamination
increased to greater than 30 mm. Five ﬂexural and fracture tests
were performed to ensure the reliability of the test results.
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Fig. 4. Comparison of ﬂexural strength and ﬂexural modulus between acid-treated
and silane-treated multi-scale composites.
Fig. 6. Comparison of n values in log C–log a scale.

where a represents the crack length, b is the specimen width, d is
the load-point displacement, and Pcr is the fracture load. The n value
in Eq. (1) represents a slope in the plot of corrected compliance versus crack length on a log–log scale.

3. Results and discussion
FT-IR analysis was performed to determine the chemical
changes on the surface of CNT due to the silane treatment. Fig. 2
shows the FT-IR spectra of the acid-treated and silane-treated
CNTs. As shown in Fig. 2a, the oxidized CNTs showed carboxylic
group (ACOOH) vibrations of stretching C@O at 1699 cm1 and
CAO at 1171 cm1 [25]. The peak at 3440 cm1 was from the OH
groups on the surface, and the peak at 1379 cm1 was due to the
OH bending deformation in ACOOH. Therefore, the CNTs were
oxidized, and AOH and ACOOH groups were present. For the silane-treated CNTs, as shown in Fig. 2b, the characteristic peak is
observed at 875 cm1 due to SiAOH [26]. This conﬁrmed the reaction of 3-aminopropyltriethoxysilane with the oxidized CNTs.
Load–displacement curves of ﬂexural tests were determined to
investigate the effects of silane treatment on the ﬂexural properties
of CNT/epoxy/basalt multi-scale composites. Fig. 3 shows the ﬂexural stress–strain curves of acid-treated and silane-treated CNT/
epoxy/basalt multi-scale composites. As shown in the ﬁgure, the
ﬂexural load increased linearly with displacement up to the

(a) Acid-treated

(b) Silane-treated
Fig. 5. Load–displacement curves of (a) acid-treated and (b) silane-treated multiscale composites.

2.5. Determination of mode I fracture toughness
Mode I fracture toughness GIc was determined from the compliance calibration method as follows:

GIC ¼

nPcr d
2ba

ð1Þ

Fig. 7. Comparison of Pcr as a function of crack length.
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Fig. 8. Comparison of GIc values as a function of crack length; (a) acid-treated and
(b) silane-treated multi-scale composites.

maximum ﬂexural stress for both composites. Fig. 4 compares the
ﬂexural strength of the silane-treated CNT/epoxy/basalt multi-scale
composites with that of acid-treated CNT/epoxy/basalt multi-scale
composites; the ﬂexural strength in each case was deﬁned as the
maximum stress in the corresponding stress–strain curve. As shown
in the ﬁgure, the ﬂexural strength and ﬂexural modulus of the CNT/
epoxy/basalt multi-scale composites were slightly improved, 10%
and 14%, respectively, compared to those of the acid-treated
CNT/epoxy/basalt multi-scale composites, by the silane treatment
of the CNTs. The ﬂexural modulus in each case was determined by
measuring the slope in the linear region of the corresponding
load–displacement curve. The ﬁgure shows that the ﬂexural
strength and ﬂexural modulus of CNT/epoxy/basalt multi-scale
composites were affected by the silane treatment of CNTs.
Speciﬁcally, the ﬂexural modulus of the silanized CNT/epoxy/
basalt multi-scale composites was 14% greater than that of the
acid-treated CNT/epoxy/basalt multi-scale composites.
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As can be seen in Eq. (1), compliance and fracture load should
be determined as functions of crack length in order to calculate
the fracture toughness with the compliance calibration method.
Fig. 5 compares typical mode I load–displacement curves along
with the crack increase for acid-treated and silane-treated CNT/
epoxy/basalt multi-scale composites. As shown in the ﬁgure,
non-linear fracture behavior was observed for both composites before the load reached its maximum, and the displacement did not
completely return to zero.
The variations in compliance with crack propagation for both
composites were determined based on the load–displacement
curves, where the compliance for each crack length was determined by measuring the inverse slope of the corresponding
unloading line. Fig. 6 shows the variations in compliance with
crack increase on a log–log scale for the acid-treated and silanetreated CNT/epoxy/basalt multi-scale composites. C and a in
Fig. 6 represent the compliance and crack length, respectively.
The ﬁgure shows that, although the difference is not signiﬁcant,
the compliance of the silane-treated specimen is smaller than that
of the acid-treated specimen at the same crack length. The ﬁgure
also shows that a linear relationship exists between log C and log
a for each specimen, and the values of n that were determined as
the slopes of the plots were different between the two specimens.
The n values of acid-treated and silane-treated specimens were 2.4
and 2.6, respectively.
The fracture load Pcr was determined as a function of crack
length, where Pcr was determined as the value of the maximum
load on the corresponding load–displacement curve. Fig. 7 shows
the variations in fracture load during the slow stable crack increase
for the acid-treated and silane-treated specimens. For both specimens, fracture load decreased with increasing crack length. Contrary to the compliance requirements, Pcr of the silane-treated
specimen was greater than that of the acid-treated sample at the
same crack length. This indicates that the silane treatment of CNTs
increases the adhesion strength between the layers of CNT/epoxy/
basalt multi-scale composites.
The variation in the mode I fracture toughness GIc with the crack
increment was determined from Eq. (1) using the n values in Fig. 6
and the Pcr values in Fig. 7.

Fig. 9. SEM images of fracture surfaces (a) acid-treated and (c) silane-treated multi-scale composites; (b), (d) are magniﬁed images of boxed region in (a), (c), respectively.
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Fig. 8 shows a comparison of the variation in GIc with crack
length for the silane-treated specimen with that for the acid-treated specimen. As shown in the ﬁgure, GIc varies in a limited range
with crack length for both specimens. The ﬁgure also shows that
GIc of the silane-treated specimen was greater than that of the
acid-treated specimen at the same crack length. Speciﬁcally, the
averaged values of GIc for acid-treated and silane-treated CNT/
epoxy/basalt multi-scale composites were 0.5 kJ/mm2 and 0.7 kJ/
mm2, respectively.
That is, mode I fracture toughness was improved about 40% by the
silane modiﬁcation of CNTs. Considering that the compliance of the
silane-treated specimen is smaller than that of the acid-treated specimen, it can be inferred that the improvement in GIc was due to the
improved fracture load. The primary reason why fracture toughness
was improved by surface-treatment of CNTs was that interfacial
bonding strength between CNTs and the epoxy matrix was improved,
which leads to a suppression of debonding at the interface and crack
propagation. Therefore, fracture toughness was improved as CNTs
were surface-treated with 3-aminopropyltriethoxysilane.
SEM analysis was performed on the fracture surfaces of the
acid-treated and silane-treated CNT/epoxy/basalt multi-scale composites after the fracture tests. Fig. 9a shows the fracture surface of
the acid-treated specimen, and Fig. 9b shows the magniﬁed image
of the boxed region in Fig. 9a. As shown in the ﬁgures, the fracture
surface was relatively clean, and some basalt ﬁbers were removed
from the epoxy matrix. The ﬁgure also shows that CNTs were partially agglomerated and unimpregnated in the epoxy matrix,
whereas partially removed CNTs were observed in the magniﬁed
image (indicated by arrows). The clean surfaces of basalt ﬁbers
with debonded CNT-reinforced epoxy resin occurred because the
load transfer to the basalt ﬁbers increased due to agglomeration
and bad interfacial interaction between the CNTs and epoxy matrix. Fig. 9c shows the fracture surface of the silane-treated specimen, and Fig. 9d shows the magniﬁed image of the boxed region
in Fig. 9c. In comparison to the acid-treated specimen, basalt ﬁbers
were well harmonized with the epoxy matrix, and CNTs were well
dispersed and impregnated in the epoxy matrix. The ﬁgures also
show that the CNT removal decreased in the epoxy matrix. The
epoxy-rich region on the basalt ﬁbers occurred due to homogeneous load support of basalt ﬁbers by improved dispersibility
and interfacial interaction of CNTs in the epoxy matrix.

4. Conclusions
In this study, we investigated the effects of CNT modiﬁcation
with silane on the ﬂexural and fracture behaviors of carbon nanotube modiﬁed epoxy/basalt composites. The conclusions obtained
from this study are as follows. The ﬂexural modulus and strength
of silane-treated CNT/epoxy/basalt multi-scale composites were
10% and 14% greater, respectively, than those of acid-treated
CNT/epoxy/basalt multi-scale composites. The fracture toughness
GIc of silane-treated CNT/epoxy/basalt multi-scale composites
was 40% greater than that of acid-treated CNT/epoxy/basalt
multi-scale composites. The silane modiﬁcation of CNTs increased
dispersibility and interfacial bonding between the CNTs and epoxy
resin and supported the homogeneous load transfer capacity of basalt ﬁbers. This causes the silane-treated CNT/epoxy/basalt multiscale composites to have higher ﬂexure and fracture properties
than those of acid-treated CNT/epoxy/basalt multi-scale
composites.
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