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ABSTRACT: Interface enhancement with carbon nanotubes
(CNTs) provides a promising approach for improving shock
strength and toughness of glass fiber reinforced plastic (GFRP)
composites. The effects of incorporating flame-synthesized
CNTs (F-CNTs) into GFRP were studied, including on hand
lay-up preparation, microstructural characterization, mechan-
ical properties, fracture morphologies, and theoretical calcula-
tion. The experimental results showed that: (1) the impact
strength of the GFRP modified by F-CNTs increased by more
than 15% over that of the GFRP modified by CNTs from
chemical vapor deposition; and (2) with the F-CNT enhance-
ment, no interfacial debonding was observed at the interface
between the fiber and resin matrix on the GFRP fracture
surface, which indicated strong adhesive strength between
them. The theoretical calculation revealed that the intrinsic
characteristics of the F-CNTs, including lower crystallinity
with a large number of defects and chemical functional groups on the surface, promoted their surface activity and dispersibility
at the interface, which improved the interfacial bond strength of GFRP.
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1. INTRODUCTION

It is well-known that glass fiber reinforced plastic (GFRP)
composites exhibit superior performance combined with high
strength, high fatigue resistance, high corrosion resistance and
weight reduction compared with regular concrete reinforcing
steel bars, and have great potential in construction industry to
partially replace steel reinforcement in concrete structures.
However, the small elastic modulus and weak ductility of GFRP
compared to steel bars make such composites prone to brittle
fracture in the presence of large external forces, especially under
transverse loading, mainly in the form of delamination between
the plies due to the weakness at the fiber/matrix interface. The
low shock strength of GFRP thus limits its broader application to
stressing reinforcement.

Numerous efforts have been undertaken for improving GFRP
to reduce the likelihood of brittle failure caused by poor tough-
ness. Traditionally, several processes have been proposed to
enhance its strength and toughness, such as mixing ductile fibers
and glass fibers in the GFRP reinforcement phase,1 or modifying
the resin system with toughening agents.2-4 However, fiber/
matrix interfacial debonding is the major mode of failure in
GFRP under transverse impact forces; that is, interfacial strength

plays a key role in its shock resistance property. Hence, it would
be more effective to enhance the interface for improving the
toughness and shock resistance of GFRP than to individually
modify the fiber or matrix.

The surface treatment of glass fibers with various silane
coupling agents is a common method to promote fiber/matrix
adhesion and interfacial strength.5-7 However, the fiber/matrix
bond remains weak even after such treatment. Recently, because
of the excellent mechanical properties, including high strength,
high toughness and large modulus, carbon nanotubes (CNTs)
have shown great potential applications in polymer com-
posites.8-10 Zhu et al11 at Rice University were the first to develop
a process to enhance the interface durability of GFRP using CNTs.
They found that the mechanical properties of GFRP were remark-
ably improved when only 0.015 wt % functionalized single-walled
carbon nanotubes (SWCNTs) were added.

However, the widespread use of SWCNTs in GFRP is
hindered by their limited supply and high cost. Actually, the
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nanofillers in polymer composites can be other carbon materials,
such asmultiwalled carbon nanotubes (MWCNTs),9,10 graphene,12,13

and so on. And MWCNTs have become a more attractive and
desirable material for practical application in polymer compo-
sites. In general, commercial MWCNTs are mainly synthesized
using a chemical vapor deposition (CVD) process, but their
homogeneous dispersion in polymers is difficult to achieve.
Therefore, MWCNTs must be functionalized by utilizing
open-end and sidewall chemistry.14-17 However, such treat-
ments are not only complex to carry out but also difficult to be
controlled, and can even destroy the structural and mechanical
properties of MWCNTs.18,19

In recent years, flame synthesis of CNTs has been considered
as a low-cost and potential way to meet mass-production
requirements and achieve broader applications. According to
our previous work,20-26 because of special synthesizing condi-
tions in the air, the flame-synthesized CNTs (F-CNTs) possess
unique characteristics, such as low crystallinity and a large
number of defects on the surface, which yield special optical
and electrical properties. It is anticipated that the F-CNTs will
also have great potential applications in nanopolymer composites
because of their intrinsic reactive surface physical-chemical
properties.27

In the present work, the F-CNTs were used for the interface
enhancement of GFRP. Compared with the commonly used
CNTs derived from CVD method, they demonstrated a greater
strengthening effect on the interface andmore desirable mechan-
ical properties, which made them promising for application in
GFRP interface enhancement.

2. EXPERIMENTAL SECTION

The F-CNTs were prepared using ethanol as the carbon source and a
pulse-plated Ni nanocrystalline layer upon a copper substrate as the
catalyst.26,28 Because they were grown according to a base growth model
and no metal catalyst particles were left on their tips, a purification
process using strong acids was not required. For comparison, CNTs
derived from a CVD process (C-CNTs and SWCNTs), supplied by
Shenzhen Nanotechnologies Co. Ltd., China, were also used for GFRP
interface enhancement. The type of glass fibers was ECR 469 L-2400,
from Chongqing Polycomp International Corp., China, and the matrix
resin was A430 epoxy-based vinyl ester resin, supplied by Jinling DSM
Resins Co., Ltd., China. For room temperature curing of the vinyl ester
resin, the formulation was: 2 wt % methylethylketone peroxide as the
curing agent, 3 wt % cobalt naphthenate as the initiator, and 3 wt %
methyl toluidine as the promoter.
The CNT-enhanced GFRP specimens were prepared as follows: (1)

the CNTs were dispersed in an ethanol solvent with a concentration of
about 0.5 mg/mL and then sonicated in an ultrasonicator (40 kHz) for
better dispersion; (2) a spray gun was used to evenly coat the surface of
glass fibers with CNTs in ten passes, and the CNT content sprayed was
calculated to be roughly 0.021% based on the weight ratio to glass fiber
reinforcement; (3) the glass fibers were air-dried at room temperature;
(4) pristine glass fibers and those coated with different CNTs were
processed into vinyl ester composites using hand lay-up techniques;29

and (5) after initial room temperature curing for two hours, all speci-
mens were postcured at 100 �C for 1 h to improve the polymerization of
GFRP.
The microstructures of the F-CNTs were characterized using a

transmission electron microscope (JEOL JEM 2010 TEM, Japan) and
high-resolution transmission electron microscope (JEOL JEM 2010FEF
HRTEM, Japan). Themorphologies of the pristine and the CNT-coated
glass fibers were examined using a scanning electron microscope
(SIRION SEM, FEI, The Netherlands). The impact strength of the

GFRP specimens was tested with an MZ-2054 impact testing machine
according to GB2571-81 standard (rectangular specimen: 55� 10� 4
mm3, unnotched) of China, in which a transverse load was applied
directly at the center of the specimen perpendicular to the fiber
direction. The typical impact fracture behavior of each type of GFRP
was also analyzed by SEM observation.

The molecular dynamics method30 was used to implement structural
optimization and energy calculations of the F-CNTs and C-CNTs to
explain the experimental results. Tetragonal supercells with periodic
boundary conditions were adopted. The separation between two
neighboring tubes in the x-y plane was 17 Å to avoid interaction
between neighboring SWCNTs. The size along the z axis was 9.84 Å,
which determined the axial densities of the atom vacancies and chemical
groups. The atomic position was relaxed until the forces on the atoms
were reduced to within 0.0002 eV/Å.

3. RESULTS AND DISCUSSION

Figure 1 shows SEM images of the smooth and clear surface of
the pristine glass fibers. Figures 2 and 3 show the SEM surface
morphologies of the glass fibers coated with the C-CNTs and
F-CNTs, respectively. The F-CNTs clearly exhibit more prefer-
able dispersity without strong agglomeration on the glass fiber
surface compared with the C-CNTs.

Transverse impact testing is an important and credible mea-
surement to examine the mechanical properties, such as strength
and toughness of GFRP. The testing results can reflect the
influence of effectiveness of the adhesion between glass fiber
and resin when stress is transferred at the fiber/matrix interface.

Figure 1. SEM morphology of pristine glass fibers: (a) low magnifica-
tion; (b) high magnification.

Figure 2. SEM morphology of C-CNT-coated glass fibers: (a) low
magnification; (b) high magnification.

Figure 3. SEM morphology of F-CNT-coated glass fibers: (a) low
magnification; (b) high magnification.
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In addition, the interface integrity is also revealed directly by the
impact fracture surface and therefore the interfacial bonding
strength of GFRP can be effectively assessed.

Figure 4 illustrates the average values of impact strength of the
GFRP for the glass fibers coated with different CNTs. Ten
samples were tested for each GFRP specimen with and without
CNT enhancement. The results clearly indicate that the GFRP
samples with CNT interfacial modification exhibit higher impact
strength than those without such modification. Moreover,
among different CNTs, F-CNTs improve the impact strength
most effectively, by more than 15% over the others.

SEM examinations for impact fracture behavior of the GRFP
specimens including the transverse failure surfaces and unidirec-
tional laminate failure surfaces reveal that the impact strength is
directly associated with the interfacial bonding between the glass
fibers andmatrix resin, as shown in Figures 5-7. For example, for
the regular glass fiber/resin GRFP without CNT modification, a
large number of fibers were pulled out from the resin in a large
area and holes are left in the matrix (Figure 5a). In addition,
complete detachment of the matrix from the fiber surface is
clearly observed (Figure 5b), which implies a weak adhesion at
the interface, brittle fracture and the lowest impact strength.

Comparatively, the glass fiber/resin GRFP specimens with
CNT modification show a greatly improved interface strength,
that is, less fiber pullout and less fiber/matrix debonding. A little
residual matrix covering at the fiber surface is also observed,
which indicated that the fiber/matrix interfacial strength is
greater than the strength of the resin itself. Close SEM observa-
tion at high magnification reveals that the CNTs are closely
distributed as white dots on the surface of the fibers. However,
owing to the limited dispersion, agglomeration of the C-CNTs in
some areas of the interface leads to local stress concentration and
subsequently, fiber/matrix cracking (Figure 6d). The SWCNT-
modified GFRP specimens show the similar interfacial bonding
characteristics.

It is interesting to note that the F-CNT-modified GFRP
specimens not only have the highest impact strength but also
exhibit a much improved fracture surface and the best interfacial
bonding. That is, in addition to the fiber pullout being markedly
reduced, a thick layer of resin matrix is also observed covering
upon the fiber surface, as shown in Figure 7. More importantly,
the increased interfacial strength is due to the good dispersion of
the F-CNTs on the fiber surface, as no CNT agglomeration is
observed at the interface. Hence, fracture failure does not occur
as fiber/matrix interfacial debonding, and the fiber/matrix inter-
face is no longer the weakest part under the transverse impact.

In the fiber-reinforced polymer composites, the fiber/matrix
interfacial cohesion directly influences interfacial stress transfer
in the composite structure, which thereby significantly affects the
integrated mechanical properties. Zhu et al11 proposed that
CNTs enhanced interface durability as follows: (1) CNTs acted
as coupling agents in the interphase between thematrix and fiber,
and modified the brittleness and toughness of the resin;31 (2)
CNT bundles in the interface were associated with higher energy
absorption and could serve to arrest cracks and prevent the
expansion of microcracking; and (3) as they were much smaller

Figure 4. Comparison of the impact strength of GFRP interfacially
modified with different carbon nanotubes.

Figure 5. SEMmorphologies of (a) transverse failure and (b) unidirec-
tional laminate failure all for the impact fracture of the GFRP without
CNT modification.

Figure 6. SEM morphologies of (a) transverse failure and (b-d)
unidirectional laminate failure all for the impact fracture of the GFRP
interfacially modified with C-CNTs.

Figure 7. SEM morphologies of (a-c) transverse failure and (d)
unidirectional laminate failure all for the impact fracture of the GFRP
interfacially modified with F-CNTs.
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than glass fibers, CNTs served to further reinforce the matrix and
interface, which could reduce the interlaminar stress concentration
by smearing the mismatch of the properties of neighboring plies.32

However, it should be noted that the full play of the enhancing
effects of CNTs in nanotube-containing composites depends
upon two preconditions, that is, the dispersibility of CNTs and
their ability to tightly bind to each phase in the composite, which
are determined by the chemical activity of CNTs.33 It is well-
known that the chemical reactivity of CNTs is mainly related to
surface characteristics involving functional groups attached to
CNT sidewalls, defects in tube-wall structure and surface crystal-
linity. Therefore, the theoretical and comparative analysis of the
surface characteristics of the C-CNTs and F-CNTs could provide
a better understanding of the above experimental results.

Generally, regular C-CNTs demonstrate such characteristics
as an intact tubular structure with high crystallinity and few
defects in the sidewalls.34-36 In contrast, the present F-CNTs
possess low crystallinity and a great number of defects, as shown
in Figure 8. These unique microstructures are considered to be
induced by special flaming conditions including: (1) synthesis in
the atmosphere in which oxygen and nitrogen are abundant; (2)
an unstable supply of carbon resources; and (3) thermal non-
uniformity in the flame without protection from airflow.20,21,23,37

Therefore, the inherent defects in the sidewalls of the F-CNTs
are apt to be oxidized as two functional groups (-COOH and-
CH2OH).

20,38

To comparatively evaluate the effect of surface activities of the
F-CNTs and C-CNTs upon their bonding ability in composites,
theoretical calculations based on molecular dynamics method
were performed. In general, an MWCNT is considered to be
composed of a number of SWCNTs in a coaxial geometry with
weak intershell interaction and the outmost shell absorbing
the functional groups. To simplify the CNT model, an armchair
(8, 8) tube was chosen for calculating the structural energy of the
C-CNTs and F-CNTs, where the former were assumed to be
pristine armchair (8, 8) tubes without defects whereas the latter
were assumed to be functionalized (8, 8) tubes with two atom
vacancies and two chemical groups (-COOH and -CH2OH)
covalently attached at the sidewalls,39 as shown in Figure 9.

The calculation results indicate that the bond energy distribu-
tion of the F-CNT are quite different from those of the C-CNT,
as listed in Table 1. Due to its intact hexagonal carbon layer
(graphite structure), the C-CNT is stable with a relatively low
energy, which results in a chemical unreactiveness similar to that
of graphite. Therefore, the C-CNT has limited ability regarding
charge transfer and chemical interaction for the GFRP interface
modification.

In contrast, the F-CNT is unstable and has higher total energy
because of the atom vacancies and chemical groups. The high

density of these groups combined with the great number of
vacancies causes distortions of the hexagonal network and more
carbon dangling bonds in a surface graphite layer, which results in
localized disruption of conjugated π bonds and partial electron
charge transfer from π bonds to carbon atoms in the sidewall and
subsequently increases chemical reactivity.18,40

In brief, the F-CNT overcoating at the GFRP interface enables
strong and direct interaction between the matrix and fibers,
which greatly improves the fiber/matrix interphase cohesion and
prevents initiation and propagation of microcracks. In addition,
the alcohol (-CH2OH) and carboxyl (-COOH) groups on
their surface provide the F-CNTswith an intrinsic polarity, which
contributes to their homogeneous dispersion at the fiber/matrix
interface.

4. CONCLUSIONS

Fiber/matrix interface modification with CNTs is an effective
approach to improve the shock resistance of GFRP composites.
Compared with regular C-CNTs from a CVD process, the
F-CNTs from ethanol flames have preferable chemical reactivity
and good dispersibility due to a great number of defects and
chemical groups in the sidewalls. Interface reinforcement with
the F-CNTs effectively promotes the fiber/matrix interfacial
cohesion strength and greatly increases the shock strength of
GFRP. The unique surface characteristic of the F-CNTs is
created during the flaming process, and no complicated post-
treatment is required; hence, the structural and mechanical
integrity of the CNTs are guaranteed. In addition, as the flaming
synthesis is simpler, easier to control and less costly, the F-CNTs
exhibit great potential for broader application in GFRP interface
enhancement.
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Figure 8. (a) Typical TEM micrograph of an F-CNT; (b) typical
HRTEM micrograph of an F-CNT.

Figure 9. Schematic atomic structures of CNTs after geometry opti-
mization: (a) (8, 8) CNT as the model of C-CNTs; (b) (8, 8) CNTwith
two defects and two functional groups as the model of F-CNTs.

Table 1. Energy Status of C-CNTs and F-CNTs

valence energy (eV)

CNTs

total

energy (ev) bond angle torsion inversion

van der

Waals (eV)

C-CNTs 34.48382 3.56293 0.16157 12.67084 0.50246 17.58609

F-CNTs 37.90511 3.95325 0.82500 15.26541 0.50259 17.35882
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