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Abstract

Single wall carbon nanotubes (SWCNTs) were introduced in the interlaminar region of woven carbon fiber–epoxy

composites and the mode-I delamination behavior was investigated. Pristine (P-SWCNT) and functionalized (F-SWCNT)

nanotubes were sprayed in the mid-plane of these laminates and delamination was initiated using a teflon pre-crack

insert. The composite laminates were produced using vacuum-assisted resin transfer molding process. The interlaminar

fracture toughness (ILFT) represented by mode-I critical strain energy release rate (GIc) for the initiation of delamination

was measured using double cantilever beam tests. The specimens with pristine nanotubes and functionalized nanotubes

showed a small effect on the ILFT. The specimens with P-SWCNTs showed stable crack growth and the potential for

enhanced crack bridging along with slightly higher GIc than F-SWCNT specimens. Scanning electron microscopy images

showed enhanced fiber–matrix interfacial bonding in the specimens with F-SWCNTs. However, large unstable crack

propagation was observed in these F-SWCNT specimens from load–displacement curves and crack propagation videos.

This research helps in understanding the differences in mechanisms by addition of functionalized and unfunctionalized

(pristine) nanotubes to the woven carbon fiber–epoxy matrix composite laminates.
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Introduction

There has been an increase in the use of epoxy resin-
based composite laminates in the aerospace industry in
recent years due to their light weight, desirable mechan-
ical properties and ability to be molded into complex
shapes.1–5 Epoxies find wide applications in composites
due to their good chemical resistance and heat resis-
tance along with good thermo-mechanical properties
such as strength, elastic modulus, and glass transition
temperatures, which can be tuned by adjusting chemical
composition and curing kinetics6,7 as per the desired
performance requirements. However, conventional
epoxies exhibit inherent brittleness and low fracture
toughness, and consequently, epoxy-based laminates
can be susceptible to delamination, i.e., separation
between individual plies.8–11 Increasingly demanding

requirements for mechanical, thermal, and electrical
properties of composite laminates have made it
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necessary to develop new material systems without
adding weight penalties and simultaneously introducing
the possibility for multifunctionality.

Recent efforts have been reported in that direction to
combine the advantages of traditional advanced
composites with nano- and micro-sized reinforcements
to enhance thermo-mechanical and electrical proper-
ties.12–20 Some of these efforts were directed toward
resolving a critical issue in textile composites associated
with the formation of matrix-rich regions in textile
composites. The polymer matrix-rich region has
been reported to be one of the reasons for the poor
out-of-plane properties and a contributing factor to
crack initiation and propagation, resulting in poor
resistance to delamination growth.

In the past, particulate reinforcements have been
used in composites in an effort to improve the interla-
minar fracture toughness (ILFT).12,14–17,21–25 For
example, hybrid composites with alumina, silica,
rubber, and glass spheres forming secondary phases in
the epoxy matrix were studied by Kinloch et al.21 It was
shown that rubbery particles improved the fracture
toughness of a thermosetting epoxy polymer, but
reduced its strength. In fact, a combination of rubber
and glass particles showed a better improvement
in toughness. Sohn and Hu22 reported improvement
in ILFT with introduction of KEVLAR short fibers
in fiber-reinforced polymer composites. There was
little effect on the initiation toughness values, but exten-
sive fiber bridging led to a significant increase in pro-
pagation toughness, indicating increased resistance to
delamination growth. Sela and Ishai4 reported methods
for improving ILFT by introducing tough interleaves
instead of particulate reinforcements and using thermo-
plastic matrices. Such interleaved composites showed a
significant improvement in impact resistance. However,
the major disadvantage of a composite with tough
interleaves was shown to be the weight penalty along
with low stiffness and strength of tough layers, which
proportionately reduced stiffness and strength of the
laminate. Thermoplastic matrices in interleaves
showed an order of magnitude increase in ILFT; how-
ever, low thermal stability, interfacial wetting
problems, poor chemical resistance to solvents and
acids, and creep problems associated with the thermo-
plastic matrices limit their use in aircraft structures.
Reinforcing polymer matrix-rich regions with particles
or using interleaves did not provide adequate improve-
ments in toughness and resulted in reduced strength
and glass transition temperature.7,21,22

Carbon nanotubes have been reported to be used as
reinforcement in polymer matrices due to their
outstanding electrical, thermal and mechanical proper-
ties.12–17,26–35 Extensive research has been performed
in characterizing6,28,29,33–35 and modeling26–28,30,32,36

carbon nanotube–polymer matrix nanocomposites.
One of the methods to disperse the carbon nanotube
bundles and form enhanced interaction between the
nanotubes and the surrounding polymer matrix has
been by the process of covalent functionalization of
nanotubes, which involves attaching chemical func-
tional groups that can form bonds with the particular
matrix in addition to dispersing the nanotube bun-
dles.14,28,33,35,37,38 The reinforcement of conventional
composites with carbon nanotubes may play an impor-
tant role in realizing the potential of such composites in
structural applications as well as introduce multifunc-
tional properties.

Recently, Wichmann et al.17 reported about 16%
improvement in interlaminar shear strength while the
ILFT was unaffected as a result of introduction of
carbon nanotubes in glass fiber–epoxy composites.
The carbon nanotubes were mixed in the epoxy
matrix before impregnating glass fibers to produce the
laminated composite. An improvement of about 300%
in mode-I ILFT was reported by Veedu et al.16 by
growing nanotubes on SiC fabric composites.
Bekyarova et al.12 reported the use of electrophoresis
for selective deposition of nanotubes on woven carbon
fabric. The interlaminar shear strength was improved
by about 30%, along with improved out-of-plane elec-
trical conductivity. Functionalized SWCNTs showed
an improvement of about 40% in the shear strength
by adding 0.5wt% SWCNT as reported by
Bekyarova et al.13 Such efforts suggest the feasibility
of improving ILFT by introducing carbon nanotubes.
However, there have been several unresolved issues,
such as, the addition of nanotubes to epoxy resin results
in a significant increase in the viscosity of epoxy matrix
leading to processing difficulties on a larger scale.
Furthermore, direct mixing into epoxy resin distributes
nanotubes throughout the composite laminate, reinfor-
cing critical as well as noncritical areas and therefore
leads to unnecessary cost increase. The chemical vapor
deposition method to grow nanotubes on fiber pre-
forms or fabric material could be potentially difficult
to implement on an industrial scale.

As an alternate approach, we propose in this study
to use nanotubes in small quantities at critical regions,
i.e., at the interfaces susceptible to delamination. The
objective of this article is to understand the influence of
such selective reinforcement of carbon nanotubes on
the mode-I ILFT of woven carbon fiber–epoxy compo-
sites processed using vacuum-assisted resin transfer
molding (VARTM) technique. A novel spraying tech-
nique was used for the selective placement of nanotubes
without increasing the viscosity of the epoxy matrix.
The spraying process is easier to scale-up to the
industrial production and ensures limited use of
carbon nanotubes only in the susceptible areas.
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Several panels were processed using VARTM method
incorporating functionalized as well as unfunctiona-
lized (pristine) carbon nanotubes.

The VARTM process has been chosen as it is widely
used for applications in commercial, military, and aero-
space composite structures. One of the advantages of
the VARTM process is that it is easier to scale up to
industrial production. For a successful application, the
matrix properties which govern processing characteris-
tics like viscosity must be considered in addition to
meeting the requirements for mechanical properties in
service. A number of low-viscosity epoxy resins have
been developed to meet the processing requirements
associated with the VARTM. An epoxy with room-
temperature curing agent was selected for this study
on the basis of lowest viscosity for easier VARTM
processing. The nanotubes were functionalized for
better dispersion in the epoxy matrix along with
enhanced compatibility with epoxy through better
bonding characteristics. The presence of nanotubes on
the intended region of the laminate, after VARTM
processing, was confirmed from the microscopy images.

The mode I ILFT, GIc, of the laminates considered
in the current study was characterized using the double
cantilever beam (DCB) test. This test was conducted in
accordance with the guidelines contained in the ASTM
International Standard, D5528-01.39 The major excep-
tion in the current study to the guidelines of D5528-01
was that the DCB specimens were made from fabric.
Similar tests conducted on either textile or fabric-based
laminates have been reported previously. Choi et al.11

and de Morais et al.40 have studied the delamination
resistance of multidirectional composites and reported
higher values for ILFT as compared to unidirectional
composites. The delamination resistance of unidirec-
tional and plain weave fabric IM7/8552 was compared
by Paris et al.41 using the DCB test. The average value
of initiation GIc of the fabric IM7/8552 was reported to
be 263 J/m2.41 This value is only 3% greater than the
initiation GIc value reported by Hansen and Martin42 of
tape IM7/8552. Although the coefficient of variation
was higher for the fabric specimens reported by
Paris,41 this similarity in initiation values of GIc

suggests that reliable values of initiation GIc may be
obtained from DCB tests conducted on fabric material
systems.

In short, a novel method for selective placement of
carbon nanotubes in woven carbon fabric composites is
presented in this article, along with the characterization
results for mode-I ILFT using DCB tests and fracture
mechanisms using scanning electron microscopy
(SEM). The DCB specimen preparation, test methods,
and data reduction methods are described in section
‘Experimental methods’, preceded by the material
description and processing technique in section

‘Materials’. The results of DCB data analysis are dis-
cussed in the sections ‘Force–displacement response’
and ‘ILFT measurements’. Post-delamination fracture
surfaces were studied using SEM as described in section
‘Mechanisms of delamination: SEM fractography’,
followed by summary of this study in the last section.

Materials

The purified single wall carbon nanotubes (SWCNTs)
were obtained from Rice University, and were made by
the high pressure carbon monoxide synthesis process
(HiPCO). The supplied material consisted of micron-
scale aggregates with individual SWCNT diameters
reported to be 1.0–1.4 nm. Functionalized nanotubes
were prepared through a three-step chemical treatment.
The carbon nanotubes were first fluorinated in a Monel
flow reactor at 150�C for 12 h following the proce-
dure developed at Rice University.38 Hydroxylated
nanotubes were then prepared through reaction of the
fluoronanotubes with lithium hydroxide treated ethyle-
neglycol.35 Finally, the organosilane N-(2-aminoethyl)-
3-aminopropyltrimethoxysilane obtained from Aldrich
Inc. was used to produce silane functionalized nano-
tubes. This procedure has been demonstrated in pre-
vious work to successfully functionalize nanotubes
with organosilanes.38 For spraying the nanotubes
onto the carbon fabric plies, a solution was prepared
using 0.1wt% purified pristine nanotubes in ethanol,
and another solution was prepared using 0.1wt%
silane functionalized nanotubes in ethanol. The
0.1wt% represents weight fraction with respect to
weight of an individual ply of woven carbon fibers.
The total weight fraction of carbon nanotubes amounts
to be 0.01wt% of the total weight of all plies.

The epoxy resin used was diglycidyl ether of bisphe-
nol-F (DGEBF) epoxy EPON 862 (now called
EPIKOTE 862), and was obtained from Resolution
Performance Products along with aliphatic amine
curing agent EPICURE 9553. The low viscosity
makes this epoxy suitable for VARTM process and
therefore eliminates the use of viscosity reducers and
reactive diluents from the epoxy formulation.

The woven carbon fabric used in the composite was
an eight-harness satin weave (8 H.S.) of T300 carbon
fibers produced by Textile Technologies Incorporation.
NASA Langley Research Center (LaRC) provided the
woven fabric in the form of a roll of 12 in. (30.5 cm)
wide and about 40 ft ( 1220 cm) long.

The VARTM process was used to fabricate laminate
plates using the mold set-up as shown in Figure 1, and
detailed information about the VARTM processing
and the nanotube spraying method has been provided
in reference.14 Each panel contained 10 layers of carbon
fabric plies and carbon nanotubes were sprayed at
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the mid-plane of the laminate (i.e., between ply num-
bers 5 and 6). The ply stacking was kept symmetric
about the mid-plane as shown in Figure 1. A polytetra-
flouro ethylene (PTFE) film insert of size about 3 in.
wide (7.62 cm) and 8 in. long (20.32 cm) was placed at
the mid-plane of the fiber stack as the delamination
starter material. Three different panels were processed
as described in Table 1, each of dimensions approxi-
mately 8 in. (20.32 cm) wide, 6 in. (15.24 cm) in length
and about 0.16 in. (0.40 cm) in depth after removing the
rough edges from four sides. The measurements were
performed with an accuracy of 0.1mm (0.004 in.) in
width and 0.01mm (0.0004 in.) in thickness. The
nomenclature for the DCB test specimens consisted of
the panel number preceded by the specimen number,
e.g., 5P2 indicates 5th specimen of the 2nd panel. The
numbering of specimens from 1 to 6 indicates cutting
direction from left to right in the panel, i.e., specimen
1 and 6 forming the edge specimens.

Experimental methods

Specimen preparation

The specimens were cut according to ASTM-5528 stan-
dards with length of 6 in. (15.24 cm) and width of 1 in.
(2.54 cm) with an accuracy of �0.1mm. The upper and

lower specimen surfaces were roughened using grinding
article where the piano hinges were to be bonded. The
surfaces of the piano hinges were sand blasted to
prepare rough surfaces for better bonding, and then
the surface was cleaned with acetone to remove any
contamination. The specimens were dried for 4 days
at 60�C in a Thermolyne Oven (Series 9000) to
remove moisture absorbed during the cutting process.
Two-part epoxy adhesive was used to bond the piano
hinges, and the specimens were placed in an oven for
2 h at 60�C to cure the epoxy adhesive. The specimen
edges were sprayed with white paint, and a scale with
1mm resolution was placed on one of the edges of each
specimen for monitoring crack propagation, as shown
in Figure 2(a). The specimens were stored in a desicca-
tor before testing to protect them from humid condi-
tions and also after testing to preserve the fracture
surfaces for microscopic investigation.

Double cantilever beam test

The ASTMD-5528 standard was followed for perform-
ing the DCB tests at room temperature using a servo-
hydraulic test frame (MTS 858 table top system) as
shown in Figure 2(b). A 50 lbf (222.50N) load cell
with �0.05N resolution (interface model 1500
ASK-50) was used for force measurement. Parameters
P, � , and a represent force, applied displacement, and
delamination length, respectively. Crack propagation
was monitored on a video screen connected to a video
camera set at a magnification of about 20� and focused
on the crack tip at all times as the crack progressed. The
test was conducted under displacement control at a
displacement rate of 1.27mm/min. Crack extension
was recorded every millimeter of crack growth for
stable crack growths, and crack propagations corre-
sponding to start and end values of unstable crack
growths were noted. The crack was allowed to propa-
gate through a distance of at least 40mm, after which
the specimen was unloaded at a rate of 2.54mm/min.

Figure 1. Schematic representation of ply lay-up and actual VARTM process.

Table 1. Composite panels prepared by the VARTM technique

and their nomenclature

Panel

number Mid-plane modification

Specimens

(6 each)

P1 No nanotubes, solvent evaporated 1P1 to 6P1

P2 0.01 wt% pristine nanotubes 1P2 to 6P2

P3 0.01 wt% silane functionalized

nanotubes

1P3 to 6P3
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Data reduction method

Three data reduction methods (i.e., and the modified
beam theory (MBT), the compliance calibration (CC)
and the modified compliance calibration (MCC)39),
were utilized to calculate the GI values i.e., strain
energy release rates. A comparison of the results is
shown in Figure 3(b) for a sample specimen using the
three different techniques of data reduction, as per the
ASTM standards. Figure 3(b) shows almost overlap-
ping R-curves from all three methods. Further compar-
ison of the results for different specimens has been
presented using only the MBT.

Modified beam theory. In the MBT method, each arm
of the DCB specimen is considered to be a cantilever
beam of length equal to the delamination length ‘a’.
The GI value calculated by Euler–Bernoulli beam

theory is overestimated in the absence of perfectly
clamped delamination front as shown by Hashemi
et al.43 Thus to correct for this nonperfect clamping
effect, Hashemi et al. suggested a slightly longer dela-
mination length, aþ�, where � is determined from the
plot of the cube root of compliance, C1/3, vs. delamina-
tion length, ‘a’ as shown in Figure 3(a). The compli-
ance, C, is the ratio of load point displacement to the
applied load, i.e., C¼ �/P. The strain energy release rate
is calculated by using Equation (1) as follows:

GI ¼
3P�

2bðaþ�Þ
ð1Þ

where P is the applied load for crack growth, � the
corresponding load point displacement, ‘a’ the corre-
sponding delamination length (or initial crack length),
b the specimen width, and GI the strain energy release

Figure 3. Data reduction method: (a) Method to find the correction factor, �, x-intercept value obtained by extending the straight

line through the data points. (b) Comparison of R- curves from three data reduction techniques (CC, MBT and MCC) for one

representative specimen 1P2.

Figure 2. Double cantilever beam test: (a) specimen specifications and (b) test set-up.
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rate (GIc is the critical value known as mode-I ILFT
and is considered to be a material property of the
particular composite). The analysis method required
the measurement of only three parameters, i.e. P, �
and ‘a’ during the test, and � was obtained using the
method suggested by Hashemi et al.,43 as shown in
Figure 3(a).

Scanning electron microscopy

A Hitachi S-3700N scanning electron microscope was
used for studying the delaminated fracture surfaces of
the DCB specimens, and imaging was performed using
Oxford Instruments INCAx-SightModel 7962. The spe-
cimens were split open after completion of the DCB test
and the mid-planes were coated with a 2-nm thick pla-
tinum layer to reduce the charging effect of the specimen
surface under the electron beam. The specimens were

imaged at different locations along the crack length as
shown in Figure 4, to maintain consistency in compar-
ison for specimens from different panels.

Results and discussion

Force–displacement response

The comparison of the delamination initiation and the
delamination propagation as observed from the force–
displacement curves is shown in Figure 5(a) for repre-
sentative specimens taken from the same area of the
laminate from three different panels. The large unstable
delamination growth behavior identified by a sudden
drop in force (more than 50% of the peak force)
from point A to B, as shown in Figure 5(a), was
observed only in the panel with functionalized nano-
tubes. The force drop results from a delamination

Figure 5. Representative graphs for one specimen each from three panels: 6P1–no nanotubes, 6P2–Pristine nanotubes,

6P3–Functionalized nanotubes; (a) force–displacement curves and (b) R-curves (resistance curves).

Figure 4. SEM locations along crack length for consistency of comparison between specimens from different panels. (Not drawn to

scale. Actual specimen length 16 cm and width 2.5 cm).
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extension of about 30mm (point A to B) as seen from
Figure 5(b). Usually, the unstable delamination growth
behavior shows about 3–5mm delamination exten-
sion41,44 resulting in about 8–15% drop from the
peak force. The reasons for the large unstable delami-
nation growth behavior in the specimens with functio-
nalized nanotubes have been discussed in section ‘ILFT
measurements’.

Figure 6 shows the force–displacement curves for six
specimens from individual panels along with the aver-
age force–displacement curve (shown by a dark curve)
for that particular panel. The initial response for all
specimens was linear until the delamination initiation.
The linear response was followed by a combination of
stable and unstable delamination growths. The stable
response was represented by a gradual decrease in force
with delamination growth. The unstable response has
been characterized by sudden drop in force with dela-
mination growth. Figure 6(a) shows gradual decrease in
force with increasing load–point displacement for all
specimens from panel P1 (base laminate with no nano-
tubes). The difference (33%) in slope of the linear

region for specimen 6P1 is due to the difference in initial
delamination length which was about 6mm shorter as
compared to the average of the rest of the specimens.
The slope of the linear regions overlapped for all speci-
mens from panel P2 (pristine nanotubes). Specimen 5P2
seems to be an outlier as it is the only specimen showing
large force drop ( 50%) out of total six specimens.
From Figure 6(c), the difference in the slope of the
linear region between specimens 1P3–2P3 and speci-
mens 3P3–6P3 is largely due to the difference in initial
delamination lengths. A difference of around 2.5mm in
initial delamination lengths resulted in about 17%
difference in slopes. If the displacement is normalized
with respect to initial delamination length (�/(a0)

3) for
the linear region then the effect of ‘a’ disappears from
the linear slope. Large force drops ( 50–70%) were
consistently observed in all specimens with functiona-
lized nanotubes, as shown in Figure 6(c). As can be seen
from Figure 6(c) and Figure 6(d), large unstable dela-
mination growth represented by force drops of about
30–40N was the characteristic behavior of the panel
with functionalized nanotubes as observed from the

Figure 6. Force–displacement curves for all panels; (a) P1: No-SWCNT, (b) P2: Pristine SWCNT, (c) P3: functionalized SWCNT, and

(d) average curves.
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large force drops. The average drop in force is about
50% of the peak force as shown in Figure 6(d) for the
specimen with functionalized nanotubes. The average
initial delamination length for the panel with functio-
nalized nanotubes was 46mm and for the panel without
nanotubes was 46.5mm. A small difference of 0.5mm
in initial delamination lengths resulted in about 12%
difference in slopes of the linear region of average
force–displacement curve and about 5% difference in
slopes if the displacement is normalized with delamina-
tion length. The slope is also a function of the cube of
the arm thickness, along with other differences such as
specimen width, arm modulus, fiber volume fraction
which can cause the difference in the initial slopes.

An increase of about 6% is found in the average
delamination initiation force for the panel with pristine
SWCNTs over the panel without SWCNTs (with 2%
coefficient of variation). The increase in case of the
panel with functionalized SWCNTs is about 14%
over the panel without any nanotubes, having about
5% coefficient of variation. The coefficients of varia-
tions are very small compared to values in the litera-
ture16,25,31,41,45,46 (about 10–15%) indicating
consistency in the processing technique and repeatabil-
ity of the testing method.

The area under the force–displacement curve repre-
sents energy absorbed during the overall delamination
growth. Figure 6(d) represents comparison of the aver-
age of the force–displacement behavior for all panels.
The area under the curve for panel with functionalized
nanotubes is the lowest followed by panel with pristine
nanotubes and panel without nanotubes showed
comparatively largest area under the curve. This obser-
vation is consistent with the R-curve behavior discussed
later in this section, which shows the lowest propaga-
tion GIc for panel with F-SWCNTs followed by panel

with P-SWCNTs and the highest propagation GIc for
panel without nanotubes.

The delamination initiation is followed by a small
sudden drop in force for all specimens. The delamina-
tion growth was visually observed at this point from the
edge of the specimen thus releasing the stored energy to
create new fracture surfaces. For all specimens, the
initial small force drop or variation from linearity
(i.e., change in slope) was followed by an increase in
force till a peak. The increase in force corresponds to
the presence of fiber bridging, yarn bridging, ply brid-
ging or a combination of these mechanisms as observed
in Figure 7. Similar characteristics were observed in
woven composites by Paris et al.,41 Alif et al.44 and
Martin47 and is termed ‘ratchetting’ by Martin.47 The
ratchetting of the force–displacement curve represented
stick-slip propagation of the crack. The slip portion on
the force–displacement response represents the delami-
nation growth until the delamination comes to an
arrest. The stick portion of the force–displacement
response corresponds to fiber/yarn bridging mechan-
isms observed from the edge of the specimen.
Sometimes, an additional delamination appeared in
the front of the existing delamination, tip as shown in
Figure 7(a), and grew backward around the transverse
yarn. On other occasions, delamination appears to be
on an adjacent plane as shown in Figure 7(b). Similar
observations were made by O’Brien et al.41 and Alif
et al.44 The stick portion was followed by a slip portion
on the force–displacement curve represented by sudden
drop in force (unstable crack growth). The slip portion
of the force–displacement curve corresponded to the
breakage/pullout of the bridging fibers or tows in
the delamination plane (Figure 7(d)) or debonding of
the transverse yarns as shown in Figure 7(c). Such fea-
tures from Figure 7 represent some of the mechanisms

Figure 7. Crack propagation mechanisms; (a) crack initiation in front of crack tip, (b) cracks in two planes, (c) transverse yarn

bridging, and (d) fiber bridging.
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of energy dissipation. The images from Figure 7 are
taken from representative specimens from all panels
and such features were common in specimens from all
panels irrespective of its constitution, i.e. irrespective of
the presence or absence of nanotubes. The delamina-
tion extensions corresponding to slip portion were
about 2–7mm for the panel without nanotubes
(Figure 8) and the panel with pristine nanotubes
(Figure 9), which is quite similar to that observed in
woven composites.41 However, large slip behavior with
corresponding delamination extension of 20–30mm
was observed in specimens from the panel with functio-
nalized nanotubes (Figure 10).

It is important to point out that all three panels
(P1, P2, and P3) from a single batch were processed
together at the same time under exactly same proces-
sing conditions in the same VARTM set-up. Similar
processing conditions were also maintained for the

second batch of all three panels. The large stick-slip
behavior (20–30mm crack growth) was observed in
most of the specimens from the panel with functiona-
lized nanotubes, and from that panel only. Hence, it is
indicated that this behavior has some relationship with
functionalization of the nanotubes, and not with the
processing conditions, since those were maintained
consistently for all panels. It is discussed further in
the section with respect to the observed delamination
fracture surfaces by using SEM fractography.

ILFT measurements

The delamination extensions were noted from a marked
scale on the edge, with 1mm markings during various
increments of stable delamination growth. In cases
where growth was unstable, the delamination length
corresponding to the beginning and end of the unstable
period were recorded.

R- curves for all tested specimens are shown in
Figures 8–10. These curves show the change in the
strain energy release rate of the specimen as the initial
delamination starts growing from the end of a PTFE
insert and propagates through the specimen. A nonli-
nearity criterion is used to calculate the initiation values
for the critical strain energy release rates, which are
considered as the ILFT values for different laminates.
According to the nonlinearity criterion,41 force and
displacement values corresponding to first deviation
from linearity on the force–displacement curve is
considered as the critical values for initiation of dela-
mination growth.

The average values of initiation GIc for six specimens
from each panel are presented in Table 2. The results
show a 6% increase in average initiation GIc for the
panel with pristine nanotubes over the panel without
any nanotubes. This difference lies just beyond the

Figure 10 R-curves for six specimens from Panel 3 with func-

tionalized SWCNTs (P3).

Figure 8. R-curves for six specimens from panel without any

nanotubes (P1).

Figure 9. R-curves for six specimens from Panel 2 with pristine

SWCNTs (P2).
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coefficient of variation of initiation values of GIc for the
specimens with pristine nanotubes. This suggests some
statistical significance to the observed increase in initia-
tion GIc of the specimens containing pristine nanotubes.
The corresponding increase in average initiation GIc for
the panel with functionalized nanotubes is negligible
over the panel without any nanotubes with about 8%
coefficient of variation which is still lower than the
reported coefficient of variation (around 14%) in litera-
ture by Martin,47 Choi et al.11 and Paris et al.41

R-curves for all specimens from the panel without
nanotubes are shown in Figure 8. It shows that the GIc

increases for about 7–10mm of delamination growth,
after which it plateaus and the delamination continues
with small stable and unstable growths without signifi-
cant increase or decrease in GIc values. Similar behavior
was also observed for the panel with pristine nanotubes
as shown in Figure 9. The initial increase in the
GIc before the plateau has been due to the fiber bridging
mechanisms. The small drop after the peak GIc was
observed due to breaking of bridging fibers.

Figure 10 shows that the GIc increases almost line-
arly until a sudden drop in GIc with very large delami-
nation extension. The delamination extension of about
20–30mm was observed for five specimens out of total
six specimens. For two specimens, the GIc starts to
increase again after large delamination extension. In
other specimens, the specimen length was not sufficient
to be able to again notice the stable delamination exten-
sion. Such peculiar behavior of large delamination
extension could be due to many reasons such as inho-
mogeneous distribution of nanotubes on the plane of
lamina, smaller aspect ratio of nanotubes, suppression
of fiber bridging mechanisms due to smaller length of
nanotubes, etc. Tong et al.48 presented numerical
results revealing that the nanotube’s length, density,
and maximum pull-out displacement as well as the
interfacial friction shear stress are important para-
meters affecting the delamination toughness.
Especially, the ILFT might reduce with shorter length
nanotubes. The fiber bridging mechanisms would also
be suppressed due to shorter nanotube lengths. Smaller
nanotubes also creates a possibility for the nanotubes
to escape from the mid-plane to the adjacent planes of
plies during the VARTM process resulting in poor

distribution in the mid-plane resulting in observed
large unstable crack growths. The average R-curve
behavior for all specimens from three distinct panels
is shown in Figure 11. Values of GIc for every 2mm
of delamination extension were averaged for each
panel and the average GIc data points were plotted.
Polynomial curve fitting was utilized to fit these data
points to get the average R-curve response for each
panel.

The purpose of plotting average GIc values was to
compare the general trend of crack growth in different
panels. It has been seen from Figure 11 that initiation
GIc values for all the panels were very similar. However,
propagation GIc values have been found to be lower for
the panel with pristine nanotubes compared to the base
laminate panel without nanotubes, and the plateau
represented stable propagation unlike the curve for
the panel with functionalized nanotubes.

The large unstable crack propagation behavior has
been observed by the absence of a plateau in the
propagation region for the panel with functionalized
nanotubes, as shown in Figure 11. The propagation
GIc value was not possible to calculate for this panel
due to the large unstable crack propagation, and hence,
insufficient number of data-points. However, the peak
GIc value for the panel with F-SWCNTs has been
observed to be close to the propagation value for the
base laminate panel and higher than the panel with
P-SWCNTs. This indicates a possibility of achieving
improvement in propagation GIc for the panel with
F-SWCNTs compared to that with P-SWCNTs, pro-
vided the delamination propagation can be stabilized.

Mechanisms of delamination

Microscopic investigation of the delaminated surfaces
was performed using SEM and transmission electron

Figure 11 R-curves indicating average GIc values calculated per

2 mm of crack extension and curve fitting through average GIc

indicating trend of crack growth for each panel.

Table 2. Average GIc at delamination initiation for woven

carbon fiber reinforced polymer composites

Panel number GIc initiation (J/m2) CoV (%)

P1: No SWCNT 230.5 8

P2: Pristine SWCNT 245 5 5

P3: Functionalized SWCNT 231.8 9
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microscopy (TEM) for understanding the mechanisms
of crack initiation and propagation.40 Figure 12 shows
the TEM micrographs of pristine and silane functiona-
lized nanotubes. Pristine nanotubes consisted of an
agglomeration of nanotubes resulting from Van der
Waals interaction resulting in larger bundle diameters.
The functionalization process resulted in better disper-
sion with smaller nanotube bundle diameter and
shorter lengths, in addition to better bonding with
epoxy matrix.33,35

SEM images were taken at various low and high
magnifications such as 20�, 100�, 5000�, and
10000� at the locations shown in Figure 4, distanced

from the starter crack (end of PTFE insert). SEM
images are included for samples 1P2 and 2P3, as a
representation of samples with pristine nanotubes and
functionalized nanotubes, respectively. The results will
be presented first for the sample with pristine nano-
tubes at low then high magnification, followed by
results for the sample with functionalized nanotubes
also at low then high magnification.

Figure 13(a) and (b) includes the SEM images at low
magnification of the crack initiation for the 1P2 sample.
Figure 13(a) shows mostly carbon fibers in fill yarn
while Figure 13(b) shows carbon nanotube network at
the delamination initiation site and also on fiber-matrix

Figure 13. Low magnification SEM images of the delamination surface from the panel with pristine SWCNTs: (a,b) 0 mm (dela-

mination initiation), (c) 20 mm from delamination initiation, (d) 30 mm from delamination initiation.

Figure 12 TEM images showing: (a) pristine SWCNTs and (b) functionalized SWCNTs.
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debonded surfaces. A few fibers can be seen pulled out
or broken and fill/weft yarns are also seen without
matrix coating. Figure 13(c) and (d) shows the SEM
images at 20 and 30mm from the delamination initia-
tion. The pattern is very similar to that of the delami-
nation edge marking consistent behavior over the
delamination process. These images point to adhesive
failure (i.e., and failure of adhesion at fiber–matrix
interface), in which there is a relatively clean separation
between the fiber and the matrix.

Figure 14 shows the surfaces of specimen 1P2 at high
magnification. These images show the presence of
nanotube bundles on the fabric surface in the form of
a network distributed over the fabric surface. The
nanotubes form a network which is visible at both the
carbon fiber surfaces and on the carbon fiber impres-
sions as shown in Figure 14(a) and (b), respectively.

The presence of nanotubes on the carbon fibers
(Figure 14(a)) and the carbon fiber impressions
on matrix (Figure 14(b)), and the absence of a contin-
uous matrix layer covering these carbon fibers indicate
fiber–matrix debonding, further supporting that adhe-
sive failure is the key contributor to the delamination
mechanism. However, the presence of long nanotubes
of about a micron to few microns also indicated poten-
tial for fiber bridging and crack bridging mechanisms
that could contribute to an increase in fracture

toughness [48]. This mechanism was corroborated in
Figure 14(c), which shows nanotubes dangling from
epoxy separated from carbon fiber (as indicated by
white ellipse). In Figure 14(c), the dangling nanotubes
were either broken or pulled out of the matrix.

The images of fracture surfaces of the pristine nano-
tubes sample indicated fracture mechanisms which
might have led to the small increase in fracture tough-
ness. As indicated by SEM images in Figure 13 and 14,
the crack propagated through the nanotube
network leaving some nanotubes on the carbon fibers
(Figure 14(a)) as well as on the matrix (Figure 14(b)).
Disentanglement of nanotube bundles and broken or
pulled out nanotubes as seen in Figure 14(c), indicated
mechanisms for energy dissipation, that could lead to
increased fracture toughness. Second, the pristine nano-
tubes were mostly found on the surfaces of either the
fiber or the matrix indicating poor bonding. This poor
affinity could be a result of the absence of a chemical
functional group on the pristine nanotubes. Therefore,
the effect of pristine nanotubes on the matrix properties
might be insignificant. This observation supports the
DCB results, from which it has been observed that
the load–displacement curves follow approximately
same shape as base laminate without nanotubes. Only
one curve shows unstable crack extension of about
20mm and may be an outlier due to uneven

Figure 14. SEM images of observed mechanisms showing pristine SWCNTs: (a) on carbon fibers forming network, (b) on matrix

impression after fiber debonded from the surface showing poor fiber–matrix bonding, and (c) pulled out/ broken CNTs after crack

bridging.
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distribution of nanotubes resulting in enough interac-
tion of a cluster of nanotubes with epoxy matrix to
delay the crack propagation.

Figure 15 includes low magnification images for
sample 2P3, which contains the functionalized nano-
tubes. The images in Figure 15(a) and (b) show the
delamination initiation edge. Figure 15(c) includes an
image taken 10mm from the delamination initiation,
and Figure 15(d) is taken at 30mm from the delamina-
tion initiation. These images, like those for the samples
with pristine nanotubes, show some broken or pulled
out carbon fibers at the surface. However, these images
also show bands of epoxy which span large portions of
the images which have smooth surfaces. The presence
of the functionalized nanotubes therefore facilitates a
combination of adhesive failure at the fiber–matrix
interface, and cohesive failure through the epoxy as
shown in the images. Figure 15(d) indicating smooth
matrix surface at approximately 30mm from the dela-
mination initiation edge for specimen 2P3 confirms
brittle crack propagation as observed from Figure 10
representing sudden decrease in GIc and large delami-
nation extension.

Figure 16 includes SEM images at high magnifica-
tion of a specimen with functionalized nanotubes.
Areas in which the matrix material remains on the

fiber after the crack passed through the matrix are visi-
ble in Figure 16(a). This intact fiber–matrix interface is
further evidence of cohesive failure. It has been
observed in Figure 16(b) and (c), that the functionalized
nanotubes are sparsely scattered on the fibers as well as
matrix, indicating inhomogeneous distribution. In fact,
very few nanotubes were visible on the fracture surface,
and not in the form of an extensive network as in the
case of samples with pristine nanotubes. Due to the
chemical functionalization process, the nanotubes
were typically cut short in length due to acid reaction,
as well as debundled into smaller ropes of nanotubes.
In Figure 16(b), a nanotube-rich region has been
observed between two carbon fibers. Here, the nano-
tubes were spread throughout the epoxy matrix
between the fibers indicating better dispersion of nano-
tubes and compatibility with the epoxy matrix. It also
indicated that the carbon fiber–epoxy matrix bonding
has been improved by the presence of nanotube-rich
interphase region. Another location that the nanotubes
are visible is between the carbon fiber and the matrix
(Figure 16(c)) where their ends are visible protruding
out from the edge of the epoxy.

In Figure 16(c) and (d), microcracks are initiated
near nanotube-rich areas which are very different
from the rest of the fracture surface where nanotubes

Figure 15 Low magnification SEM images of the delamination surface from the panel with silane functionalized SWCNTs: (a,b) 0 mm

(delamination initiation), (c) 10 mm from delamination initiation, (d) 30 mm from delamination initiation.
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were not present. Figure 16(b) and (d) indicating nano-
tube rich regions and better fiber–matrix bonding are
taken from a region which is approximately 10mm
away from the delamination initiation edge for speci-
men 2P3. These images are taken from the vicinity of
the peak GIc value just before large delamination exten-
sion. So these images can be correlated to the particular
GIc (632 J/m

2) value corresponding to 9mm of delami-
nation extension for the same specimen 2P3 from
Figure 10. This is the peak GIc value before the start
of large delamination extension. These SEM results
indicate that the presence of functionalized nanotubes
resulted in better fiber–matrix bonding, which would
require higher energy to break the bonds. Second, the
silane functional group has better affinity toward epoxy
matrix which might result in higher resistance to fiber
pullout, absorbing more energy in the process.
However, the functionalized nanotubes were sparsely
distributed on the fabric surface which may be because
of the absence of nanotube networks and hence easier
transfer of these nanotubes to another plane through
the separation between carbon fiber tows during resin
transfer process under vacuum. Thus, the energy
required to propagate the delamination through
nanotube-rich areas of epoxy would be much higher

than required for delamination propagation through
areas without any nanotubes (along the surface of
the carbon fibers or in matrix regions where there are
no nanotubes).48,49 This combination of failure
mechanisms indicates possible explanation for the
unstable delamination extension through 25–30mm.
Absence of these large unstable crack growths in the
panels with pristine nanotubes indicates a more homo-
geneous distribution of long SWCNTs that could have
helped in stabilizing the crack growth along with higher
GIc. Similar indications were made by Tong et al.,48

who developed a mechanistic model to show an
increase in GIc by increasing nanotube length and
density.

The pristine and functionalized nanotubes therefore
have shown different failure mechanisms, resulting in
large part from the level of compatibility with epoxy
matrix and the level of dispersion. In short, it has been
observed from the above fractographic analysis of dela-
mination surfaces that pristine nanotubes could help in
bridging cracks while functionalized nanotubes could
provide better fiber–matrix bonding and therefore a
more substantial amount of cohesive failure in addition
to the adhesive failure observed for the pristine
nanotubes.

Figure 16 SEM images of observed mechanisms showing: (a) remnant matrix on the ply surface, (b) functionalized SWCNTs forming

an interphase region between two carbon fibers, (c) enhanced fiber–matrix bonding where nanotubes are present, and (d) micro-

cracks pattern due to better bonding between matrix and carbon fiber as a result of silane functionalized SWCNTs.
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Summary

The multi-scale laminates consisting of macro-scale
woven plies of micron sized carbon fibers were
produced using VARTM method with selective place-
ment of nanoscale carbon nanotubes at the mid-plane
of the laminate using the spraying technique. The initia-
tion GIc did not show any significant change for the
panels with pristine and functionalized nanotubes as
compared to the panel without nanotubes. However,
the specimens with functionalized nanotubes showed
a large unstable crack growth mechanism(20–30mm).
The reasons for the large unstable crack growth
were investigated using SEM fractography of the dela-
mination surfaces. It was found to be due to modified
fiber–matrix bonding at the location of functionalized
nanotube-rich interphase regions which enhanced the
bonding of silane functionalized nanotubes with the
epoxy matrix and reducing the fiber–matrix debonding
which is one of the energy dissipation mechanisms, as
evident from the SEM images. The functionalization
process also resulted in better dispersion of nanotubes;
however, the distribution of functionalized nanotubes
on the ply surface was inhomogeneous due to the out of
plane transfer of disentangled nanotubes through the
gaps in weave structure. The fiber bridging mechanisms
were also suppressed as a result of smaller nanotube
lengths due to this particular chemical functionalization
process.

SEM images showed comparatively better coverage
of the fabric ply by the pristine nanotubes, compared to
the functionalized nanotubes. The entanglement of long
pristine nanotubes can help in bridging cracks as
observed from SEM fractography. The crack propaga-
tion was observed to be much more stable in these
specimens as seen from the R-curves. A different func-
tionalization with similar dispersion characteristics but
which will have longer nanotubes forming entangled
networks could help in getting homogeneous coverage
of functionalized nanotubes on the ply.

It is also suggested that a synergistic combination of
functionalized and nonfunctionalized nanotubes could
provide a better approach in enhancing the interlami-
nar properties. The functionalized nanotubes could
provide better resistance to delamination initiation
due to enhanced adhesion properties of fiber–matrix
interface while long pristine nanotubes could stabilize
the crack propagation through crack bridging mechan-
ism as observed in this study.
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