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Carbon fiber-reinforced epoxy composites modified with carbon nanotubes (CNTs) were fabricated and
characterized. High-energy sonication was used to disperse CNTs in the resin, followed by infiltration
of fiber preform with the resin/CNT mixture. The effects of sonication time on the mechanical properties
of “multiscale” composites, which contain reinforcements at varying scales, were studied. A low CNT
loading of 0.3 wt% in resin had little influence on tensile properties, while it improved the flexural mod-
ulus, strength, and percent strain to break by 11.6%, 18.0%, and 11.4%, respectively, as compared to the
control carbon fiber/epoxy composite. While sonication is an effective method to disperse CNTSs in a resin,
duration, intensity, and temperature need to be controlled to prevent damages imposed on CNTs and pre-
mature resin curing. A combination of Halpin-Tsai equations and woven fiber micromechanics was used
in hierarchy to predict the mechanical properties of multiscale composites, and the discrepancies
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between the predicted and experimental values are explained.
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1. Introduction

The exceptional physical properties combined with high aspect
ratios and low density render carbon nanotubes (CNTs) attractive
for a new generation of multifunctional, high-performance engi-
neering composites [1-5]. CNTs are considered an efficient filler
material, as only a small loading in the resin, typically less than
5% by weight, can result in significant improvements in mechanical
properties. A number of research groups performed studies on
developing high-performance polymer composites containing
CNTs, ranging between 0.1 and 5 wt% loading, and demonstrated
significant improvements in tensile, shear, and flexural properties,
fracture toughness, and thermal properties [5-11]. Studies have
shown that the tensile modulus and yield strength of composites
containing 1 and 4 wt% CNT can double and quadruple, respec-
tively, as compared to neat resin samples [9]. CNTs also have been
used to reinforce adhesives; one such study showed a nearly 50%
enhancement in the average shear strength of an epoxy adhesive
at 5 wt% loading of multiwalled nanotubes (MWCNTSs) [10].

In recent years, fiber-reinforced polymer composites modified
with CNTs, known as “multiscale” composite as they are reinforced
with microscale fibers and nanoscale nanotubes [12,13], have drawn
significant attention in the field of advanced, high-performance mate-
rials. Most of the efforts in multiscale composites research have been
focused on improving the matrix-dominated properties by dispersing
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CNTs in the bulk of the matrix. High-energy sonication has been
widely used to “predisperse” CNTs in the resin prior to composite fab-
rication [14-19]. However, more recently, calendering has gained
popularity as a means to disperse CNTs due to its efficiency and scala-
bility, which makes it suitable for high volume, high rate production
[7,8,20-23]. Calendering utilizes adjacent cylindrical rollers rotating
at different velocities to generate high shear stresses, and is commer-
cially used for dispersing pigments in inks, paints, and cosmetics [8].
As for integrating resin/CNT mixture and fiber fabric, resin transfer
molding (RTM)/vacuum-assisted resin transfer molding (VARTM)
[20,23,24] and hand layup [14,15] are commonly used. Although
improvements in mechanical properties of multiscale composites
have been achieved with the addition of CNTs, the transferability of
improved matrix properties into continuous-fiber-reinforced com-
posites is a challenging task and limited by many factors [23].

An allied area of recent research development is modeling of
carbon nanotube composites and multiscale composites to predict
the mechanical properties. Currently, for carbon nanotube compos-
ites, Halpin-Tsai equations [25-29] and Mori-Tanaka method [29-
32] are widely used. Qian [27] considered the MWCNT/polystyrene
composite films as randomly oriented discontinuous fiber lamina
and calculated the tensile modulus of the composite using
Halpin-Tsai equations. In another study [28], modified Halpin-Tsai
equations were proposed to evaluate the tensile modulus and
strength of MWCNT/phenolic composites by adopting orientation
and exponential shape factors.

Several micromechanics models have been proposed to obtain
the mechanical properties of woven fiber-reinforced composites
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[33-37]. Woven fibers consist of repeating unit cells. Elastic
properties of repeating unit cells can be considered as the compos-
ite properties because repeating unit cells represent the architec-
ture of woven fiber composite [36]. For the strength of repeating
unit cells, including tensile and compressive strengths, several fail-
ure criteria can be used, such as the von Mises and Tsai-Wu failure
criteria [34]. The ultimate tensile strength can be predicted based
on the transverse tensile load and in-plane shear load [36].

This paper presents a study that combines processing, charac-
terization, and modeling of carbon fiber-reinforced epoxy compos-
ites and carbon nanotube-reinforced multiscale composites.
VARTM was employed as the composite manufacturing method,
and high energy sonication was used as the primary means to
achieve CNT dispersion in the matrix. Sonication conditions were
varied to investigate the effects of sonication parameters on the re-
sin infusion behavior and the resulting mechanical properties of
the composites. The matrix-fiber-nanotube interfaces, which gov-
ern the load transferability, were explored through scanning elec-
tron microscopy (SEM). In parallel, Halpin-Tsai equations and
woven fiber micromechanics were combined to develop a unified
model that predicts the upper bound of the tensile properties.
The experimental work lays the groundwork for a systematic study
that optimizes the sonication process for maximized composite
performance.

2. Experimental
2.1. Materials

The carbon nanotubes (CNTs) used in this study were XD-grade
characterized by the electrical conductivity suitable for electro-
static discharge application, manufactured by Unidym Inc. XD-
grade CNTs are a mixture of single-, double-, and triple-walled
nanotubes [38]. Raman spectroscopy was performed on the as-re-
ceived XD nanotubes using inVia Reflex developed by Renishaw.
The Raman spectra obtained using a 785-nm-wavelength laser is
shown in Fig. 1a. The spectra show the characteristic tangential
mode band (i.e., G band near 1590 cm™!) of single-walled nano-
tubes (SWCNTSs), indicating SWCNT dominance. However, a small
intensity disruption in the increasing slope of the G band peak, typ-
ical in SWCNTSs, is absent. The intensity of the disorder band (i.e., D
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band near 1300 cm™') is relatively high compared to SWCNTs,
indicating partially defective graphitic structure. The spectra are
quite different from typical MWCNTs or vapor grown carbon
nanofibers, which show noisy curves and D band intensities higher
than G band intensities [39]. In summary, as the XD CNTs are a
mixture of SWCNTs and MWCNTs, the Raman spectra show the
characteristics of both, resembling that of double-walled
nanotubes.

An atomic force microscope (AFM; MultiMode II by Veeco Dig-
ital Instruments Group) was used to quantify the diameters of the
nanotubes. First, a nanotube suspension was produced by dispers-
ing the nanotubes in distilled water with the aid of a surfactant.
Dispersion was achieved by sonication (Sonicator 3000 from
Misonix Corporation). Several drops of suspension were applied on
to a silicon substrate and were allowed to dry in open air, leaving
nanotube agglomerates. Fig 1b shows the images of nanotube-sur-
factant aggregates as seen under the AFM. The rope diameter ranges
from 10 to 30 nm in the localized areas represented by the images.

The four-harness satin weave IM7 carbon fiber obtained from
Hexcel was used as the preform. The matrix material consisted of
Epon 862 epoxy resin and EpiCure W curing agent manufactured
by Miller-Stephenson Chemical Co.

2.2. Fabrication process

First, precalculated amounts of CNTs and curing agent were
weighed and mixed together in a beaker, such that the weight frac-
tion of CNTs was 0.3% with respect to resin and curing agent. Tip
sonication was employed to disperse the CNTs in the curing agent
for 30 min. During the sonication process, the beaker containing
the mixture was submerged in an ice bath to prevent it from heat-
ing up. After sonication, the EpiCure W/CNT mixture was combined
with Epon 862 and the three-component mixture was sonicated
further. To investigate the effect of sonication duration for the
three-component mixture, two sonication conditions were applied
- 10 min and 3 h. The stoic mixture ratio of Epon 862 and EpiCure
W was 100:26.4, as suggested by the manufacturer. Upon comple-
tion of the sonication process, the mixture was degassed in a vac-
uum oven at room temperature for 30 min and was subsequently
preheated to 50 °C before infusing into fiber mold. The schematic
illustration of the vacuum-assisted resin transfer molding
(VARTM) setup is shown in Fig. 2. Four layers of carbon fiber fabric,
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Fig. 1. Characterization of as-received XD-grade CNTs: (a) Raman spectra under 785 nm laser wavelength and (b) AFM images (each image captures a 1 pm by 1 um area).
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Fig. 2. Schematic of VARTM setup.

each measuring approximately 305 mm by 305 mm, were stacked
in alternating warp-fill directions. Once the fiber preform was infil-
trated with Epon 862/EpiCure W/CNT mixture, it was allowed to
cure at 121 °C for 2 h and post-cure at 177 °C for 2 h. In this study,
three fiber-reinforced panels were fabricated — one control panel
with neat resin (Panel 1) and two panels with 0.3 wt% CNT dis-
persed resin sonicated for 10 min and 3 h, respectively (Panels 2
and 3).

2.3. Sample characterization

Tensile and flexural specimens were prepared and tests were
performed in accordance with ASTM D3039 and D790, respec-
tively. An MTS test machine (Model 858 table top system)
equipped with a 25 kN load cell was used. From each composite
panel, dog-bone-shaped tensile specimens (254 mm in overall
length, 12.7 mm wide in narrow section, and 1 mm in thickness)
and rectangular flexural specimens (50.8 mm in length, 12.7 mm
in width, and 1 mm in thickness) were cut using garnet-abrasive-
assisted water-jet cutting (OMAX 55100). Tensile tests were per-
formed at a crosshead speed of 2 mm/min until specimens failed,
and a laser extensometer was used to measure the strains in situ.
Flexural tests were performed under the displacement controlled,
three-point bending mode at a span length of 25.4 mm and a cross-
head speed of 1 mm/min until specimens failed. The morphology
of the fracture surfaces of the composite samples were observed
using the JEOL JSL-7401F scanning electron microscope (SEM) to
investigate the fiber-matrix interfaces and CNT dispersion in the
matrix.

3. Micromechanics modeling

To predict the material properties of multiscale composites,
Halpin-Tsai equations and woven fiber micromechanics were used
in hierarchy (Fig. 3). First, for mechanical properties of carbon

Fiber | | CNT | | Resin |

Halpin-Tsai

| CNT composite (2-phase) |

Woven fiber
micromechanics

:

Multiscalecomposite (3-phase) |

Fig. 3. Schematic of composite hierarchy for computation of mechanical properties
of multiscale composites.

nanotube composites, Halpin-Tsai equations were applied. The
carbon nanotube composite properties were then utilized to com-
pute the mechanical properties of multiscale composites using wo-
ven fiber micromechanics. In woven fiber micromechanics, the
mechanical properties of carbon nanotube composites were used
as the properties of the matrix.

3.1. Halpin-Tsai equations

One of the prerequisites for obtaining the mechanical properties
of a resin/fiber/CNT multiscale composite is to compute the mate-
rial properties of the resin/CNT composite. In this work, Halpin-
Tsai equations were used to predict the bulk properties of the car-
bon nanotube composite. The Halpin-Tsai equations are a set of
empirical relationships that enable the property of a composite
material to be expressed in terms of the properties of the matrix
and reinforcing phases together with their proportions and geom-
etry. The Halpin-Tsai equation that yields the tensile modulus of a
nanocomposite can be expressed as [7,26,40]

Ene — E 1 +2(1NT/dNT)17LVNT § 1+2n,Var E
N8 1—n,Var 8 1—npVar |

_ ((ENT/Eepoxy) - (dNT/4t))
t (ENT/Eepoxy) + (INT/Zt)

_ ((ENT/Eepoxy) - (dNT/4f)>
b (ENT/Eepoxy) + (dNT/Zt)

where E, Int, dnt, Vnr and t represent the tensile modulus, the length
and outer diameter of the nanotubes, nanotube volume fraction,
and thickness of graphite layer (0.34 nm), respectively. Since the
XD-grade nanotubes are a mixture of single- and multiwalled nano-
tubes, the parameters were calculated based on the assumed mixed
ratio on weight, 1:2 of SWCNTs and MWCNTSs. The volume fractions
of SWCNTs and MWCNTSs were calculated to be 0.089% and 0.178%
based on the CNT and epoxy densities of 1.35g/cc and 1.2 g/cc
[4,41,42], respectively. The estimated diameter, length, and modulus
of SWCNTs are 1.4 nm, 25 pm, and 640 GPa, respectively. The esti-
mated MWCNT diameter, length, and Young's modulus of 20 nm,
50 pm and 400 GPa were used in the calculation, respectively [2].

Eq. (1) yields the epoxy/CNT composite tensile modulus of
2.95 GPa at 0.3 wt% CNT loading, which translates to a 8.46% in-
crease from the neat epoxy modulus of 2.72 GPa [41,42]. In this
calculation, the carbon nanotube composites were regarded as iso-
tropic, as the CNTs were assumed to be uniformly distributed and
randomly oriented through the matrix. As the amount of CNTs was
small, the Poisson’s ratio of the carbon nanotube composite was as-
sumed to be the same as that of epoxy, 0.33 [41,42]. Based on the
isotropy assumption, the shear modulus can be calculated using
Eq. (2) which expresses the relation between tensile and shear
moduli [41,42].

Enc
Gne=5+— 2
N2+ ) @)
where Gy is shear modulus of carbon nanotube composite and v is
Poisson’s ratio. Table 1 shows the results of material properties of
neat epoxy and carbon nanotube composite. At 0.3 wt% CNT load-
ing, shear modulus increased by 8.82%.

Table 1
Material properties of neat epoxy and epoxy/0.3 wt% CNT composite.

CNT concentration Tensile modulus, Poisson’s Shear modulus,
E (GPa) ratio (v) G (GPa)

Neat resin (0 wt%) 2.72 0.33 1.02

CNT composite (0.3 wt%) 2.95 0.33 1.11
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3.2. Woven fiber micromechanics

Several micromechanics models have been proposed to predict
the mechanical properties of woven fiber composites [33-36].
Woven fibers consist of repeating unit cells. The material proper-
ties of repeating unit cells can be used as the composite properties
because repeating unit cells represent the architecture of woven fi-
ber composite. The goal of micromechanics of woven fiber compos-
ites in this study was to obtain the stiffness matrices of the
multiscale composite, as shown in Eq. (3), which are the relation-
ships between the in-plane stress and moment resultants and
the in-plane strains and curvature [33].

N,‘ . Aij(x7y) Bij(x’y) 8](') ii=1.2.6 3

{M,-}*{Bij(x,y) Dy(x,y)} i =120 e
h/2

Aiey) By Diey) = [ (1,221} de @

where the superscript I refers to either fill strand (F), warp strand
(W), or matrix (M). ij is evaluated for each constituent of the com-
posite unit cell. Therefore, the warp and fill strands, matrix, and the
fiber undulation in the warp and fill strands are taken into
consideration.

From the [A], [B] and [D] matrices in Eq. (3), the effective tensile
moduli, shear modulus, and Poisson'’s ratios of the woven compos-
ite can be obtained as [33]

x 2 x 2 *
Ao E, =Ay, _AA]—*Zv Vxy = —Alzv Gy =Ags (5
11 22

Be=fu3,

where [A"] = [A]/h, and h is the composite thickness.

As mentioned earlier, four-harness satin weaves were used in
this study. To simulate the strand configuration, the following form
of undulation along the x axis was assumed for the median fiber of
the fill strand

c Fill Strand

Hf(x)z{f%sin (%) f%f} 0<x<4a 6)
For the undulation of the median fiber of the warp strand, Eq.

(7) was used

Hu) = {5 sin () 'y} o<y <da @)

In Egs. (6) and (7), subscripts f and w denote fill and warp
strands, respectively, and h and a are strand thickness and width,
respectively. The equations were implemented in a simulation code
using MATLAB to generate the geometrical configurations of a four-
harness satin weave fabric, as shown in Fig. 4.

The volume fraction of a woven fiber-reinforced composite can
be expressed as [33]

4hgL
ahm

8)

where v is the fiber volume fraction in the strands, hy is the strand
thickness, and L, is the undulation length. In the experimental work
that was performed in this study, the fiber volume fraction of Panel
1, that is, the control epoxy/carbon fiber composite panel (see Sec-
tion 2.2), was measured to be z=0.51 from a simple weighing
method. Table 2 shows the geometric parameters of the repeating
unit cell of the epoxy/carbon fiber composite.

Ur = Vsys

Table 2
Geometrical parameters of the repeating unit cell of epoxy/IM7 four-harness satin
weave carbon fiber composite.

Geometrical parameter Value
Width of the fill and warp strand (mm) ay = ag=1.60
Maximum thickness of the fill and warp strand (mm) hw =hs=0.14
Thickness of the unit cell (mm) h=0.28
Fiber volume fraction in the strand Vps=0.8

b Warp Strand

Fig. 4. Geometrical configurations of IM7 carbon fiber fabric: (a) closed-up photograph of IM7 four-harness satin weave carbon fiber; (b) warp strands in the computer-
generated model; (c) fill strands in the computer generated model, and (d) fill and warp strand in the computer generated model.
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Table 3
Mechanical properties of epoxy/carbon fiber composite and epoxy/carbon fiber/CNT
multiscale composite strands with a carbon fiber volume fraction of 0.8.

Mechanical property Epoxy/carbon Epoxy/carbon fiber/
fiber composite ~ CNT composite

Longitudinal tensile modulus, E;; (GPa)  221.3 2214

Transverse tensile modulus, E;, (GPa) 13.08 14.15

In-plane shear modulus, G, (GPa) 4.94 5.34
In-plane Poisson’s ratio 0.226 0.226

The width and thickness parameters of the strands were mea-
sured using an optical microscope (Olympus BX40 and analySIS
imager). Eq. (8) yields the fiber volume fraction in the strand, vy,
of 0.8. Each strand was considered as a unidirectional fiber-rein-
forced composite and the mechanical properties of strands were
calculated by CADEC, a micromechanics software provided by
[42]. Table 3 shows the mechanical properties of the epoxy/carbon
fiber composite and epoxy/carbon fiber/CNT multiscale composite
strands. For multiscale composite strands, the mechanical proper-
ties of the carbon nanotube composites were used as matrix prop-
erties. The mechanical reinforcement of the epoxy matrix using
CNTs resulted in moderate improvements in transverse tensile
modulus and in-plane shear modulus, while longitudinal tensile
modulus was not affected. The increase in transverse tensile mod-
ulus with the inclusion of CNTs is attributed to the CNT reinforcing
effect in the transverse direction, which is matrix-dominated.
Nonetheless, it has negligible influence in the longitudinal direc-
tion, which is fiber-dominated. The in-plane shear modulus was
also enhanced by CNTs, as they reinforce the inter-filament epoxy
matrix in the composite strand against shear in the longitudinal
direction.

4. Experimental results and discussions
4.1. Composite panel fabrication

Sample panels 1, 2, and 3 were fabricated using VARTM, as de-
scribed in Section 2.2. A photograph capturing the infusion of the
Epon 862/EpiCure W/0.3 wt% CNT mixture through four layers of
carbon fiber preforms for Sample 2 is shown in Fig. 5. For all the
samples, a flow distribution medium was used to facilitate the re-
sin flow and to maintain an even flow front. The resin mixtures
used to infiltrate fiber fabrics for Samples 2 and 3 exhibited mark-
edly different viscosities upon sonication (10 min and 3 h of soni-
cation, respectively), resulting in significantly longer infusion
time for Sample 3. The times it took for the resin mixture to flow
from the inlet to the vacuum outlet and infiltrate the fiber pre-

Vacuum
outport

forms were approximately 40 min and 2 h, respectively. (The infu-
sion time for Sample 1 was approximately 20 min.) The increase in
the viscosity after prolonged (3 h) sonication may be due to prema-
ture gelling partially assisted by heating that has been generated
due to the intense sonication condition. The effects of infusion vis-
cosity on the mechanical properties are discussed in the following
section.

4.2. Effect of nanoreinforcement on mechanical properties

The in-plane tensile moduli and strengths obtained from
mechanical tests are shown in Fig. 6a and b, and Table 4. In
Fig. 6a, “Models 1 and 2” denote theoretical tensile moduli for
epoxy/carbon fiber (using woven fiber micromechanics) and
epoxy/carbon fiber/CNT composites (using a combination of
Halpin-Tsai equations and woven fiber micromechanics), respec-
tively. “Panel 1” denotes experimentally obtained tensile proper-
ties for epoxy/carbon fiber composites, and “Panels 2 and 3”
denote those for epoxy/carbon fiber/CNT composites processed
after 10 min and 3 h sonication, respectively. Each test involved
six test coupons, except the tensile test for Panel 1, for which four
coupons were tested. The results presented in Fig. 6 are mean
values with standard deviation bars. Models 1 and 2 are not shown
in Fig. 6b, as the theoretical models employed in this study do not
apply to tensile strength.

In the case of epoxy/carbon fiber composite, the theoretical ten-
sile modulus is larger than the measured value by 11.8%. The dis-
crepancy is due to the assumptions implicated in the Halpin-Tsai
equations and woven fiber micromechanics, namely, perfect fi-
ber-matrix bonding and zero inter-strand (or inter-tow) gap. The
carbon fiber-epoxy interface was investigated by observing the
morphology at the fracture surface using SEM. The SEM images
shown in Fig. 7 illustrate weak bonding at the fiber-matrix inter-
face. The arrows in Fig. 7b and d indicate the evidence of fiber-ma-
trix debonding and fiber pull-out.

The inter-strand gap also contributes to the reduction in the
measured tensile modulus of the composite. The carbon fiber fabric
used in this study is marked by loosely woven fiber structure as
can be observed in Fig. 4a. It is reported that a 4% gap size with re-
spect to the strand width can result in a 22% main stiffness reduc-
tion as compared to a no-gap fiber fabric [36]. Panels 1-3 show
similar tensile moduli and strengths, as these properties are dom-
inated by the fiber reinforcement rather than the matrix. More-
over, the low CNT loading of 0.3 wt% has a minimal influence on
the composite properties as confirmed by the theoretical tensile
moduli, which showed a mere 1.39% increase (from Model 1 to
Model 2) with the addition of CNTs. On the other hand, in Table
4, the improvement in the theoretical in-plane shear modulus is

Resin flow
direction

Resin
inlet

Fig. 5. Photograph taken during vacuum-assisted infusion of resin/curing agent/CNT mixture (Panel 2).
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Fig. 6. Effect of sonication time on mechanical properties of epoxy/carbon fiber/CNT multiscale composites (“Models 1 and 2” denote theoretical tensile moduli for epoxy/
carbon fiber and epoxy/carbon fiber/CNT composites, respectively. “Panel 1” denotes experimentally obtained properties for epoxy/carbon fiber composites, and “Panels 2
and 3” denote those for epoxy/carbon fiber/CNT composites processed after 10 min and 3 h sonication, respectively): (a) tensile modulus; (b) tensile strength; (c) flexural

modulus, and (d) flexural strength.

Table 4

Comparison of predicted and experimental values of mechanical properties of neat and CNT-modified carbon fiber-reinforced epoxy composites.

In-plane Tensile In-plane Tensile Flexural modulus Flexural strength In-plane Shear Poisson’s
modulus (GPa) Strength (MPa) (GPa) (MPa) modulus (GPa) ratio
Epoxy/CF composite Model 1 67.3 - - - 3.5483 0.0203
Panel 1 60.2+8.2 574.1+76.5 39.5+2.1 627.4+78.2 - -
Epoxy/CF/CNT multiscale  Model 2 68.3 - - - 3.8394 0.0217
composite Panel 2 59.4+12.3 532.1+91.6 441+1.6 740.6 +27.4 - -
Panel 3 59.9+8.9 562.7 +62.8 42.8+2.1 681.5+73.2 - -

much greater (8.20%), which is attributed to the fact that in-plane
shear is significantly affected by the matrix reinforcement.

On the contrary, Fig. 6¢c and d show moderate improvements in
the flexural modulus and strength with the inclusion of CNTs.
When compared with Panel 1, Panels 2 and 3 show 11.6% and
8.4% increase in flexural modulus, and 18.0% and 8.6% increase in
flexural strength, respectively. The enhancements are due to the
reinforcing effects of the nanotubes, as flexural properties are ma-
trix-dominated rather than fiber-dominated. A notable trend is
that Panel 2 exhibits greater improvements than Panel 3, indicat-
ing the sonication time for CNT dispersion in epoxy/curing agent
mixture may have an effect on the final flexural properties of the
multiscale composites. Fig. 8 shows the representative SEM images
obtained from the fracture surfaces of Panels 2 and 3. 10 min son-
ication resulted in poor dispersion, characterized by CNT aggre-
gates (Fig. 8a), while 3 h sonication yielded generally well
dispersed and distributed CNTs (Fig. 8b). The reduced mechanical
properties in Panel 3, when compared with Panel 2, infer that there
exists a more dominant factor than the degree of CNT dispersion
that governs the matrix-dominated mechanical properties. An-
other competing mechanism may be the degree of cure of the
epoxy resin at the time of infusion. As mentioned previously, the
epoxy/carbon fiber/CNT mixture after 3 h sonication has high vis-
cosity. The high viscosity of the mixture tends to prohibit complete
fiber wetting, as it is more difficult for the partially crosslinked
polymer molecules to conform to the fiber preform and infiltrate
the inter-strand and inter-filament spaces. In addition to sonica-

tion time, heat build-up generated during prolonged sonication
may have contributed to premature curing, and this possibility
warrants further investigation.

To take maximum advantage of the reinforcing effect of CNTs, it
is crucial to achieve strong nanotube-matrix interfacial bonding. In
particular, it is important to reinforce the interface between the fi-
ber and the matrix using CNTs so that the load can be transferred
between the two and at the same time the gap between the highly
mismatched properties of matrix and fiber can be bridged [21]. The
pulled out nanotubes in Fig. 8 indicate weak interfacial bonding
between epoxy and nanotubes. Although sonication is one of the
most widely employed methods to disperse CNTs in a resin, it still
lacks processing guidelines, which should be established through a
systematic experimental study accompanied by the understanding
of underlying physics. For infusion purposes, it is necessary to opti-
mize the sonication process such that balance can be maintained
between the degree of CNT dispersion, damages imposed on the
CNTs (particularly shortening of nanotubes under severe sonica-
tion conditions), and mixture viscosity due to premature curing.
The experimental study addressing this issue is currently being
performed by the authors.

5. Conclusions
In this study, epoxy/carbon fiber/CNT multiscale composite

panels were produced using sonication and VARTM. A small load-
ing of CNTs (0.3 wt% with respect to the resin/curing agent mix-
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Fig. 7. SEM images of carbon fiber-epoxy interfaces in Panel 1 (a, b) and Panel 2 (c, d): (a) longitudinal debonding (Panel 1); (b) fiber pull-out and debonding (Panel 1);
(c) longitudinal debonding (Panel 2), and (d) fiber pull-out and debonding (Panel 2).
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Fig. 8. SEM images of fracture surfaces of epoxy/carbon/fiber/CNT composites showing: (a) CNT aggregates in Panel 2; (b) well dispersed CNTs in Panel 3; and (c) the pulled
out CNTs in Panel 3.

ture) had little influence on the fiber-dominated tensile properties, ler material that can reinforce the matrix at a small loading.
while it enhanced the matrix-dominated flexural properties signif- However, SEM analysis revealed weak bonding at the matrix-fi-
icantly. It was demonstrated that CNTs can serve as an efficient fil- ber-nanotube interfaces, suggesting that load transferability has
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a room for improvement. Optimizing the sonication process will
help maximize CNT dispersion while minimizing damages
imposed on the CNT and preventing premature curing. However,
pretreating the fiber or chemically functionalizing the CNTs may
be necessary to enhance the interfacial strength.

Multiscale composite modeling was performed in parallel to
predict the tensile properties. The Halpin-Tsai equations and wo-
ven fiber micromechanics were combined to capture the geometri-
cal configuration of the woven structure and to integrate the
nanomodified matrix properties into the multiscale composite
properties. The developed model showed a tendency to overesti-
mate the properties and therefore may be utilized by the compos-
ite designers as a tool to obtain the upper bound. Efforts are
currently being made by the authors to modify the models by
relaxing the assumptions so that the properties can be predicted
more accurately.
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