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ABSTRACT: Mechanical property characterization including bending, tensile, and
fracture properties for a new functionalized nanofiber/epoxy composite were
conducted. Results show that there was only very little increase in mechanical
properties of nanocomposites although we used GCNF-ODA reactive linkers to
improve the interface. The interfacial stress level of nanocomposites should be much
higher than that of traditional composites because of high property mismatch
between the nanoscale reinforcement and the matrix. In order to design strong and
stiff nanocomposite materials, one should use aligned nanofibers with a relatively
large volume or weight fraction. Also, the length of the nanofiber should be long
enough and its diameter not very small in order to facilitate the interfacial load
transfer mechanism.
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INTRODUCTION

S
INCE CARBON NANOTUBES have extraordinary mechanical properties, they tend to
be used as reinforcements in polymers and other matrices to form so-called ‘‘nano-

composite materials’’ [1–3]. Nanocomposites are a novel class of composite materials
where one of the constituents has dimensions in the range between 1 and 100 nm [4].
Nanocomposite materials garner most of their material improvements from interactions at
the molecular scale, influencing physical and material parameters at scales inaccessible by
traditional filler materials. In Wagner et al. [5] it was reported that load transfer through
a shear stress mechanism was seen at the molecular level. It has been reported that
nanotubes increased the composite strength by as much as 25% [6]. However, multi-wall
nanotubes (MWNTs) are limited in their applications because of weak inter-shell
interactions [7]. Single wall nanotubes (SWNTs) on the other hand are quite expensive and
difficult to manufacture. Alternative reinforcement materials for nanocomposites include
graphitic carbon nano-fibers (GCNFs) and graphite nanoplatelets etc. [8]. GCNFs also
have excellent properties and can be used as reinforcements in various kinds of matrices.
They offer chemically facile sites that can be functionalized with additives thereby
resulting in a strong interfacial bond with the matrix. Generally, the three main
mechanisms of interfacial load transfer are micromechanical interlocking, chemical
bonding, and the weak van der Waals force between the matrix and the reinforcements [9].
In order to form a nanocomposites material with excellent mechanical properties, strong
chemical bonding between the reinforcement and the matrix is a necessary condition, but
might not be a sufficient condition. From the length-scale argument it is known that the
effective toughening may not be energetically favorable at the nano length-scale [10]. This
generally necessitates a filler size greater than 100 nm [11]. As illustrated in Figure 1, there
might be significant difference in mechanical behaviors between a continuous fiber-
reinforced composite (e.g., carbon fiber-reinforced composites, reinforced concrete) and
a nanofiber-reinforced composite, even if both have very strong interfacial bonding. It
has been proved that a continuous fiber-reinforced composite can effectively arrest the
propagation of a major crack (which determines the material strength and toughness),
while the short nanofiber/nanotubes might not have this kind of effect [12]. Here the
length of nanofibers/nanotubes plays an important role in the toughening mechanism of
nanocomposites as reported in some recent investigations [13,14].

~10-3 m

~100 m ~10-6 m

~10-9 m

Traditional composites  (Macroscale) Nanocomposite (Nanoscale)

Figure 1. Composites materials in terms of length-scales of reinforcements.
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In this investigation, we employed GCNFs as reinforcements in polymeric matrix
nanocomposites. Strong and stiff GCNFs (Young’s modulus (E)>600GPa) can be
prepared as crystalline graphite fibers having average diameters as small as 25 nm and
having atomic structures such that edge carbon atom surface sites are present along the
entire length of the carbon nanofiber. Chemical modification of these surface carbon sites
and subsequent reaction with bifunctional linker molecules provides surface-derivatized
GCNFs that can covalently bind to polymer resin molecules. By ensuring that a high
number of surface sites on each GCNF form covalent bonds to polymer resin molecules,
a carbon nanofiber/polymer interface of high covalent binding integrity can be achieved.
This fiber/polymer covalent binding is expected to delay interfacial debonding and should
enhance the mechanical properties of the resulting GCNF/polymer nanocomposite
material. So far, it is difficult to directly measure the improved interfacial bonding between
the matrix and the nanofiber. However, mechanical properties of the final nanocomposite
materials can be easily measured using various kinds of standard tests for engineering
materials. To achieve maximum utilization of the properties of nanofibers, uniform
dispersion and good wetting of the nanofibers within the matrix must be ensured [15–17].
It has been extensively reported that dry nanofibers often agglomerate, and thereby greatly
reduce their ability to bond with the matrix. All these local interfacial properties will affect
the macro-level material behavior [18,19]. For example, it was reported that there was as
much as a 10% decrease in flexural strength in nanotube/epoxy composite beams due to
weakly bonded interfaces [20].

In this investigation, chemical modification of nanofiber surfaces is used to augment
attractive interactions at the fiber/polymer interface. Various kinds of processing
conditions were explored to ensure that nanofibers were highly dispersed within the
epoxy matrix. Ultrasonic methods [21], including low-power sonication using an
ultrasonic cleaner and high-power sonication using a commercial sonifier, were
investigated as a means to disperse nanofibers. The dispersion quality of the
nanocomposite is assessed through various kinds of mechanical tests and Transmission
Electron Microscopy (TEM) analysis.

EXPERIMENTAL DETAILS

Material Synthesis and Processing

GCNFs having a herringbone atomic structure were prepared and surface derivatized
by covalently attaching 3,40-oxydianiline (ODA) linker molecules to surface carbon sites
at a number density of ca. 1 ODA group/300 total bulk C atoms. These GCNF-ODA
nanofibers contain a pendant primary amino functional group. Reaction of these
derivatized nanofibers with butyl glycidyl ether (an epoxy resin monomer) under ultra-
sonication gives reactive carbon nanofibers (r-GCNF-ODA) of small average length in
which the surface linker molecules have been chemically terminated with epoxy resin-like
functional groups. Herringbone-type carbon nanofibers were grown by the interaction
of a carbon source gas with mixed-metal powder growth catalyst, following a modified
literature procedure [22]. Detailed procedures on synthesis of herringbone GCNFs
and GCNF-ODA are described in [23]. As-prepared herringbone GCNF and surface-
derivatized GCNF-ODA nanofibers have dimensions of 50–200 nm in diameter and
5–10microns in length.
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The derivatized GCNF-ODA nanofibers were used as reinforcement additives to form
nanocomposite materials. Commercial bisphenol A type epoxy resins such as Epon� 826
and Epon� 828 from Miller-Stepheson Chemical Company Inc. were used as matrix
materials (100 parts in weight), and borontrifluoride-monoethylamine (BF3-MEA)
(Aldrich Chemical Company) was used as the curing agent, (2.75 parts in weight).
Blends of epoxy, curing agent, and nanofibers were mixed at a temperature of 90�C,
sonicated at controlled power levels and duration, filtered to remove any residual large
agglomerated particles, and cast into a standard mold. Air bubbles were eliminated by
placing the composite samples in a vacuum oven and then cured at 120�C for one hour and
then 170�C for two hours, followed by cooling at the natural cooling rate of the oven.
Two TEM micrographs of the r-GCNF-ODA nanofibers in epoxy are shown in Figure 2.

(a)

(b)

Agglomerates

Figure 2. (a) TEM image of r-GCNF-ODA nanofibers as dispersed in GCNF/epoxy nanocomposite and
(b) TEM image of agglomeration and curviness of nanofibers. Both images were from composites.
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In Figure 2(a), for a sonicated nanocomposite sample, uniform dispersion of nanofibers
inside the epoxy resin was observed. In Figure 2(b), severe agglomeration of nanofibers
was also observed when there was no sonication. In both figures, a certain degree of
curviness of the nanofibers can be seen. The influence of nanofiber curviness and
agglomeration on the composite mechanical properties will be investigated later. Dog-
bone and rectangular specimens of pure epoxy and of the final r-GCNF-ODA/epoxy
nanocomposite material are illustrated in Figure 3. For some of the bending specimens,
a small amount of diluent was added for good dispersion.

Instruments and Testing Methods

The nanofiber composites in this investigation contain randomly distributed nanofibers
so their macro-scale mechanical properties are effectively isotropic. Also, since the
nanofiber dimension and volume are quite small, the nanocomposites can be
approximated as homogenous materials. Hence, we mainly use test standards for

PP

W0 = 4 mm

64 mm

P

W = 12.5 mm

S = 60 mm

B = 5 mm

a

(a)

(b)

(c)

W = 12.5 mm

S = 60 mm

B = 5 mm
P

Figure 3. Experiment configurations for (a) three-point bend tests, (b) dog-bone tension tests, and (c) SENB
fracture toughness tests.
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polymeric materials to evaluate the mechanical properties of nanocomposite materials.
Because no strain rate dependence on the mechanical properties was seen in previous
nanocomposite materials [24], we mainly focus on the quasi-static mechanical properties.
As shown in Figure 3, three-point-bending tests, dog-bone tensile tests, and single edge
notch fracture tests were conducted to characterize mechanical properties of the
nanocomposites. Bending tests were conducted according to ASTM D790-00 ‘‘Standard
Test Methods for Flexural Properties of Un-reinforced and Reinforced Plastics and
Electrical Insulating Materials’’ on an MTS 810 testing machine. The loading rate was
1.0mm/min. The span between two supports in a three-point-bending fixture was 60mm
as shown in Figure 3(a). About 4–6 bending specimens in each group and 19 groups in all
were tested for different processing conditions and fiber contents. It should be noted that
the bending strain of each specimen was not measured by direct means. Instead it was
inferred from the crosshead displacement using classical beam theory. The flexural
modulus data were calculated up to a maximum strain of 3% since some specimens tended
to exhibit a non-linear behavior after this strain value. For dog-bone specimens (thickness
ranges from 3–5mm) as shown in Figure 3(b), tensile tests were conducted on an
INSTRON 5500 machine according to ASTM D638-01, ‘‘Standard Test Method for
Tensile Properties of Plastics,’’ (crosshead speed was 1.0mm/min). The tensile strain was
directly measured using an extensometer with a gauge length of 10.2mm. The fracture
toughness tests were carried out according to ASTM D5045, ‘‘Standard Test Methods for
Plane-Strain Fracture Toughness and Strain Energy Release Rate of Plastic Materials.’’
Six groups with differing processing conditions and fiber contents were tested on an MTS
810 machine. A 5-mm machined notch was further cut with a razor blade to get a sharp
crack with a crack tip radius of the order of tens of microns as shown in Figure 3(c).

RESULTS AND DISCUSSION

Bending Experiments

Nanocomposites with 0.07–10.0wt% nanofibers and the epoxy resin were prepared
for bending tests. The flexure failure of nanocomposite specimens was rather brittle
compared to pure epoxy specimens. This might be due to some agglomeration of the
nanofibers, since it cannot be guaranteed there is no agglomeration everywhere even
when using a sonication technique. All bending results are summarized in Table 1 and
illustrated in Figures 4–6. During bending experiments for some specimens, large central
deflection was recorded so we plotted the nominal bending stress and strain curves to
assess for the validity of the bending data. These nominal values are based on classical
beam theory assuming small deformation. It is very important to examine the nominal
bending stress and strain, especially since they are not directly measured during
experiments, and should exhibit linear relations. However, we find that when the
nominal bending strain exceeded 3.0–4.0%, nonlinear nominal bending stress and strain
relations were observed. In Table 1, we listed these nominal strain values to check
whether their relevant nominal bending strengths are valid or not. For example, for
group B44C samples, their nominal bending strains were as high as 5.1%. Although
we measured high nominal bending strengths for these samples, they were not valid
measurement data. We notice that for these specimens with higher nominal bending
strengths, their nominal bending strains were also quite high.
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We can see from Figure 4 that the maximum bending strength is from the group with
0.3% nanofiber content and diluent compared to pure epoxy samples (shadowed samples).
We also notice that for some nanocomposite specimens, there is a considerable decrease
in bending strengths. Overall, we cannot conclude that nanofibers increase the bending
strength of nanocomposites. There is a slight increase in bending moduli of various groups
of nanocomposites as seen from Figure 5 when no diluent was used. Obviously, addition
of diluent has a significant effect on the stiffness and strength of nanocomposites. It is
interesting to note that there is only a moderate increase in stiffness even when the fiber
content is increased to as much as 10 wt%. In order to investigate the influence of
nanofiber contents on the bending strength, a series of specimens with the same processing
condition but different nanofiber weight percents were synthesized and tested. Their
bending strengths are plotted as a function of the nanofiber content in Figure 6. We can
see that there is no clear trend in bending strength increase of nanocomposites with the
increasing amounts of fiber contents. The failure mechanism of these bending specimens is
discussed in the Section ‘‘Failure Feature and Design Consideration of Nanocomposites.’’

Table 1. Data summary of three-point bending tests.

Epoxy/
Composite
Group Code Description

No. of
Specimens

3 Point Bending Test Data

Failure
Strain %

Strength
(MPa)

E
(GPa)

B22C Epon� 828 resin, 0.3wt% fibers,
as derivatized

5 3.59 111.7�14.4 3.169

B23C Epon� 828 resin, 2.0wt% fibers,
as derivatized

4 2.24 72.4�12.6 3.196

B24C Epon� 828 resin, 0.3wt% fibers,
cut and reacted with diluents

4 3.04 96.9�20.6 3.145

B25C Epon� 828 resin, 2.0wt% fibers,
cut and reacted with diluents

5 2.40 74.4�4.1 3.154

B31E Epon� 826 resin 4 3.73 108.9�45.9 3.054
B32C Epon� 826 resin, 0.3wt% fibers 5 2.82 84.8þ23.2 3.076
B33C Epon� 826 resin, 2.0wt% fibers 4 2.24 68.4�4.5 3.116
B34C Epon� 826 resin, 5.0wt% fibers 5 3.62 107.89þ38.4 3.072
B35C Epon� 826 resin, 10.0wt% fibers 5 2.70 84.9�24.1 3.220
B36C Epon� 826 resin, 0.5wt% fibers,

cut and reacted with diluent, no drying
5 3.93 111.9�18.1 2.947

B44C Epon� 828 resin, 0.3wt% fibers blend
reacted with 3.6wt% diluent

4 5.1 139.6�4.05 3.070

B45C Epon� 828 resin, 2.6wt% fibers blend
reacted with 20wt% diluent

3 8.3 No Break 0.747

B46E Epon� 828 resin, 3.6wt% diluent 6 3.46 94.09� 10.79 2.829
B47E Epon� 828 resin, 20wt% diluent 5 7.46 106.85� 3.11 2.410
B48C Epon� 828 resin, 1.3wt% almost

dry fibers blend
6 4.18 123.82� 11.06 3.153

B49C Epon� 828 resin, 1.15wt% almost
dry fibers blend

6 2.56 80.13� 5.69 3.215

B51C Epon� 828 resin, 0.07wt% fibers blend
reacted with 3.6wt% diluent

6 2.23 69.24� 13.61 3.211

B52C Epon� 828 resin, 0.28wt% fibers blend
reacted with 3.6wt% diluent

6 4.69 125.3�12.25 3.099

B53C Epon� 828 resin, 1.48wt% fibers blend
reacted with 3.6wt% diluent

6 4.44 122.37� 13.69 3.083
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Tension Experiments

To investigate the effect of different sonication conditions such as power levels and
durations on the mechanical properties of GCNF nanocomposites, tensile specimens
of pure epoxy Epon� 828 (non-diluted) and a series of nanocomposite specimens with
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Figure 5. Summary of Young’s modulus data from bending tests.
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Figure 4. Summary of strength data from bending tests.
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0.3–2.0wt% nanofiber loading were prepared. Unlike bending specimens, tensile stress
and strain data were directly determined during the tensile tests. A typical tensile stress–
strain curve comparison for a pure epoxy specimen and a nanocomposite specimen is
shown in Figure 7. The nanofiber content for that nanocomposite specimen was 0.3wt%.
We can see that there is a slight increase in Young’s modulus and tensile strength with the
addition of GCNFs. Also, there is a small increase in tensile strength of the nanocomposite
specimen. However, the final failure strain of the nanocomposite specimen is lower than
that of the pure epoxy specimen. Similar experiments [25] showed that while there was
a slight increase in stiffness and strength of nanofiber/PEEK composites, there was a
continuous decrease of the failure strain with increasing concentrations of nanofibers.
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Figure 7. Tensile stress–strain curve comparison for a pure epoxy specimen and a nanocomposite specimen
(0.3wt% of nanofibers).
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All the tensile results are summarized in Table 2 and Figures 8 and 9 and the baseline
epoxy properties are highlighted. The nanocomposite specimens showed no increase in
ultimate tensile strengths for those specimens processed under sonication for 20-min
duration at 15watts and 50watts (high power). By reducing the duration of sonication
from 20 to 5min, nanofibers appear to be well dispersed without incurring apparent
damage to the epoxy matrix, and thus, the tensile strengths are slightly increased. These
results show that more vigorous sonication does not improve the mechanical properties of
nanocomposites and even leads to possible structural damage or degradation of the epoxy
matrix [23]. Indeed, our results show that the maximum strength of the nanocomposite is
obtained for the low-power sonication processing condition. This result is consistent with
those obtained from the bending tests of these materials. Figure 9 presents the Young’s
modulus comparison for various specimen groups with different processing conditions.
Unlike the stiffness in bending, there is a considerable variation of the stiffness in tension.
Overall, addition of nanofibers of 0.3–2.0wt% does not increase the stiffness of
nanocomposites.

Table 2. Data summary of tension tests.

Epoxy/
Composite
Group Code Description

No. of
Specimens

Tension Test Data

Failure
Strain

(mm/mm)
Strength
(MPa)

E
(GPa)

T2E Epon� 828 resin 2 2.05% 61.93� 9.46 3.092
T4C Epon� 828 resin, 0.3wt%

fibers (no linker)
6 1.96% 59.0� 39.23 3.124

T5C Epon� 828 resin, 0.3wt% fibers
(10% Amplitude sonication)

5 1.72% 49.45� 8.22 2.951

T6C Epon� 828 resin, 0.3wt% fibers
(no sonication)

5 1.83% 54.06� 10.61 3.066

T7C Epon� 828 resin, 0.3wt% fibers
(30% Amplitude sonication)

6 1.61% 45.69� 16.26 2.994

T8C Epon� 828 resin, 0.3wt% fibers
(50% Amplitude sonication)

5 2.41% 60.63� 7.07 2.972

T9C Epon� 828 resin, 0.3wt% fibers
(Low energy sonication)

4 2.8% 71.32� 17.95 2.982

T10C Epon� 828 resin, 0.3wt%
fibers* (EDM)

5 2.63% 53.67� 11.01 2.675

T11C Epon� 828 resin, 0.3wt%
fibers (EDM, Low Energy)

5 3.04% 56.69� 13.40 2.115

T12C Epon� 828 resin, 0.3wt%
fibers, cut first

4 3.42% 57.24� 8.06 2.180

T13C Epon� 828 resin, 0.3wt%
fibers (10% Amplitude sonication)

6 2.09% 56.94� 8.99 2.979

T14C Epon� 828 resin, 0.3wt%
fibers (30% Amplitude sonication)

6 2.06% 63.06� 10.27 3.949

T16C Epon� 828 resin, 0.3wt%
fibers (no sonication)

5 3.23% 59.64� 10.65 2.0876

T18C Epon� 828 resin, 0.3wt%
fibers, fiber cut, low sonication

4 2.66% 65.46� 12.77 3.0311

T19C Epon� 828 resin, 2.0wt%
fibers, fiber cut, low sonication

3 2.21% 57.37� 13.75 2.6293
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Fracture Experiments

Single Edge Notch Bending (SENB) tests were used to evaluate the mode-I fracture
toughness of nanocomposites. The ASTM standard recommends the following specimen
dimension check to ensure validity of the plane-strain fracture toughness for SENB tests:

B,a,ðW � aÞ > 2:5
KIC
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Figure 9. Young’s moduli in tension of the pure epoxy and nanocomposite specimens with different
processing conditions.
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Figure 8. Tensile strengths of the pure epoxy and nanocomposite specimens with different processing
conditions.
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where B is the specimen thickness, a is the initial crack length and W is the specimen width
as shown in Figure 3(c). For a fracture toughness KIC of 1.5 MPa (m)1/2 and a nominal
yield strength �Y of 50MPa for pure epoxy used in this investigation, we have a critical
dimension given by the above equation as 2.25mm. All the specimen dimensions in
Equation (1) exceed this value thus ensuring validity of Linear Elastic Fracture Mechanics.
From the ASTM standard D 5045 the value of KIC is given as follows:

KIC ¼
PQS

BW3=2

� �
f ðxÞ 0 < x ¼ a=W < 1

f ðxÞ ¼
3

2

ffiffiffi
x

p ½1:99� xð1� xÞð2:15� 3:93xþ 2:7x2Þ�

ð1þ 2xÞð1� xÞ3=2

ð2Þ

where PQ is the maximum load from the load-displacement plot, S is the support span,
f (x) accounts for the correction due to the specimen geometry. The fracture toughness
results are summarized in Table 3 for Epon� 828 and Epon� 826 systems including their
nanocomposites with different processing conditions. From Figure 10 it is seen that Epon�

828 nanocomposites with fiber loading of 0.3wt% show a small increase in fracture
toughness. The fracture toughness decreases in the nanocomposite with 2.0wt% fiber
loading is probably due to the increased agglomeration of nanofibers. A similar
phenomenon was reported by Bakis and Temple-Boyer [26], who observed poor
dispersion for higher concentrations of nanotubes. Generally, for various processing
and fiber loading conditions, the fracture toughness in nanocomposite materials did not
increase. In other similar fracture experiments of several different kinds of nanocomposite
materials, no significant increase in fracture toughness was reported [20,27–30]. For
example, inorganic SiO2 particulate fillers were used in polypropylene (PP) and PMMA
to study the mechanical behavior of nanocomposites [31]. It is reported that at the high
filler content, the nanocomposite toughness rapidly decreased due to agglomeration of
the nanoparticles. Walter and Sholapurmath investigated the fracture toughness and
mechanism in pure polystyrene and their nanocomposite materials, and concluded that the
toughness was governed by crazing [27]. Pure polystyrene materials showed large craze
zones and led to higher toughnesses while introduction of nanoscale reinforcements
appeared to interrupt crazing and resulted in less tough materials.

Effects of Nanofiber Waviness and Agglomeration on Composite Properties

From previous experimental results, we found that the Young’s moduli of
nanocomposites did not increase as expected after we added very stiff nanofibers or

Table 3. Summary of fracture toughness data from SENB tests.

Epoxy/Composite
Group Code Description

No. of
Specimens

Toughness Data

Avg. (MPa.m1/2)

F1E Epon� 828 resin 3 2.14�0.23
F16C Epon� 828 resin, 0.3wt% fibers, no sonication 2 2.35�0.31
F21C Epon� 828 resin, 2.0wt% fibers, Low sonication 4 1.38�0.64
F28E Epon� 826 resin 3 2.20�0.30
F29C Epon� 826 resin, 0.3wt% fibers, Low sonication 4 1.10�0.32
F30C Epon� 826 resin, 5.0wt% fibers, Low sonication 4 2.17�0.38
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nanotubes. This kind of phenomenon needs an in-depth explanation from both mechanics
and materials viewpoints. As seen in the TEM micrograph in Figure 2(b), there is some
fiber waviness and agglomeration inside nanocomposites. Similar situations were
extensively reported for all kinds of nanocomposites. These two factors definitely affect
the stiffness and strength of nanocomposites. Recent experimental investigations have
shown that increasing the aspect ratio did not improve the mechanical properties [32] since
nanotubes/nanofibers tend to curl up and form bundles more easily due to their low
bending stiffness and high aspect ratio [33,34]. As a result of agglomeration, some regions
of nanocomposites have greater concentrations of nanotubes/nanofibers. Obviously,
agglomeration has a significant effect on the strength and stiffness of nanocomposites.

A micromechanics-based model developed by Shi et al. predicted very high stiffness
properties for carbon nanotubes composites [35]. Their initial study was based on the
original Mori-Tanaka’s model, which is quite simple and accurate for low volume
fractions of reinforcements. However, comparison to experimental data showed a
substantial discrepancy between the theoretical values and experimental data. Therefore,
they attempted to model curviness and agglomeration of nanotubes and found that when
all nanotubes have agglomerated, there was no evident stiffening effect of the addition of
nanotubes. When partial agglomeration was considered, there was a rapid decrease in
composite elastic moduli. Fisher et al. also concluded that the waviness significantly
affected the composite stiffness using a multi-scale model [36].

Failure Feature and Design Consideration of Nanocomposites

In order to understand low strength and fracture toughness values of nanocomposite
materials, general toughening mechanics should be analyzed first. Usually, material failure
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Figure 10. Fracture toughness comparison of two pure epoxy systems and their nanocomposites.
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is governed by a main crack nucleating from defects inside the matrix or at the interface
between the matrix and the reinforcement. Moreover, the crack propagation or arrest
strongly depends on the degree of constraint offered by the reinforcement. This constraint
is directly related to the effect of load transfer from the matrix to the reinforcement.
Obviously, short fibers are not as effective as long continuous fibers in providing strong
constraint to arrest a crack. As illustrated in Figure 11(a), failure in these nanocomposites
tends to be matrix dominated especially for low volume or weight percents of
reinforcements. Compared to long fiber-reinforced composites in Figure 11(b), the main
crack will be constrained by these strong long fibers so the strength and toughness values
along the fiber direction in these composites are much large than the values of the pure
matrix. Actually, since applied load acting on the nanocomposite is mainly carried by
the matrix and only partial load is transferred into nanoscale reinforcements through
interfacial shear, it is not surprising that the strength and fracture toughness of
nanocomposite materials do not increase significantly. This situation is quite similar to
the transverse mechanical properties of long fiber composite materials. For long fiber
composite materials, transverse mechanical properties are very close to that of the matrix
since transverse mechanical properties are mainly governed by the matrix [37]. For most
of current nanocomposites, they exhibited matrix-dominated failure feature, e.g., matrix
cracking in composite materials [38]. Another special failure feature of nanocomposite
materials is the agglomeration of nanofibers acting as initial defects. This is perhaps
leading to a main crack initiation at those sites.

We also should pay great attention to the presence of stress singularity at the ends of
nanofibers/nanotubes inside a matrix. It is well known that a high stress singularity/
concentration occurs at the locations where discontinuity either in material or geometry
exists as shown in Figure 12 [39]. It was found that interfacial shear stress concentration
is quite high when the moduli ratio of the fiber and the matrix Ef=Em is high [40]. These
results based on previous traditional composites are still applicable to nanocomposites
materials although the Young’s moduli of nanofibers or nanotubes are much higher than
the Young’s moduli of any other traditional reinforcements. Therefore, the interfacial
shear stress singularity/concentration of the nanocomposite should be much severe than
that of traditional composites. In order to characterize the stress singularity/concentration
at the interface between the matrix and reinforcements, we mainly use two Dunders’

(a)

(b)

Figure 11. (a) Crack propagating process from a matrix in a short fiber composite, (b) crack propagating
process from the matrix in a continuous fiber composite.
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parameters (� and �) to characterize the Young’s modulus and bulk modulus mismatch of
the fiber and the matrix [39]. Since no one has measured the bulk modulus for nanotubes
or nanofibers so far, we only employ one Dunders’ parameter to analyze our nanofiber
composites under plane stress condition:

� ¼
Ef � Em

Ef þ Em
ð3Þ

We compare two composite systems with the same epoxy matrix (Young’s modulus
E¼ 2.6GPa) reinforced by E-glass fibers (E¼ 72GPa) and nanofibers (E¼ 600GPa).
Obviously, �nanofiber/epoxy¼ 0.99>�glass/epoxy¼ 0.93 and �, which can be calculated if we
know the bulk modulus or Poisson’s ratio of nanofiber/nanotubes, should be quite large
too for nanofiber/nanotubes composites. Since these two material constants are related to
property mismatch and interfacial stress, we can conclude that the interfacial stress level is
quite high in nanocomposite materials. Higher interfacial stress will be directly related to
the final failure strain of nanocomposites so it is probably the major reason contributing
to the low failure strains in nanocomposites over their matrices.

After we investigate these special features of nanocomposite materials, we can provide
some useful material design methodology for future nanocomposite developments. First,
we should estimate the upper tensile strength limit of a nanocomposite. According to
recent experimental investigations, the failure strain of nanocomposites is always less than
that of the pure matrix. In order to get an increased strength, one should increase the
stiffness of the nanocomposite. Here, we only employ the simple ‘‘rule of mixtures’’ to give
an example. The upper bound of the longitudinal modulus for a composite can be ex-
pressed in terms of stiffness and volume fractions Vf and Vm of the fiber and the matrix as:

EC ¼ Efvf þ Emvm ð4Þ

Therefore, we must increase the volume or weight percent of nanofibers to get higher
composite stiffness since more applied load will be carried by stiff nanofibers or other

Matrix

Shear stress concentration 

Fiber 

Figure 12. Illustration of the interfacial shear stress distribution for nanofiber composite materials.
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nanoscale reinforcements. Also, the stiffness of a nanocomposite should be higher if
the nanofibers/nanotubes are aligned [12]. There are a few studies on aligning nanofibers
and nanotubes [41,42] though their processes are not simple.

A simple shear-lag model [43] gives a more accurate expression for the stiffness for
aligned short fiber composites as

EC ¼ Ef 1�
tanhð�L=2Þ

�L=2

� �
vf þ Emvm ð5Þ

where �2 ¼
2�Gm

AfEf lnðD=dÞ
ð6Þ

where Gm is the shear modulus of the matrix, L is the length of the fiber, D is the outside
diameter of the Representative Volume Element (RVE) and d is the diameter of the short
fiber. This formula reduces to the rule of mixtures for large L. But we can see that the
longitudinal modulus of the short fiber composites (small L) is always less than that of
long fiber composites (large L). From this simple analysis, we introduce another important
design consideration on the minimum length of the nanoscale reinforcement in
nanocomposites. If all other properties and dimensions are the same, the length of the
nanofiber or nanotubes will determine the mechanical properties of nanocomposites [14].
It is very important that a fiber needs to be longer than a certain length known as load
transfer length. This is the smallest length for which the stress in the fiber reaches its
maximum value for a given composite stress. This critical length Lc is mainly determined
by the fiber tensile strength Sf, the fiber diameter d, and the interfacial shear strength �i
between the fiber and the matrix [43]

Lc ¼
dsf

2�i
ð7Þ

So for strong interfacial bonding between the fiber and the matrix, the critical length
should be smaller in order to prevent rupture of the fiber. The tensile strength of the
nanofiber is around 3.6GPa (strength of VGCFs; see [44]) and its diameter d ranges from
10–200 nm. Although the intrinsic interfacial shear strength is hard to measure and it is
also compounded with the free-edge stress singularity during fiber push-out or pull-out
tests [45], we can use its upper bound, i.e., the matrix shear strength to estimate the average
interfacial shear strength. If we take the shear strength of epoxy as 0.97GPa [46], then the
minimum nanofiber length should be between 19–370 nm according to Equation (7). In
this investigation, our nanofiber length is around 5–10 mm. In reality, the actual interfacial
shear strength is far below the matrix shear strength. For example, if we use the average
interfacial shear strength of 37MPa for the same epoxy Epon 828 but E-glass fiber
interface [46], the minimum nanofiber length should be 0.5–10 mm. From this simple
analysis, we can see that the product of the tensile strength of nanoscale reinforcement
and its diameter (or smallest dimension) is an important material design parameter. In
summary, in order to design strong nanocomposite materials, one must use aligned
nanofibers or nanotubes with a relatively large volume or weight fraction. Also, the length
of the nanofibers or nanotubes should be long enough and the diameter of nanofibers
or the nanotubes not very small since only the product of the diameter and the tensile
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strength is related to local load transfer (see Equation (7)). The advantage of small
diameters of nanofibers or the nanotubes is the increasing interfacial area with the matrix,
while its shortcoming is the high possibility to get initial interfacial defects which may
induce main cracks. So the diameter of nanotubes/nanofibers should not be too small
from a viewpoint of mechanics.

CONCLUSIONS

Systematic mechanical property characterizations including bending, tensile, and
fracture properties for a new functionalized nanofiber/epoxy composite were conducted.
Results show that there was only very little increase in mechanical properties of
nanocomposites although we used GCNF-ODA reactive linkers to improve the interface.
Strong interface is a necessary condition but not a sufficient condition to produce strong
and tough nanocomposites. Low-power ultrasonication is helpful in dispersing nanofibers
and improving mechanical properties while high-power sonication may damage the
molecular structures. The interfacial stress level of nanocomposites should be much higher
than that of traditional composites because of high property mismatch between the
nanoscale reinforcements and the matrix. Since higher interfacial stress is directly related
to the final failure of nanocomposites, it is probably the major reason contributing to the
low failure strains in nanocomposites over their matrices. In order to design strong and
stiff nanocomposite materials, one must use aligned nanofibers or nanotubes with a
relatively large volume or weight fraction. Also, the length of the nanofiber or nanotubes
should be quite long and the diameter of nanofibers or the nanotubes not very small. The
advantage of small diameters of nanofibers or the nanotubes is the increasing interfacial
area with the matrix while its shortcoming is the high possibility of getting initial
interfacial defects.
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