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ABSTRACT
Many researchers have studied the interfacial shear stress (ISS) in nanocomposites
through theoretical calculation, computational simulation or sophisticated nanomanipulation
experiment measurement. In this research, we attempt to directly calculate ISS values in actual
nanocomposites based on a modified Cox’s model using tensile test results of various
macroscopic carbon nanotube (CNT) nanocomposites. Young’s modulus, tensile strength and
strain of CNT ropes rather than individual CNT properties were applied into the model. The
effects of functionalization, CNT rope length, volume fraction and CNT type (SWNT, DWNT,
MWNT) on interfacial shear stress were studied.

It was found that the functionalization

increased the mechanical properties of both interfacial bonding and DWNT and MWNT rope
themselves; however, it decreased the mechanical properties of SWNT ropes. The major failure
mode of the CNT nanocomposites was identified to be CNT rope rupture. The calculation results
revealed that the ISS values in the nanocomposites are comparable with the ones reported in
literature.

Keywords: Interfacial shear stress, functionalization, carbon nanotube, nanocomposites,
epoxy
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CHAPTER 1
INTRODUCTION
1.1 Motivation

Carbon nanotubes (CNTs) possess excellent mechanical properties, such as high Young’s modulus
and tensile strength. Due to their high aspect ratios, CNTs have much larger surface area per unit
volume than that of the traditional reinforcement fibers. For example, CNTs of 30nm diameter have
about 150 times more surface area than fibers of 5 m diameter for the same volume [1]. This makes the
CNT composites have a much larger interface area than that of the traditional fiber-reinforced
composites with the same reinforcement volume fraction.
Interface in CNT nanocomposites is a very thin layer between the CNT surface and the matrix as
shown in Figure1.1 [2]. The polymer near interface, which called interphase, has different chemical and
physical properties from the bulk polymer due to interactions with CNTs. As shown in Figure1.2, the
interphase polymer of CNT composites takes a much greater volume percentage than that of carbon
fiber composites at the same fiber volume fraction due to CNT’s exceptional large surface [1]. So the
interfacial region should play an important role in the nanocomposites.

Figure1.1 SEM fracture surface of PC/MWNT
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Figure1.2 Fraction of polymer in the interphase region as a function of volume fraction of fiber and CNT
inclusions, where t is the interphase thickness and rf is the radius of the nanotube/fiber inclusions

A shear stress will be formed on the interface, which is called interfacial shear (ISS) stress due to
mismatch of reinforcement and matrix modulus when the composites are stretched. There are three
major mechanisms of interfacial shear stress. The first one is van der Waals force and electrostatic
interaction between the reinforcement and matrix. The second one is chemical bonding, which is an
effective way to increase interfacial shear stress. The third one is micromechanical inter-locking. This
may be difficult in CNT composites due to CNT’s smooth surface.
Exceptional mechanical properties of CNTs do not necessarily lead to high-performance of CNT
nanocomposites. Whether or not the high modulus and high strength of CNTs can be fully utilized
depends up on load transfer efficiency from matrix to CNTs. Interface is the media of load transfer and
thus critically influences both the mechanical properties and failure mode of the nanocomposites.
How does the load transfer work? Let’s make a comparison, in Figure1.3 (a) there are no CNTs in
the matrix, which means it is a neat resin case. The external force will completely impose on the matrix.
When the force reaches the matrix tensile strength (

m),

the material will be broken. However, in Figure

1.3 (b) if CNTs are introduced as reinforcement, most of the external force will be transferred to CNTs
from the matrix and the matrix just takes a little portion of the force. Then the material can sustain a
much higher load than the matrix alone, hence the strength of the composite is enhanced.
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(a) At the break point,

0= m

(b) At the break point,

0>> m

Figure1.3 Load transfer in composites

Interfacial shear stress has a great effect on load transfer ability and hence on composite
properties. As shown in Figure1.4 [2], in CNT composites as well as in SiC fiber composite, carbon
fiber composite and glass fiber composite, if interfacial shear stress is very weak, the composite elastic
modulus is almost the same with the matrix elastic modulus. However, with stronger interfacial shear
stress, the composite elastic modulus will be higher. Compared with the other three kinds of fiberreinforced composites, if the interfacial shear stress is 50MPa or less, there is no obvious difference for
the improvement of composite elastic modulus between fiber composites and CNT composites due to
limited load transfer capability in CNT nanocomposites. The CNT composites just present the
outstanding modulus with much higher or perfect interfacial shear stress.

3

Figure1.4 Variation of composite Young’s modulus with different fiber stiffness and interfacial strength

There are three possible failure modes in CNT composites, including matrix failure, CNT rupture
and interface failure. If the interfacial shear stress is not strong enough, it will cause interface failure. In
this case, neither the matrix strength nor CNT’s excellent strength get fully utilized.
In summary, interface property is important for developing high-performance CNT
nanocomposites. It is important to quantitatively analyze and to improve load transfer ability and avoid
interface failure in CNT nanocomposites.

1.2 Technical Challenges
There are several unique challenging issues and problems involved studying the interfacial shear
stress in CNT composites. This research will discuss five of them.
First, due to the very small dimension of CNTs and the difficulty in getting an individual nanotube,
it is difficult to directly measure interfacial shear stress by conventional experimental methods.
4

Second, in traditional fiber-reinforced composites, the calculations of interfacial shear stress are
already fairly developed; however, those calculations may not be valid for CNT composite due to the
hollow structure of CNTs and large aspect ratio.
Third, it is known that CNT functionalization could increase the composite modulus and strength.
However, the functionalization effect on interfacial shear stress is still not fully understood. Therefore
the adequate functionalization degree to achieve a perfect interface and avoid over functionalization,
which may damage nanotubes and decrease the intrinsic mechanical properties of nanotubes, is not
known.
Fourth, literature reports show much low mechanical performance in CNT nanocomposites,
compared with expected reinforcement effect. According to the modified Rule of Mixture (Equation1.1)
[3],

c

should increase significantly with introducing a little amount of CNTs, but the experimental

results show that the improvement is very limited. This is largely due to the interface load transfer
problem.

σ C = 1/ 5σ CNT *VCNT + σ m *(1 − VCNT )

(1.1)

Where σ C is the interfacial shear stress, σ CNT is the tensile strength of CNTs, VCNT is the volume
fraction of CNTs and σ m is the tensile strength of matrix in a randomly oriented CNT nanocomposites.
Fifth, there are many controversial ISS results of CNT nanocomposites in the literature reports.
Many researchers have concluded that interfacial shear stress of CNT composites even without chemical
bonding is strong enough, but some other researchers have suggested the interfacial shear stress is very
weak. There is a large variation range of interfacial shear stress values reported in literature as shown in
Figure1.5 [4-20]. The results are summarized in three major technical approaches: experimental
approach; molecular mechanics (MM) and molecular dynamics (MD) methods and continuum media
modeling methods. We will discuss in details of each approach in the later sections.
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Figure1.5 Summary of reported ISS values through different approaches
[4][5][6][7][8][9][10][11][12][13][14][15][16][17][9] [18][19][20]
From Figure1.5, we could see that most of the interfacial shear stress reported is greater than
50MPa, which is the shear strength in neat epoxy resin, but the results are scattering in a large range.
There is no validation effort to conform these results.

1.3 Research Objective
In this research, the interfacial shear stress of CNT nanocomposites for both pristine CNT (P-CNT)
and functionalized CNT (F-CNT) are studied. The results will be used to guide the design of strong
interface and development of high-performance CNT composites to efficiently utilize CNT exceptional
mechanical properties. The major objectives include:
•

Indentify and use a model to calculate the interfacial shear stress (ISS) of pristine and
functionalized CNT nanocomposites with different types of CNTs ( SWNT, MWNT, DWNT);

•

Determine whether the interfacial strength of CNT nanocomposites is adequate or not based on
the properties of CNT nanocomposites and failure mode observations;
6

•

Reveal the effect of CNT types, CNT length, CNT volume fraction and functionalization on ISS
values;

•

Reveal the relationship between the ISS value and the mechanical properties of the resultant
CNT nanocomposites;

•

Explore the failure modes of CNT nanocomposites.
The research will advance the understanding and knowledge of interfacial bonding and load

transfer to guide design of adequate interfacial bonding and load transfer in CNT composites.
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CHAPTER 2
LITERATURE REVIEW
2.1 Experimental Methods of Evaluating ISS for Fiber-Reinforced Composites
The experimental measurements of ISS for traditional fiber-reinforced composites such as push-out
test, pull-out test, microbond test and fragmentation test are already fairly well developed.
In a push-out test [21], as shown in Figure2.1, an indenter is used to push on the fiber end to push it
out from the matrix. During the test, the applied load and the indenter tip displacement are continuously
monitored, which provides a force-displacement curve as shown in Figure2.2. By measuring the
maximum applied force Fmax , the embedded fiber length Lemb and the fiber diameter D , the interfacial
shear stress τ can be calculated from:

τ=

Fmax
π DLemb

(2.1)

Figure2.1 (a) Schematic representation of SEM fiber push-out setup
(b) SEM image of push-out test on E-glass/epoxy composites

8

Figure2.2 Applied loads as a function of tip displacement for E-glass/epoxy composites in a push-out
test

In a pull-out test, as shown in Figure2.3, the pull-out is performed at a constant speed using a
controlled load cell [22]. A computer controlled plotter is used to record the pull-out load against
displacement. The calculation is the same as Equation2.1.

Figure2.3 Schematic diagram of single fiber pull-out test specimen
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In a microbond test, as shown in Figure2.4, a cylinder matrix is placed directly on the fiber and is
held by the knife edges from the top side of the fiber during the test [23]. The calculation is still the
same as in push-out test Equation2.1.

Figure2.4 Schematic view of the microbond test

In a fragmentation test [24], a composite specimen which just includes a single fiber filament is
subjected to axial tensile load. After tension, the fiber will be broken into several fragments; the
fragment length is the critical length, which can be measured by optical microscope or TEM as shown in
Figure2.5. Then the interfacial shear stress can be calculated from:

τ=

σfd

(2.2)

2lc

Where τ is the interfacial shear stress, σ f is the tensile strength of fiber, d is the diameter of fiber
and lc is the critical length of fiber.
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Figure2.5 Fiber fragmentation test (a) Typical optical photomicrograph showing the birefringence
pattern around fiber fracture (b) The associated photomicrograph under transmitted light showing
multiple break points

Table2.1 shows the interfacial shear stress for different epoxy composite systems [25]. The
materials and specific stress determined are noted. It can be seen that all of the interfacial shear stress is
less than 75MPa, which is about the tensile strength of epoxy resin. With such ISS performance, fiberreinforced composites can reach good mechanical properties; hence the interfacial shear stress is
adequate.

11

Table2.1 Experimental ISS values for fiber-reinforced composites (in MPa)

However, the above methods are difficult to directly apply in CNT composites due to CNT’s
nanoscale dimensions, many entanglements and interaction among CNTs.

2.2 Experimental Methods for ISS Study of CNT Nanocomposites
Experimental studies both qualitatively and quantitatively have been conducted and provided some
insights into the interfacial bonding properties of CNT nanocomposites. Most experimental results
suggest that the interfacial shear stress of CNT nanocomposites is strong, while some other research
implies the interfacial shear stress is weak. What’s the benchmark of an adequate interfacial shear stress
in CNT nanocomposites? Phenomenally, if there is some resin still on the surface of a CNT when it is
pull out from matrix or the CNT is ruptured, the interfacial shear stress is strong. On the other hand, if
the pull-out CNTs have a clean surface and there are maybe lots of pull-out holes left in the resin matrix,
12
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Figure2.9 TEM of CNT/epoxy

Figure2.8 TEM of a MWNT protruding

interface

from the polymer matrix

Figure2.10 TEM images of the pull-outs of functionalized MWNTs

Strong interfaces are also indicated as the appearance of CNT ruptures. Lourie and Wagner first
showed MWNT fragmentation in epoxy matrix as in Figure2.11, implying that force was transmitted to
the CNTs from the surrounding matrix [29]. In another paper, these authors provided evidence of
significant polymer-nanotube wetting and interfacial adhesion as shown in Figure2.12; fracture of
SWNT rope occurred in tension within the whole polymer region rather than in shear within the gripping
polymer region at the ends of the bundles [30]. This group also observed rupture of a MWNT with the
intact walled-polymer interface in Figure2.13 [4]. Z. Jia et al. demonstrated there is a strong interface
between the CNTs and the PMMA matrix, because there are no naked CNTs on the fracture surfaces of
the composite samples as shown in Figure 2.14 [31].
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Figure2.12 TEM image of MWNT
fragmentation in polymer film

Figure2.11 TEM image of real-time
rupture of SWNT rope

Figure2.13 TEM telescopic rupture of a
MWNT film in polymer film

Figure2.14 SEM fracture surface
of CNT/PMMA composite

2.2.2 Weak Interface Evidences
Weak interface evidences were also reported by several groups. CNTs were pull out from the matrix
with very clean nanotube surface; there are lots of voids left in the resin matrix, suggesting the load
transfer from matrix to CNTs is very low. This phenomenon was observed by F.H. Gojny et al. [28] and
this study as shown in Figures2.15, 2.16 respectively.
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Figure2.15 TEM MWNT image of
pull-out from an epoxy matrix

Figure2.16 SEM image of MWNT
pull-out from an epoxy matrix

2.2.3 Experimental Measurements of Interfacial shear stress in CNT Nanocomposites
Until now, all experimental methods of the nanotube-polymer interfacial shear stress are indirect
measurements due to the nanoscale dimension and dispersion problems. Barber et. al. [5] used AFM to
conduct a nanopull-out experiment as shown in Figure2.17. The plotted Fmax is against Aemb as shown in
Figure2.18, so the interfacial shear stress can be directly calculated as
Fmax = τ Aemb

(2.3)

Where Fmax is the maximum pullout force, τ is the interfacial shear stress and Aemb is the CNT
embedded surface area.
They calculated an average ISS value from the slope of the liner fitted in Figure2.17, which is about
47 MPa. This interfacial shear stress is about ten times greater than the tensile strength of the matrix.
This is a direct measurement of CNT ISS values.
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Figure2.15 Plot of pullout force
against pullout area of MWNT
from polyethylene-butene resin

Figure2.17 A single MWNTAFM tip before and after pull
out

Using a modified Kelly-Tyson model as shown in Equation2.4, Wagner et al. estimated the
interfacial shear stress is of the order of 500MPa and up, thus, an order of magnitude higher than the
interfacial shear stress of current fiber reinforcement advanced composites [4].

τ NT

2
⎛ σ NT ( lc ) ⎞ ⎛ d NT
⎞
= ⎜⎜
⎟⎟ ⎜1 − 2 ⎟
⎝ 2 ( lc / DNT ) ⎠ ⎝ DNT ⎠

(2.4)

Where σ NT is CNT tensile strength, lc is the critical length of CNTs, d NT is the inner diameter of
CNTs and DNT is the outer diameter of CNTs.

More recently Copper et al. showed that interfacial shear stress between MWNT and epoxy
matrix ranged from 35-376 MPa as shown in Table2.2, from the pullout experiments using scanning
probe microscope tips [7]. The same tests were also run on SWNT/epoxy composite and found that only
one SWNT rope could be pulled out, which interfacial shear stress is about 366 MPa, however, the rest 6
ropes underwent fracture.
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Table2.2 Experimental data for nanotube pull-out experiment

2.3 Computational Simulation Method of ISS Study for CNT Nanocomposites

Due to difficulties in experiments to study the CNT nanocomposites interface, molecular mechanics
(MM) and molecular dynamics (MD) simulations have become increasingly popular in the
investigations of reinforcement mechanisms and interfacial bonding in CNT nanocomposites.
These computational simulations are energy-based methods. The mechanism of this method is to
simulate the pull out process and calculate the pull out energy, then calculate the interfacial shear stress
by Equation2.5.

L

E pull −out = ∫ 2π a(l − x)τ i dx = π aτ i L2
0

(2.5)

Where E pull − out is the total pul- out energy, a is the radius of CNTs, τ i is the interfacial shear stress
and L is the embedded length of CNTs.
A typical pull out configuration is shown in Figure2.19 and Figure2.20 shows the typical energy
curve which can be offered by commercial MM and MD simulation software [11] [15]. The total pullout energy (Epull-out) is the energy difference between the fully embedded nanotube and the complete
pull-out configuration.
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Figure2.16 Snapshots from the MD simulation of the pullout of a SWNT

Figure2.17 Typical curve of pull-out energy against nanotube displacement

Several research has studied the influential factors of interfacial shear stress such as matrix type,
matrix density and functionalization degree.
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2.3.1 Effect of Different Types of Matrices
Simulation results of interfacial shear stress between non-bonded CNTs and different matrices are
summarized in Table2.3 [9, 10, 14, 15, 17 and 32]. It can be seen that large variations existing due to
difference model setup.

Table2.3 Simulation data of interfacial shear stress
Composite System

ISS (MPa)

Comments

Reference

SWNT/SU-8 epoxy

138

Strong

[9]

CNT/PS

160

Strong

[10]

SWNT/PS

186

Strong

[14]

SWNT/epoxy

138

Strong

SWNT/PE

133

Strong

[32]

SWNT/Epon862

44.4

SWNT/PS

43.1

N/A

[17]

SWNT/PE(Crystalline)

48.9

SWNT/PE(Amorphous)

42.3

SWNT/Epon862

75

N/A

[15]

2.3.2 Effect of Matrix Density
The matrix density effect on interfacial shear stress is reported by Chowdhury and Okabe [13].
ISS will increase with the matrix density increase as shown in Figure2.21.This is because more
molecules of matrix surround the CNT surface, so the interaction between CNTs and matrix will
increase.
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Figure2.18 Variation in the interfacial shear stress with polymer matrix density

2.3.3 Effect of CNT Functionalization Degree
Functionalization has a significant effect on the interfacial shear stress. Frankland et al. studied the
influence of chemical cross-links on the interfacial shear stress of CNT/PE composites [33]. The bonded
system with 6 cross-linking chain is illustrated as in Figure2.22.

Figure2.19 Illustration of the cross-linked systems; Left: crystalline matrix. Right: amorphous matrix
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From the simulation results as shown in Table2.4, they concluded that the functionalization with a
relatively low density (<1%) could make the interfacial shear stress increase by over an order of
magnitude compared with the non-bonded interface.
Table2.4 Calculated Values for τ c in Non-Bonded and Cross-Linked Systems

Q. Zheng et al. demonstrated that the non-bonded interfacial shear stress of CNT nanocomposites
can be improved by about 1000% with introduction of a relatively low density of chemical crosslink
[11]. They also found the critical functionalization degree, which is about 5% for both SWNT-PMMA
system and SWNT-PE system, as shown in Figure2.23 and 2.24 respectively.

Figure2.20 Influence of chemical functionalization on the interface for SWNT-PMMA
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Figure2.21 Influence of chemical functionalization on the interface for SWNT-PE

2.3.4 Effect of CNT Functionalization Position
The position of functionalization on CNTs could also affect the interfacial shear stress according
to Chowdhury et al. [13]. In Figure2.25, the ISS in the lower region is 2.30GPa and is 1.95GPa in the
upper region because the upper region cross-links have a longer traveling distance on the CNTs; so the
interface will transfer energy up to a longer pull out displacement. According to the Equation2.5, the
interfacial shear stress of the upper region should be smaller than that of the lower region.
W = π rCNTτ i L2

(2.5)

Where W is the total work done in pulling the CNTs from the matrix; rCNT is the radius of the

τ
CNTs; L is the length from the cross-links to the embedded end of CNTs and i is the interfacial shear
stress.
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Figure2.22 Schematic of cross-links positions in the interface

2.3.5 Effect of the CNT Ends
Oliver studied the effect of CNT end functionalization (see results listed in Table2.5 [17]) and
found that the end effects (capped or uncapped) on interfacial shear stress are only moderate. Even with
end functionalization the interfacial shear stress just increased slightly; however, tube filling is a more
effective way to improve the interfacial shear stress.

Table2.5 Energy differences and stress values deducted from MD simulation

2.4 Continuum Media Method for ISS Study of CNT Nanocomposites

A number of continuum media models have been developed in the literature during last several
years. Compared with the MD simulation method, the continuum media method is computationally
efficient and desirable for parametric study of CNT interfacial properties. The following models are
developed by modifying the models applied on traditional fiber-reinforced composites or nanoclay
composites.
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2.4.1 Modified Kelly-Tyson Model
A modified classic Kelly-Tyson model for a hollow structure was employed to study SWNT
nanocomposites by Wagner [19]. According to Figure2.26, a force balance expression can be deduced as
Equation2.6.

Figure2.23 Stresses acting on a differential element of a hollow tube

2
2
⎛ π DNT
⎞
− π d NT
τ NT (π DNT )dx = (σ NT + dσ NT ) ⎜
⎟
4
⎝
⎠
2
2
⎛ π DNT − π d NT ⎞
−σ NT ⎜
⎟
4
⎝
⎠

(2.6)

Where τ NT is the interfacial shear stress; DNT is the outer diameter of CNTs; σ NT is the tensile stress
of CNTs and d NT is the inner diameter of CNTs.
Integration of this equation provides a calculation of interfacial shear stress as follows:

τ NT

⎡ ⎛ l ⎞−1 ⎛ d 2
= σ NT (lc ) ⎢0.5 ⎜ c ⎟ ⎜1 − NT
2
⎢⎣ ⎝ DNT ⎠ ⎝ DNT

⎞⎤
⎟⎥
⎠ ⎥⎦

(2.7)

Where σ NT (lc ) is the tensile stress on CNTs at the middle of critical length, lc is the critical length of
a CNT.
After tension, a single SWNT will break into several fragmentations. Shorter fragmentations
(critical length) suggest greater interfacial shear stress. The diameter effect on interfacial shear stress is
not so significant especially when the diameter is larger than 3 nm. This conclusion was elucidated by
Figure2.27.
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Figure2.24 Effect of the nanotube external diameter on the tube-polymer interface

This model predicts that the interface is stronger than the matrix to sustain shear, which means the
interface is strong in SWNT nanocomposites.
There are two drawbacks in using this model for the calculation of interfacial shear stress. One is
that it doesn’t involve any properties of matrix, which implies the interfacial shear stress should be the
same for different type of matrix with a given size of CNTs. This is probably not true. The other
drawback is that it is difficult to accurately measure the critical length due to the small size of CNTs, so
the results may have large variations.
2.4.2 Fiber Pull-out Model
An analytical CNT pull-out model is shown in Figure2.28 [18]. A pull-out force is generated by a
crack opening, which propagates perpendicularly to the longitudinal axial of the nanotubes.
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Figure2.25 (a) Schematic diagram of the nanotube/polymer composites
(b) Simple fiber pull-out model

After a complex derivation, the final equations of nanotube stress distribution and interfacial shear
stress distribution along the tube axis can be given as follows:

z
σ NT
( z ) = ω1 sinh(λ z ) + ω2 cosh(λ z ) −

τ ( z) =

A2
σ pullout
A1

− RNT λ
[ω1 cosh(λ z ) + ω2 sinh(λ z )]
2

(2.8)
(2.9)

z
( z ) is the tensile stress of CNTs along the longitudinal direction of the CNTs; τ ( z ) is
Where σ NT

the interfacial shear stress along the longitudinal direction of the CNTs; σ pullout is the pullout stress; RNT
is the radius of CNTs and the parameters of ω1 , ω2 , , A1 , A2 are calculated by the following equations
respectively:
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A1 =

α (1 − 2kυ NT ) + γ (1 − 2kυ m )

(2.10)

U 2 − 2kU1

A2 =

−γ (1 − 2kυm )
U 2 − 2kU1

(2.11)

⎧
⎫
⎛ b ⎞⎡
⎛ b2
⎞⎤
2
2
ln
1
1
η
γ
b
+
+
⎜
⎟⎢
⎜ 2
⎟⎥
γ ⎪⎪ 1
⎪⎪
U1 = ⎨
⎝ RNT ⎠ ⎣
⎝ RNT
⎠⎦
⎬
8⎪
2
2
2
2
2 ⎪
⎪⎩−2η2 ( b + RNT ) + 4b − 2η1 (b − RNT ⎪⎭

(2.12)

⎧
⎫
⎛ b ⎞
2
η
γ
2
ln
(1
)
+
b
⎪
⎪⎪
⎜
⎟
υ γ⎪ 1
U2 = m ⎨
⎝ RNT ⎠
⎬
4 ⎪
2
2
2
2
2 ⎪
⎪⎩−η2 ( b + RNT ) + 2b − η1 (b − RNT ⎪⎭

(2.13)

2
RNT
γ= 2
2
b − RNT

k=

(2.14)

αυ NT + γυm
α (1 − υ NT ) + 1 + 2γ + υm

α=

E NT
EM

η1 =

η2 =

(2.15)

(2.16)

2 (1 + υ m

υm
1 + 2υm

υm

λ = A1

)

(2.17)

(2.18)

(2.19)

A2 ⎛
A ⎞
− ⎜ 1 + 2 ⎟ c o s h (λ L )
A
A1 ⎠
ω1 = 1 ⎝
σ
s in h ( λ L )
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(2.20)
p u llo u t

⎛

ω2 = ⎜ 1 +
⎝

A2 ⎞
⎟ σ pullout
A1 ⎠

(2.21)

Where b is the radius of composite; υm is the Poisson’s ration of matrix; υ NT is the Poisson’s ratio
of the CNTs; Em is the Young’s modulus of the matrix; ENT is the Young’s modulus of the CNTs and L
is the length of the CNTs.
The distribution of interfacial shear stress was plotted in Figure2.29. The interfacial shear stress can
reach as high as 200 MPa for SWNT composites, which indicates a strong interface. However, for
MWNT composites, the interfacial shear stress decreases dramatically due to the lower modulus of
MWNT compared with the SWNT case.

Figure2.26 Plot of the interfacial shear stress against the embedding length of a CNT

Compared with the above model, this model has some advantages as it contains most of the
important properties of both matrix and CNTs, such as Em , ENT , vm , vNT , b . However, there are still two
disadvantages. First, it regards the CNT as a solid structure like the traditional fiber. Secondly, that
condition directly applying force on the CNT while holding the matrix does not satisfy the actual
situation which applies force on the matrix.
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2.4.3 Modified Shear-lag Model
The modified shear-lag model is shown in Figure2.30 [34]. The CNT ends are no longer treated as
traction-free fiber breaks as in other models because the CNT and the matrix layer are not equally long.

Figure2.27 Representative Volume Element (RVE) of the nanocomposites

In the virtual region, each of the two pure matrix cylinders at the ends of the RVE may still be
viewed as a composite cylinder reinforced by a virtual fiber that has the same diameter as that of the
effective fiber and the same properties as the matrix material.
As a result, the axial distributions of CNTs stress and interfacial shear stress were derived as
follows:
⎧
⎫
⎡
⎤
2
2
⎪
⎢
⎥
R
R
cosh(α z ) ⎪⎪
⎪
σ zzf = ⎨
+ ⎢1 −
⎥
⎬ σ (2.22)
m
m
⎪ a 2 + E ( R 2 − a 2 ) ⎢ a 2 + E ( R 2 − a 2 ) ⎥ cosh(α Lt ) ⎪
⎢⎣
⎥⎦
Ef
Ef
⎩⎪
⎭⎪
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Em
( R − a )(1 − f )
aα sinh(α z )
E σ
τi =
2 cosh(α Lt ) 2 E m 2
a + f (R − a2 )
E
2

2

(2.23)

Where,

α2 =

a2 +

Em 2
(R − a2 )
Ef

1 R −a
1 + υ m a 2 R 4 ln R − 1 ( R 2 − a 2 )(3R 2 − a 2 )
a 4
2

2

(2.24)

Where σ zzf is the stress on CNTs; R is the radium of the composite cylinder; a is the radius of
CNTs; z is the distance from the middle of CNTs; E m is the Young’s modulus of matrix; E f is the
Young’s modulus of CNTs; υ m is the Poisson’s ratio of matrix and Lt is the CNT length.
As mentioned above, this model pays attention to the end-traction effect which is important;
however, it still considers the CNT as a solid fiber.

2.4.4 Modified Nanoclay Stress Transfer Model
The stress transfer model developed for platelet nanoclay reinforced composites was extended to
CNT reinforced composites by Haque and Ramasetty [35]. In this model as shown in Figure2.31, the
CNT was assumed to be equally long with the matrix, suggesting without end bonding. The effect of end
cap is also neglected due to high aspect ratio of CNTs.
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Figure2.28 (a) SWNT uniformly distributed in composite
(b) Representative Volume Element (RVE) without end bonding
The final equations to calculate the ISS value were given as:

σn =

(b + Ro − Ri ) Enσ o
( Ro − Ri ) En + bEm

eα y + e −α y
+ α L −α L
e +e

( R − R )α
τi = o i
2

⎡
(b + Ro − Ri ) En ⎤
⎢1 −
⎥σo
⎣ ( Ro − Ri ) En + bEm ⎦

⎡ b( Em − En ) ⎤ eα y + e−α y
⎢
⎥ α L −α L σ o
⎣ ( Ro − Ri ) En + bEm ⎦ e + e

(2.25)

(2.26)

Where,
1 ⎧ 6 [ ( Ro − Ri ) En + bEm ] Gm ⎫
α= ⎨
⎬
( Ro − Ri ) Em ⋅ Em
b⎩
⎭

1

2

(2.27)

Where σ n is the CNT tensile stress; b is the thickness of matrix; R0 is the outer diameter of CNTs;
Ri is the inner diameter of CNTs; En is the Young’s modulus of CNTs; Em is the Young’s modulus of
matrix; σ 0 is the applied force; y is the distance from the middle of CNTs; L is the CNT length; τ i is the
interfacial shear stress and Gm is the shear modulus of matrix.
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Figure 2.32 shows a comparison of the modified nanoclay stress transfer model with some other
models. This model demonstrates reasonable agreement with the finite element analysis. But there is
some discrepancy compared with Cox’s model because the analytical model is a 2D-based model while
Cox’s model is a 3D-based model. Such discrepancy was also reported by other research.

Figure2.29 Comparison of various models

2.4.5 Modified Cox’s Model

Cox’s model is set for a solid fiber, assuming a perfect interfacial bonding, and can be extended to a
hollow SWNT shown in Figure2.33 [20]. This generates the following calculations for the tube’s tensile
stress and interfacial shear stress along the axis of the SWNT:

Figure2.30 Schematic representation of a single SWNT composite cylinder under an applied strain e
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τ=

Et eAt β sinh β ( L / 2 − x)
×
2π r2
cosh β L / 2

⎡

σ t = Et e ⎢1 −
⎣

cosh β ( L / 2 − x) ⎤
cosh β L / 2 ⎥⎦

⎛ Gm ⎞ ⎛
⎞
2π
⎟⎜
⎟
⎝ Et ⎠ ⎝ At ln( R / r2 ) ⎠

(2.28)

(2.29)

β= ⎜

(2.30)

At = π ( r22 − r12 )

(2.31)

Where τ is interfacial shear stress; Et is the Young’s modulus of CNTs; e is the applied strain; At
is the cross section area of CNTs; x is the distance from the end of CNTs; L is the length of CNTs; r2 is
the outer radius of CNT; r1 is the inner radius of CNTs and Gm is the shear modulus of matrix.
The interfacial shear stress reaches its maximum value at the two ends of a tube and is zero at the
middle, as shown in Figure2.34. Figure2.35 indicates that the tensile stress starts to build up from the
two ends of the nanotube and reaches its maximum value, σ t max , at the middle. When L is greater than
500nm, σ t max becomes uniform and reaches nearly Ete, suggesting the critical length is about 500nm.
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Figure2.31 Shear stresses at the SWNT/epoxy interface along the tube length

Figure2.32 Tensile stress distributions at various tube lengths.

2.5 Comparison of the Above Three Methods for Interfacial shear stress Evaluations
in CNT Nanocomposites

The above three methods including the experimental method, computational simulation method and
continuum media method are frequently used to analyze the load transfer mechanisms in CNT
composites. The difference between these three methods is their CNT pull-out process. In experimental
methods and continuum media methods, at the beginning of pullout, the matrix will have an elastic
deformation and yield, which means, the matrix near the CNT surface will stick to the CNTs and move
together, so there is no relative movement between the matrix and CNTs during analysis. The interfacial
shear stress will increase during the displacement of CNTs and reaches the maximum value before the
interface failure. However, in simulation methods, the relative movement will happen as soon as the
beginning of CNT pullout, which means the models assume interface de-bonding already happened and
the interfacial shear stress reached the maximum point and will keep constant during the whole pull-out
process. This difference is illustrated in Figure2.36.
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Figure2.33 Schematic of different pull-out processes in the three methods

When the pull-out process is completed, there are three possible failure modes. Each mode
demonstrates the quality and strength of interfacial bonding. Figure2.37 shows these three failure modes.
In Figure2.37 (a) the CNT surface is covered by some resin and in Figure2.37 (b) the CNT is subjected
to rupture; both modes suggest the interface is strong enough to sustain the shear force caused by CNT
pullout. However, Figure2.37 (c) implies a weak interfacial bonding because the CNT is pulled out with
a clean surface.

Figure2.34 Schematic of the failure modes

Experimental methods such as SEM and TEM could offer direct observation of the interface
deformation and properties; however, it is difficult to measure actual interfacial shear stress due to
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nanoscale sizes of CNTs and difficulty in getting an individual CNT properly isolated for the
measurement. There are still some research quantitatively analyzing the interfacial shear stress using
AFM and SPM methods for providing direct measurement of interfacial properties; but these methods
are usually very costly and time consuming, and have large variations in measurements.
The computational simulation method is an effective research technique at the atomic-scale level;
however the interfacial shear stress happens at molecular level, so even after millions of simulation
steps, the interfacial thermal, mechanical or physical events could not start yet, and hence the results are
questionable. In addition, due to the scaling problem, the CNT length could only be 1-100 nm long in
simulations, however, the length is a critical factor in influencing the interfacial shear stress; hence this
method is difficult to calculate the interfacial shear stress value with an adequate CNT length.
As mentioned above, both the experimental methods and computational simulation methods have
their limitations, hence the continuum media method is relatively appropriate to study interface property
in CNT nanocomposites.
Among the five continuum media models discussed, the modified Cox’s model will be selected to
study the interfacial shear stress in this research, because this model is well developed in traditional fiber
composites and all of the parameters in this model can be obtained from actual tensile test results of our
experiments.
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CHAPTER 3
EXPERIMENTS
According to the literature review, the modified Cox’s model was selected to study the interfacial
shear stress in the nanocomposites developed in our experiments. The calculations are expressed as
Equation 3.1-3.3 as discussed in section 2.4.5.

τ=

Et ed β sinh β L / 2
×
4
cosh β L / 2

⎡

(3.1)

⎤
cosh β L / 2 ⎥⎦

(3.2)

⎛
⎞
⎜
⎟
⎛G ⎞
8
⎟
β = ⎜ m ⎟⎜
⎝ Et ⎠ ⎜ d 2 ln( π ) ⎟
⎜
4Vt ⎟⎠
⎝

(3.3)

σ t = Et e ⎢1 −
⎣

1

The parameters used in the model are obtained from our actual experimental results.

3.1 CNT Nanocomposites Fabrication

Epon 862 epoxy and curing agent W (diethyltoluenediamines) were purchased from E.V. Rubber
Inc. M-chloromethaneperoxylbenzoic (m-CPBA) acid was purchased from Sigma Aldrich. All raw
materials were used as received. m-CPBA was dissolved in dichloromethane solvent and the pristine
CNTs were immersed in the solution at room temperature (22-25oC) to conduct functionalization. The
CNTs were then removed from the solution and washed for several times. Finally, the functionalized
CNTs (F-CNT) were transferred to a vacuum oven for drying at 80oC for 2 hours.

The F-CNT powder was mixed with epoxy resin by using three-roller machine for 30 minutes. The
mixture was then poured into a mold. Finally, the sample was cured in a hot press at 190F for 30
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minutes and 350F for 4 hours under the pressure of 15.7MPa. The procedure of this fabrication was
demonstrated in Figure3.1.

Figure3.1 CNT nanocomposites fabrication procedure
Several types of CNTs were used to fabricate the nanocompoistes and they were defined in the
following table for short. The pristine SWNT were purchased from Thomas Swan & Co. Ltd. The
pristine DWNT were supplied by Cnano Company. The pristine LMWNT, LSWNT BP and LMWNT
BP were offered by Nanocomp (Concord, NH).
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Table3.1 Definition of CNT types

Abbreviation

Fullnane

P-SWNT

Pristine Single Walled Nanotubes

F-SWNT

Functionalized Single Walled Nanotubes

P-DWNT

Pristine Double Walled Nanotubes

F-DWNT

Functionalized Double Walled Nanotubes

P-LMWNT

Pristine Long Multi-walled Nanotubes

F-LMWNT

Functionalized Long Multi-walled Nanotubes

P-LSWNT BP

Pristine Long Single Walled Nanotube Buckypaper

F-LSWNT BP

Functionalized Long Single Walled Nanotube Buckypaper

P-LMWNT BP

Pristine Long Multi-walled Nanotube Buckypaper

F-LMWNT BP

Functionalized Long Multi-walled Nanotube Buckypaper

3.2 CNT Nanocomposites Characteristics
3.2.1 Raman Spectra

An inVia Raman Microscope (Renishaw Inc.) was used for Raman spectrum analysis. The major
parameters were laser wavelength: 785nm, laser gate: 1200 l/mm, exposure time: 100s, and laser
power level: 0.2%. The Raman Spectra of F-SWNT and F-DWNT are shown in Figure3.2 and 3.3
respectively. For both cases, the D band increased significantly after the functionalization. This
indicated the functionalization successful changed the structures of CNTs.
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Figure3.2 Raman spectra of P-SWNT and F-SWNT

Figure3.3 Raman spectra of P-DWNT and F-DWNT
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3
3.3.2
TGA Analysis
A
Thermoggravimetric analysis (TG
GA) was connducted usinng a Q50 maachine (TA instrument Innc.) from
550oC to 800oC in a nitro
ogen atmospphere to evaaluate the fuunctionalizatiion results. The TGA curves
c
in
F
Figure3.4
annd 3.5 sho
ow some weight
w
losses caused by the decompositionn of the molecules
m
f
functionalize
ed on CNT surfaces
s
for F-SWNT annd F-DWNT
T compared with
w the P-S
SWNT and P-DWNT
P
s
samples.
Bassed on the TGA
T
results the functionnalization deegree can bee calculated. The calculaation was
r
reported
by Wang
W
[36].

Figure3.4
F
TG
GA curves off P-SWNT and
a F-SWNT
T samples

Figure3.5 TG
GA curves off P-DWNT and
a F-DWNT
T samples
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3
3.3.3
Tensilee Tests
According to ASTM
M D 638-03,, the tensile properties were
w
tested by
b a Shimaddzu machinee (Kyoto,
J
Japan)
underr a crossheaad speed of 1mm/min with
w a gaugee length of 20mm
2
at rooom temperatture. The
t
tensile
test results are shown in Figure3.6
F
annd Figure3.77 for SWN
NT nanocom
mposites andd DWNT
n
nanocompos
ites respectiively. All off these data were used in
i the Cox’ss model to analyze
a
the interface
p
properties
off the SWNT
T and DWNT
T nanocompposites recenntly. The perrcentage num
mbers are thhe weight
p
percentages
o CNTs in the
of
t samples..

Figure3.6 Stress-straain curves of SWNT nannocompositees and pure resin
r
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Figure3..7 Stress-straain curves off DWNT nannocompositees and pure rresin
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CHAPTER 4
MODEL CALCULATION
The interfacial shear stress is expressed as Equation4.1, also seen in section 2.4.5.

τ=

Et ed β sinh β L / 2
×
4
cosh β L / 2

(4.1)

The parameters in this equation could be obtained as shown in the Table4.1.

Table4.1 Parameters input for ISS calculation using the modified Cox’s model

In the following sections, the procedure of model calculation is demonstrated by the calculation of
interfacial shear stress for 6.83% P-LMWNT nanocomposites samples.
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4.1 Model Parameter Determination
4.1.1 Approach to Determine Et

Et is the tensile modulus on CNT ropes. It can be calculated by Krenchel’s model for threedimensional randomly dispersed short-fiber composites as expressed in Equation4.2 [3]. This model has
been proven to have a good agreement with the experimental results for short fiber composites.

1
Ec = EtVt + Em (1 − Vt )
5

(4.2)

Where Ec is the Young’s modulus of CNT nanocomposites; Et is the Young’s modulus of CNT
rope; Em is the Young’s modulus of matrix and Vt is the volume fraction of CNTs.
For 6.83% P-LMWNT nanocomposites, Ec and Em can be directly obtained from the actual tensile
test results as shown in Figure4.1.

Figure4.1 Tensile test results of LMWNT nanocomposites and pure resin
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The volume fraction of CNTs, Vt can be calculated by Equation4.3.

Wt

6.83
1.8
×100% =
×100% = 4.7% (4.3)
Vt =
6.83 100 − 6.83
Wt Wm
+
+
1.8
1.2
ρt ρ m

ρt

Where Wt is the weight percentage of CNTs; Wm is the weight percentage of matrix; ρt is the
density of CNTs and ρm is the density of matrix.
With the Ec , Em and Vt known, Et can be computed based on actual tensile test results, rather than
assumed value. For 6.83% P-LWMNT nanocomposites, the calculated Et is 267GPa. It is critical
important to properly determine Et in the model since a reliable database of CNTs and CNT rope
properties is lacking.
4.1.2 Approach to Determine e

e is the elastic strain of nanocomposites. Both nanocomposites and neat epoxy resin samples
underwent the elastic deformation at the beginning stage, and then the stress-strain curves became
nonlinear. Based on the boundary conditions of Cox’s model, the interfacial shear stress was calculated
at only the linear portion. At the nonlinear stage, the deformation of nanocomposites and possible
interface slippage between CNTs and resin matrix became very complicated.
For 6.83% P-LMWNT nanocomposites, the linear strain was 1.7% as shown in the Figure4.2:
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Figure4.2 Schematic
S
off the linear strain of 6.833% P-LMWN
NT nanocom
mposites
4
4.1.3
Approach to Determine d

L JSM-7401
1F Field Em
mission Scannning Electroon Microscoope (JEOL USA,
U
Inc.) was
w used.
A JEOL
S
Samples
for the SEM ex
xperiments were
w sputter-ccoated for 60s at a curreent of 5mA.T
The diameterr of CNT
r
ropes
d, was measured fo
orm the SEM
M images as shown in Fiigure4.3.

M images of fracture
f
cross-section in 6.83% P-LM
MWNT nanoocomposites
Figuure4.3 SEM
48

The measurement results are shown in Figure4.4. Multiple ropes were measured to improve
accuracy.

Figure4.4 Diameter distributions of the P-LMWNT ropes in the nanocomposites samples
The average diameter is about 31nm.
4.1.4 Approach to Determine β

The calculation of β is expressed as in Equation 4.5.

⎛
⎞
⎜
⎟
⎛ Gm ⎞ ⎜
8
⎟
β= ⎜
⎟⎜
E
⎝ t ⎠ d 2 ln( π ) ⎟
⎜⎜
⎟
4Vt ⎟⎠
⎝

(4.5)

Based on the above calculations of 6.83% P-LMWNT nanocomposites; Et is 267GPa; d is 31nm;

Vt is 4.7% and Gm is a constant which is 1.2GPa, therefore β is calculated to be 5.16 ×106 m−1 .
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4
4.1.5
Approach to Determine L
c
. The Krencchel’s model for the tenssile strength of threeThe calcculation of L is a little complicated
d
dimensional
randomly diispersed shoort-fiber com
mposites was applied again as Equatioon4.6.

1
5

σ c = σ tVt + σ m (1 − Vt )

(4.66)

nsile stress of
o CNT nannocompositess; σ t is the tensile stresss on the CN
NT ropes
Where σ c is the ten
w
when
compoosite sample is broken; σ m is the maatrix stress when
w
composite is brokeen and Vt is the CNT
v
volume
fracttion which iss already callculated befoore.
As show
wn in Figuree4.5, for the 6.83% P-LM
MWNT nanoocompositess case, σ c annd σ m were found to
b 71MPa annd 37MPa from
be
f
the tennsile test results of the P-LMWNT
P
nanocomposites and neeat epoxy
c
composite
reespectively where
w
the strrain was 1.7%
%.

Figure4.55 Schematic of determinning stresses of 6.83% P--LMWNT naanocomposites and neat resin
samples att their linear stages
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σ c , σ m and Vt (4.7%) were submitted in the Krenchel’s model, so the stress level on the CNT ropes
was calculated to be 3.8GPa.
In Cox’s model, σ t is expressed as Equation4.7.

⎡

σ t = Et e ⎢1 −
⎣

⎤
(4.7)
cosh β L / 2 ⎥⎦
1

By now, the only unknown parameter in this equation is L , the load transfer length of CNT ropes.
By solving this equation, L is calculated to be 969nm.
4.1.6 Calculation of τ

With all of the five parameters ( σ t , e , d , β and L ) became known, the ISS was calculated as
Equation4.8.

τ=

Et ed β sinh β L / 2
×
4
cosh β L / 2

(4.8)

For 6.83% P-LMWNT nanocomposites, the ISS was calculated to be 182MPa.

4.2 Calculation Results

The same calculation procedure was applied to the other CNT nanocomposites cases. The results
were summarized in the Table4.2 to 4.6.
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Table4.2 Calculation of ISS values in short SWNT nanocomposites
SWNT

Data Inputs
Et

e

d

Results
β
-1

L

ISS( )

Sample

(GPa)

(%)

(nm)

(µm )

(nm)

(MPa)

4% P

91

1.8

10

26.3

124

100

4% F

80

2.0

9

31.1

110

105

10% F

78

1.4

11

30.8

132

90

20% F

82

0.78

16

25.3

208

65

Table4.3 Calculation of ISS values in short DWNT nanocomposites
DWNT

Data Input
Et

e

d

Results
β
-1

L

ISS( )

Sample

(GPa)

(%)

(nm)

(µm )

(nm)

(MPa)

5% P

26

2.0

15

35.8

176

70

5% F

35

1.8

11

42.1

124

72

10% F

37

2.1

15

31.9

156

92

Table4.4 Calculation of ISS values in LMWNT nanocomposites
LMWNT

Data Input
Et

e

d

Results
β
-1

L

ISS( )

Sample

(GPa)

(%)

(nm)

(µm )

(nm)

(MPa)

6.83% P

267

1.7

31

5.16

969

182

6.85% F

453

1.8

28

4.38

951

242
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Table4.5 Calculation of ISS values in LSWNT BP nanocomposites
SWNT

Data Input
Et

e

d

Results
β

L

ISS( )

-1

Sample

(GPa)

(%)

(nm)

(µm )

(nm)

(MPa)

40.7% P

370

1.0

57

4.75

1644

251

45.5% F

580

0.69

48

4.93

1703

261

Table4.6 Calculation of ISS values in LMWNT BP nanocomposites
MWNT

Data Input

Results

Et

e

d

β

L

ISS( )

Sample

(GPa)

(%)

(nm)

(µm-1)

(nm)

(MPa)

42.7% P

442

1.2

74

3.03

1026

298

43.7% F

1080

0.86

34

4.29

1394

339
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CHA
APTER 5
DISC
CUSSION
5.1 Perrfect Interface
To evaluuate whetherr the ISS vallues are adeqquate or not,, the desiredd ISS values should be calculated
a compareed with the calculation results. Thee desired innterface is perfect interfface. It is deefined as
and
w
where
reinfoorcement (CN
NTs) can defform togetheer with the matrix
m
(epoxy resin) withhout any slidding until
t matrix reeaches its faailure strain assuming CNTs
the
C
have large failure strains (10%
%-30%) [37]. So the
t
tensile
strainn of reinforceement and matrix
m
shouldd keep same until the maatrix breaks.
There arre two pred
dictions to acchieve a perrfect interfaace. The firsst one is thaat the CNT length is
larger than itts critical len
ngth. The seccond one is the
t interactioon between CNTs
C
and reesin matrix should
s
be
s
strong
enouggh to avoid any
a CNT/resin slippage.
For 6.833% P-LMW
WNT, assumeed perfect innterface conddition, the stress-strain
s
curve is exppected to
k
keep
going until
u
the matrrix breaks ass shown in Figure5.1.
F

Figuree5.1 Schemaatic of stress--strain curvee under the perfect
p
interfface for 6.83% P-LMWN
NT
nanoocomposites, the dotted line
l indicatees the virtuall elongation of CNT nannocompositess
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This assumed that the Young’s modulus of CNT ropes remains constant and CNT ropes do not
rupture during the virtual stage. Under the perfect interface, the interfacial shear stress at the composite
break point can be calculated by Equation5.1 based on the modified Cox’s model.

τ=

Et ed β
4

(5.1)

For for 6.83% P-LMWNT nanocomposites, the perfect interfacial shear stress (ISS*) was calculated
to be 1068MPa. However, the actual ISS in the nanocomposites is just 182MPa, which is much lower
than the perfect interfacial shear stress. Same procedure is also used to calculate the ISS* values for the
rest cases. The results are summarized in Table5.1 to 5.5.

Table5.1 ISS and ISS* values of SWNT nanocomposites
SWNT

ISS (MPa)

ISS* (MPa)

4% P-SWNT

100

598

4% F-SWNT

105

561

10% F-SWNT

90

664

20% F-SWNT

65

826

Table5.2 ISS and ISS* values of DWNT nanocomposites
DWNT

ISS (MPa)

ISS* (MPa)

5% P-DWNT

70

349

5% F-DWNT

72

405

10% F-DWNT

92

423
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Table5.3 ISS and ISS* values of LMWNT nanocomposites
LMWNT

ISS (MPa)

ISS* (MPa)

6.83% P-LMWNT

182

1068

6.85% F-LMWNT

242

1389

Table5.4 ISS and ISS* values of LSWNT BP nanocomposites
LSWNT BP

ISS (MPa)

ISS* (MPa)

40.7% P-LSWNT BP

251

1122

45.5% F-LSWNT BP

261

1535

Table5.5 ISS and ISS* values of LMWNT BP nanocomposites
LMWNT BP

ISS (MPa)

ISS* (MPa)

42.7% P-LMWNT BP

298

1110

43.7% F-LMWNT BP

339

1763

Obviously, for all of the cases, the actual calculated ISS values are much less than the ISS* values
of the defined perfect interface situation. There are two possible reasons for such low ISS values. One is
weak interfacial bonding and the other one is possible CNT rope rupture, which is unique in CNT
nanocomposites compared with fiber-reinforced composites.

5.2 Failure Modes

The following analysis and experiment evidences show that the failure mode is CNT rope rupture in
the CNT nanocomposites. It is confirmed from three aspects: stress-strain curves, literature reports and
SEM images of the fracture surfaces.
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5
5.2.1
CNT Rope
R
Rupture Analysis from the Sttress-Strain
n Curves
For P-L
LMWNT, P--LMWNT BP
B and P-L
LSWNT BP nanocompoosites, their stress-strainn curves
s
showed
the onset
o
points changing ellastic linear behaviors too nonlinear behaviors
b
ass shown in Figure5.2
F
a Figure5.3.
and

gure5.2 Stresss-strain curvves for P-LM
MWNT nanoocomposites
Fig

SWNT BP annd P-LMWN
NT BP nanoccomposites
Figgure5.3 Stresss-strain curvves for P-LS
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For such changes, there are three possible reasons to cause those nonlinear deformations: (1) resin
matrix yield; (2) interface failure; (3) CNT sliding within their ropes.
We can eliminate the effect of resin matrix yield because the linear strain of those nanocomposites
has not reached the resin matrix yield strain yet. The linear strain for the P-LMWNT, P-LSWNT BP and
P-LMWNT BP nanocomposites are 1.7%, 1.0% and 1.2% respectively. Those strains are much lower
than the matrix yield strain, which is 2.3%.
The reason could not be interface failure because after that change point there was still a significant
amount of load transferred to the CNTs as compared in Table5.6. This indicated there should not be
many CNT/resin slippages at the change points.

Table5.6 Stress level on CNT ropes at the change points and break points
t

(GPa)

t

(GPa)

at the change point

at the break point

6.83% P-LMWNT

3.8

4.7

42.7% P-LMWNT BP

3.6

7.7

40.7% P-LSWNT BP

3.7

5.8

The only reason left is CNT sliding; hence the failure mode is CNT rope rupture. This is also
supported by the values of

t, which

are almost the same for those above three nanocomposites. For P-

CNT rope, the interaction between CNTs are Van der Waals force and electrostatic interaction; the
distance between the CNTs within bundles are almost the same, and the molecular structure and
configuration of the MWNT and SWNT are similar. So the interaction within MWNT rope and SWNT
rope are most likely to be the same, which means the sliding strength of the ropes should be close to
each other. Our results of the

t

values at these onset points have a good agreement with this deduction,

so the reason for the flexure should be the CNT sliding within rope.
For 6.85% F-LMWNT and 42.7% F-LMWNT BP nanocomposite samples, the stress-strain curves
are almost linear until the nanocomposites failure at much small failure strain values and high stress
levels as shown in Figure5.2 and Figure5.3. As was discussed before, the CNT rope rupture is the failure
mode. Differently here, the CNT rope failure at a high stress level, 9.1GPa for both cases occurred
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because we used the same functionalization approach for both cases.

5.2.2 CNT Rope Rupture Analysis from the Literature Reports

Besides the above analysis of actual stress-stain curves, the CNT rope rupture failure mode could
also be understood based on some literature reports. The stress levels on CNTs in the CNT
nanocomposites are listed in Table5.7.

Table5.7 Stress level on CNT ropes at the nanocomposite failure points
Tensile Stress on CNT
rope at the failure point

SWNT

DWNT

MWNT

4% P-SWNT

1.56

4% F-SWNT

1.39

10% F-SWNT

1.10

20% F-SWNT

0.48

40.7% P-LSWNT BP

5.83

45.5% F-LSWNT BP

4.71

5% P-DWNT

0.57

5% F-DWNT

0.86

10% F-DWNT

1.07

6.83% P-LMWNT

4.67

6.85% F-LMWNT

9.10

42.7% P-LMWNT BP

7.75

43.7% F-LMWNT BP

9.14

These values are in the range of tensile strength values of CNT ropes as reported in the literature
and illustrated in Table 5.8. This indicated that the CNT ropes in the nanocomposites already reached
their strength; therefore the CNT rope underwent rupture at the nanocomposites failure point.
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Table5.8 Tensilee strength off CNT ropess reported froom literaturee

SWNT
S

DWNT
D

MWNT
M

Tensille Strength

R
Reference

1 GPa

[388] Science

2-114 GPa

[39] Apl.
A Phy. Leet.

3-111 GPa

[400] Science

0.62--2.6 GPa

[41] Carbon

11-63 GPa

[422] Science

150-4460 MPa

[433] Science

1.08-2.36 GPa

[444] Science

210 MPa

[455] Carbon

100-11000MPa

[466] Science

5
5.2.3
CNT Rope
R
Rupture Analysis from SEM Images

In SEM images of fracture surfface in our CNT
C
nanocoomposite samples, CNT
T sliding andd peeling
w
within
rope were
w observeed. These phhenomena caan be seen inn Figure5.4, 5.5 and 5.6.

Figure5.4 SEM images of 6.85% F-LMWNT
F
n
nanocompos
sites; the redd circles indiicate the CNT rope
ruptures
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F
Figure5.5
SE
EM images of
o 5% F-DW
WNT nanocoomposites; thhe red circless indicate thee CNT rope ruptures

Figure5.6 SEM images of 45.5% F--LSWNT BP
P nanocompoosites; the reed circles inddicate the CN
NT rope
ruptures

Some shharp ends off CNT ropes can be founnd at the spotts B and C inn Figure5.4 and spot A in
i Figure
5 Especiallly in Figuree5.4, the CN
5.5.
NT rope slipppage fracturee was discovvered at spot A; this maay be due
t the insidee sub rope being pulled out from thhe outer layeers within CNT
to
C
ropes. Figure5.6
F
shhows that
m
many
of the big CNT rop
pes were peeeled into sevveral sub roppes such as spots
s
A and B.
B All of thhese spots
indicated CN
NT ropes werre ruptured in
i the samples.
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5.3 Functionalizatiion Effect on CNT Ropes
R

5
5.3.1
Functionalization Increased the
t Mechan
nical Properrties of MW
WNT and DW
WNT Ropes
ulus and slidding stress of DWNT roope in the F--DWNT nannocompositees and PThe Youung’s modu
D
DWNT
nanoocompositess are shownn in Figure5.7. Figure5.8 and 5.9 show
s
the Yooung’s moddulus and
s
sliding
stress of F-MW
WNT and P-M
MWNT ropes in the LMWNT
L
nannocompositees and LMW
WNT BP
n
nanocompos
ites.

ng’s moduluus and strenggth of DWNT ropes in DWNT
D
nanoccomposites
Figgure5.7 Youn
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Figuure5. 8 Youn
ng’s moduluss and strengtth of MWNT
T ropes in LM
MWNT nannocompositess
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Figurre5.9 Young’s modulus and
a strengthh of MWNT rope
r
in LMW
WNT BP nannocompositees

From the above figu
ures, it is eassy to notice that the Youung’s modullus and strenngth of F-DW
WNT and
F
F-MWNT
arre noticeably
y higher thann those of P-DWNT
P
and P-MWNT
T ropes. Hennce, we demoonstrated
t the mechhanical prop
that
perties of DW
WNT and MW
WNT ropes were improvved by functtionalizationn.

5
5.3.2
Functionalization Decreased the Mechan
nical Properrties of SWN
NT Ropes
The Youung’s modu
ulus of SWN
NT ropes in F-SWNT nanocomposi
n
ites is comppared with thhat in PS
SWNT
nanoocomposites in Figure55.10. It cleaarly shows that
t
the Yooung’s moduulus of SWN
WNT rope
d
dropped
after functionaliization.
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Figuure5.10 Youn
ng’s moduluus of SWNT rope in F-SW
WNT and P--SWNT nannocompositess

The streength of SW
WNT rope was
w also deccreased. This is illustraated in Figuure5.11; Thiis is true
b
because
at thhe break poin
nt of nanocoomposites thhe stress on F-SWNT
F
roppe is only 4..2 GPa. Thiss value is
lower than thhat on P-SW
WNT and F-M
MWNT rope which are 5.7
5 and 9.1 GPa
G respectivvely.

F
Figure5.11
Stress-stain
S
c
curves
for LS
SWNT BP annd LMWNT
T BP nanocoomposites
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5
5.3.3
Mechaanism of Fun
nctionalizattion Effect on
o the Mech
hanical Prop
perties of CNT Ropes
For DW
WNT and MWNT,
M
the functionaliza
f
ation may form
f
some crosslink
c
beetween CNT
Ts so the
individual CN
NTs were in
ntegrated in the ropes with
w covalentt bonding ass shown in Figure5.12.
F
A
Although
t functionaalization maay degrade mechanical
the
m
p
properties
o the outmoost layer of DWNT andd MWNT
of
r
ropes,
the innner layers arre still availaable to sustaain the exterrnal force. Thhus the mecchanical propperties of
D
DWNT
ropes and MWN
NT ropes gett increased. Some
S
experiimental research using a tunneling electronic
e
m
microscopy
and scannin
ng electronic microscopyy (SEM) havve validated the enhanceement of meechanical
p
properties
off an individu
ual nanotube rope, due to the interr-tube covaleent bonding formation [36]
[
[47]
[
[48].

Fiigure5.12 Scchematic of crosslink
c
wiithin CNT buundle formedd by functionalization

For SWN
WNT, the fun
nctionalizatioon damaged the structurre of the nannotube too much,
m
so it degraded
d
t mechanical propertiees of individdual SWNT
the
T and, thereffore, degradded the mechhanical propperties of
S
SWNT
ropess.

5.4 Functtionalizatio
on Effect on
o the Faiilure Behaavior for LSWNT
L
B and LM
BP
MWNT
BP Nan
nocompossites

For F-L
LSWNT BP and F-LMW
WNT BP nannocompositees, the failurre is very brrittle and there is no
y
yield
stage as shown in P-LSWNT
P
B and P-LM
BP
MWNT BP nanocomposi
n
ites as shownn in Figure5.13.
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Figure5.13 Stress-strain curves for LSWNT BP and LMWNT BP nanocomposites

In F-LSWNT BP and F-LMWNT BP nanocomposites, the nanocomposites failure was actually the
CNT rope failure. Since CNT ropes were much stronger than resin when they were broken, there was a
huge amount of energy released and the samples suddenly broke.
In P-LSWNT BP and P-LMWNT BP nanocomposites, the samples at first yielded and then broke.
At the yield point, the CNTs were sliding within the rope and had some possible interface sliding; hence
the samples have these mechanisms to dissipate the energy and gradually fractured.

5.5 Influential Factors for ISS

5.5.1 Functionalization Effect

Functionalization improved the interfacial shear stress as shown in Figure5.14. Here only DWNT,
LMWNT and LMWNT BP nanocomposites were analyzed because functionalization decreased the
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p
properties
off SWNT; thu
us the SWNT nanocompposites and LSWNT
L
BP
P nanocompoosites were not
n taken
into considerration.

Figure5.144 ISS for priistine and fuunctionalizedd DWNT, LM
MWNT and LMWNT BP nanocompposites
5
5.5.2
Volum
me Fraction Effect
E
The inteerfacial shearr stress valuues also increease when thhe volume fraction
fr
increeases as illusstrated in
F
Figure5.15.
H
High
CNT content
c
may lead to lesss spacing disstance amonng functionallized CNTs and high
c
covalent
bonnding density
y in interfacee zones.
68

Fig
gure5.15 ISS
S comparisonn for high annd low volum
me fraction

This rellationship haas a good correlation with
w the Coxx’s model prediction.
p
In Cox’s m
model, the
interfacial shhear stress is calculated by
b Equation55.2.
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τ=

Et ed β sinh β L / 2
×
(5.2)
4
cosh β L / 2

The paraameter β is calculated by Equation 5.3.
5

⎛
⎞
⎜
⎟
⎛ Gm ⎞ ⎜
8
⎟ (5.3)
β= ⎜
⎟⎜
⎝ Et ⎠ d 2 ln( π ) ⎟
⎟
⎜⎜
4Vt ⎟⎠
⎝
From these two equations, it is easy
e
to see that
t when voolume fractioon Vt increaases, β will increase,
a thereforee interfacial shear stress τ increasess.
and

5
5.5.3
CNT Length
L
Effecct
The longger the CNT
Ts are, the higher
h
the ISS are as shoown in Figurre5.16. This also agrees with the
C
Cox’s
modeel prediction
n according to Equatioon5.2 and load transferr mechanism
m or criticaal length
p
principle
in composites.
c
But this resuult may coupple with CNT
T volume fraaction effectt.

fo short SWN
NT and longg SWNT nannocompositees
Figurre5.16 ISS for
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5
5.5.4
CNT Type
T
Effect
For shorrt CNTs, the SWNT are better than DWNT
D
for load transfer, and for lonng CNTs, thee MWNT
a better thaan SWNT. This
are
T is demonnstrated in Figure5.17.
F

Figurre5.17 CNT type effect on
o ISS valuees

5.6 Eff
ffective Length of Looad Transsfer

The effeective length
h of load transfer is muuch lower thhan the actuual CNT lenngth as com
mpared in
T
Table5.9.

71

Table5.9 Comparison of effective length of load transfer vs. actual CNT length

SWNT

DWNT

MWNT

Effective Length

Actual Length

(nm)

(nm)

4% P-SWNT

124

4% F-SWNT

110

10% F-SWNT

132

20% F-SWNT

208

40.7% P-LSWNT BP

996

45.5% F-LSWNT BP

961

5% P-DWNT

176

5% F-DWNT

124

10% F-DWNT

152

6.83% P-LMWNT

969

6.85% F-LMWNT

951

42.7% P-LMWNT BP

1563

43.7% F-LMWNT BP

1104

2000

106

2000

106

The difference may be due to the waveness variations of CNTs in the nanocomposites. The
effective length of load transfer is just the CNT length along the load direction and accounted for actual
load transfer based on the modified Cox’s model. There will be less or no load transfer when CNT ropes
are not aligned with load direction. As shown in Figure5.18, the effective length is L1, L2, L3 and L4.
These lengths are much shorter than the whole CNT length.
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Figure55.18 Schemaatic of CNT waveness annd effective load transfer length in nanocomposiites
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CHAPTER 6
CONCLUSIONS
In this research the interfacial shear stress for actual CNT nanocomposites was calculated based on
the modified Cox’s model and tensile test results. This approach is an attempt to understand and
quantify the relationships between load transfer efficiency and property in actual CNT nanocomposites.
The major conclusions of this effort are summarized in the following.
•

Interfacial shear stress can be directly calculated based on tensile test results and microstructure
observation.

•

Major failure modes in both pristine and functionalized CNT nanocomposites are CNT rope
rupture due to weak rope properties rather than interface failure based on both modeling analysis
and experimental observations.

•

Functionalization can noticeably improve interfacial shear stress and load transfer.

•

Functionalization can also significantly improve mechanical properties of CNT ropes and lead to
higher stress levels on CNT ropes.

•

Effective length of load transfer is much shorter than the actual CNT length due to the waveness
and lack of alignment of CNTs in nanocomposites.

Since the failure mode of CNT nanocomposites is CNT rope rupture rather than the interface failure
in our nanocomposite samples, the focus of functionalization study should be switched to improve the
CNT rope strength first before emphasizing interface property improvement.

74

CHAPTER 7
FUTURE WORK
In the future, the following works should be done to further investigate the ISS in different matrices
and improvement of CNT ropes.
1. ISS of CNT/PC(polycarbonate) nanocomposites

The interfacial shear stress of the nanocomposites in Table7.1 should be studied to find out how
matrix properties effect on the interfacial shear stress.

Table7.1 ISS of CNT/PC nanocomposites
ISS
SWNT/PC

X

DWNT/PC

X

MWNT/PC

X

2. ISS of CNF (carbon nanofiber)/epoxy nanocomposites

The interfacial shear stress of CNF/Epoxy nanocomposites in Table7.2 should be calculated and
compared with the CNT/Epoxy nanocomposites to explore how the reinforcement effect the interfacial
shear stress and load transfer.

Table7.2 ISS of CNF/Epoxy nanocomposites
ISS
SWNT/PC

X

DWNT/PC

X

MWNT/PC

X

3. Covalent functionalization to improve CNT rope properties
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CNTs eaasily slide within
w
rope due to the smooth
s
surfface and weaak interactioon, which will
w cause
C
CNT
rope, ruuptures and therefore
t
thee nanocompoosites break. To improvve the surface roughness of CNTs,
s
some
rigid molecules
m
like benzenee ring couldd be graftedd to the siddewalls of CNTs.
C
Thesee grafted
m
molecules
m form thee micromechhanical interlock betweeen the CNT
may
Ts, so it couuld prevent the CNT
s
sliding,
therrefore, the strength off CNT ropee can be inncreased. A proposed mechanism
m of this
f
functionaliza
ation is illusttrated in Figuure7.1.

Figure7.11 Schematic of covalent functionalizzation

4. Nonccovalent funcctionalizatioon
Some sppecial chem
mical agents could be appplied to attaach to the sidewall
s
of CNTs
C
to reaalize non
f
functionaliza
ation to avoiid property degradation
d
of SWNTs. Possible molecule strucctures of theese kinds
o chemical agents are shown
of
s
in Fiigure7.2. Thhe amino grooup of the chemical
c
ageents could reeact with
E
Epoxy
resin or the hydrroxyl groupp could reactt with the curing
c
agentt, so the wraapped CNTss will be
integrated inn the network
ks of epoxy matrix. Thiss kind of funnctionalization has threee advantagess. First, it
c
could
prevennt the CNT sliding withhin rope. Seccond, it couuld improve interfacial shear
s
stress. Third, it
properties of
c
could
keep the intact structure off CNTs andd won’t deggrade the mechanical
m
o CNTs
t
themselves.
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Figuure7.2 Molecule structurres of the chhemical agennts for noncoovalent functtionalizationn
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