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Systematic atomic simulations based on molecular mechanics were conducted to investigate the

pull-out behavior of a capped carbon nanotube (CNT) in CNT-reinforced nanocomposites. Two

common cases were studied: the pull-out of a complete CNT from a polymer matrix in a

CNT/polymer nanocomposite and the pull-out of the broken outer walls of a CNT from the intact

inner walls (i.e., the sword-in-sheath mode) in a CNT/alumina nanocomposite. By analyzing the

obtained relationship between the energy increment (i.e., the difference in the potential energy

between two consecutive pull-out steps) and the pull-out displacement, a set of simple empirical

formulas based on the nanotube diameter was developed to predict the corresponding pull-out

force. The predictions from these formulas are quite consistent with the experimental results.

Moreover, the much higher pull-out force for a capped CNT than that of the corresponding

open-ended CNT implies a significant contribution from the CNT cap to the interfacial properties

of the CNT-reinforced nanocomposites. This finding provides a valuable insight for designing

nanocomposites with desirable mechanical properties. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4800110]

I. INTRODUCTION

To date, many experiments have demonstrated that the

pull-out of a carbon nanotube (CNT) is a common critical

phenomenon, as seen from the observation of fracture surfa-

ces of CNT-reinforced nanocomposites.1–5 The observed

CNT pull-out behavior can be divided into the following two

categories: the pull-out of a complete CNT from a matrix1–3

and the pull-out of the broken outer walls of a CNT from the

intact inner walls embedded in a matrix (i.e., the so-called

sword-in-sheath mode).4,5 The decrease in the load-carrying

capability of CNT-reinforced nanocomposites due to this

CNT pull-out behavior may be detrimental to the overall me-

chanical properties of bulk nanocomposites, such as stiffness

and strength.6 Thus, the continuously increasing demand for

the development of nanocomposites with significant mechan-

ical properties has led to thorough investigations of this pull-

out behavior, with the goal of finding effective strategies to

enhance the interfacial properties between CNTs and matri-

ces, and therefore improve the desirable overall mechanical

properties.

Direct pull-out experiments have been performed to

evaluate the interfacial shear strength of CNT-reinforced

nanocomposites.7–11 The measured pull-out force was di-

vided by the embedded lateral area of the CNT. Various the-

oretical models based on continuum mechanics have also

been developed to predict the interfacial shear strength.12,13

Moreover, atomic simulations14,15 have provided an alterna-

tive method to predict the interfacial shear strength by ana-

lyzing the variation in the potential energy.

However, to the best of our knowledge, no direct quanti-

tative comparison between numerically predicted pull-out

forces and experimental data has been reported because the

existing numerical values are generally much lower (from at

least ten to several hundred times lower) than the reported

experimental data. Moreover, there is no systematic study

regarding the effect of a CNT’s unique capped structure on

the pull-out behavior of CNT in nanocomposites, although

this cap has a significant influence on the pull-out of the

outer walls against the inner walls in a multi-walled carbon

nanotube (MWCNT) (i.e., interfacial sliding between the

nested walls in an MWCNT).16–21 It should be noted that the

pull-out force of the outer walls against the inner walls in an

MWCNT itself generally consists of the van der Waals

(vdW) force and the frictional force between the walls. The

frictional force may be significant when referring to the

defects or chemical crossing-linking.17–19 However, for

CNTs with a high crystallinity, the vdW force should be

dominant. In our previous experimental and computational

study,21 the frictional effect between the walls was deter-

mined to be very small because of the high crystal quality of

the nearly defect-free MWCNT. A similar issue also occurs

in the pull-out of CNTs from various matrices.

We have previously simulated the pull-out process of an

open-ended CNT in detail using molecular mechanics (MM)

for CNT/polymer14 and CNT/alumina15 nanocomposites. Asa)Electronic mail: huning@faculty.chiba-u.jp
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a continuation of those work, here, we investigated the pull-

out behavior of a capped CNT in the same two nanocompo-

sites for the first time. Because we focused on the effect of

the CNT cap on the pull-out behavior, the interfacial region

between the CNT and the polymer or alumina matrix was

assumed to be perfect, having only vdW interactions and

neglecting possible interfacial defects, chemical bonding,

and mechanical cross-links. By conducting a series of MM

pull-out simulations, detailed information on the energy dif-

ference between two consecutive pull-out steps (i.e., energy

increment) during the pull-out process was obtained. On this

basis, a set of empirical formulas was created to predict the

corresponding pull-out force, and the predictions from these

formulas were quite consistent with previous experimental

measurements.

II. PULL-OUT OF A COMPLETE CAPPED CNT
IN CNT/POLYMER NANOCOMPOSITES

The pull-out of complete CNTs from various polymer

matrices has been clearly observed in the fracture surfaces of

various CNT/polymer nanocomposites,1–3 which may imply

comparatively weak interface between the CNT and the sur-

rounding polymer matrix. To understand the inherent charac-

teristics of this pull-out behavior, we analyzed the pull-out

process of an open-ended CNT from a polyethylene (PE)

matrix in detail in our previous work.14 It was concluded that

the corresponding pull-out force is independent of the nano-

tube length and the nanotube chirality, but it is proportional

to the nanotube diameter. Moreover, we demonstrated20,21

that the capped structure of the CNT significantly affects the

pull-out behavior of the outer walls against the inner walls in

an MWCNT in the sword-in-sheath mode, based on an

extensive quantitative comparison between the MM simula-

tion results and the experimental data.

Based on the above outcomes, the effect of the cap on

the CNT pull-out behavior from the polymer matrix was

investigated as below. Three capped, single-walled carbon

nanotubes (i.e., SWCNT (5,5), (10,10), and (12,12)), each

with the same length of 2.46 nm but with different diameters,

were incorporated into a PE matrix. The construction of the

simulation cell is described in detail elsewhere.14

The pull-out simulations of the three capped SWCNTs

based on MM were conducted in a manner similar to those

in our previous work.14,15 The pull-out process of the capped

SWCNT (5,5) is schematically described in Fig. 1 as a repre-

sentative example where a prescribed displacement of the

CNT is applied in its axial direction. Note that to evaluate

the difference in the potential energy between two consecu-

tive pull-out steps, i.e., the energy increment DE, a much

smaller displacement increment (Dx¼ 0.01 nm) than the

0.2 nm used in the previous simulations14 was used in the

present simulation to explore the cap effect in a more

detailed way. It should be noted that the quasi-static charac-

teristics of the present MM simulations yielded a consider-

able improvement in the computational efficiency compared

with that of traditional molecular dynamics (MD) simula-

tions because the velocity components of the individual

atoms within the system are ignored. In other words, the

MM method is insensitive to the effects of thermal instability

and kinetic excitation, and can therefore be reasonably

expected to provide an accurate representation of the defor-

mation with a low strain rate in the nanomaterial.

The obtained variations in the energy increment DE dur-

ing the pull-out process for the three SWCNTs with different

nanotube diameters Do are shown in Fig. 2(a). It can be

observed that for each SWCNT, the energy increment DE
increases rapidly to a peak value at a specified displacement

(labeled stage-1 in Fig. 2(a)) then remains steady as the

pull-out continues (labeled stage-2 in Fig. 2(a)). Finally, DE

FIG. 1. Pull-out process of an SWCNT

(5,5) from a PE matrix.

FIG. 2. Energy increment during pull-out

of an SWCNT from a PE matrix. (a)

Energy increment DE versus pull-out dis-

placement x; (b) maximum energy incre-

ment DEmax versus nanotube diameter Do.
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decreases quickly and reaches a comparatively flat stage (la-

beled stage-3 in Fig. 2(a)). After entering stage-3, to reduce the

computational cost, the simulation is stopped without further

pull-out once the energy increment becomes stable. This energy

increment (DE) profile is surprisingly consistent with that of

the pull-out of the outer walls from the inner walls in a capped

MWCNT obtained numerically21 or experimentally.22–24 The

results are also similar to some experimental results of the pull-

out forces of MWCNTs from polymer matrices.7–9 Moreover,

as shown in Fig. 2(a), the maximum energy increment (i.e.,

DEmax in stage-2) increases with the nanotube diameter.

The relationship between the maximum energy incre-

ment DEmax and the nanotube diameter Do can be approxi-

mated with a quadratic function (see Fig. 2(b)) as follows:

DEmax ¼ 2:72Do
2 � 3:65Do þ 4:67; (1)

in which DEmax and Do are in units of kcal/mol and nm,

respectively. As explained for the pull-out of an outer wall

from the inner wall in an MWCNT,21 the reason for the

quadratic increase of energy increment in Eq. (1) is that the

surface energy increment of the capped area of the CNT is

proportional to D2
o. Because the energy increment is equal to

the work done by the pull-out force, i.e., DE ¼ F � Dx, the

maximum pull-out force in units of nN in stage-2 for the

case of a capped SWCNT can be evaluated as

FSWCNT ¼ 1:89Do
2 � 2:54Do þ 3:25: (2)

For the pull-out of a complete open-ended MWCNT

from a PE matrix,14 it is believed that only the outer three

walls have an effect on the variation in the energy increment

during the pull-out process. The reason is as follows: from

the outermost wall to the innermost wall, the distance

between the inner walls of the CNT and the pull-out inter-

face increases gradually. The greater the distance is, the

weaker the vdW interaction. Therefore, because the cut-off

distance for the vdW interaction is approximately 0.95 nm

and the wall spacing of the MWCNT is 0.34 nm, the pull-out

of an entire MWCNT with more than 3 walls can be simpli-

fied to that of a triple-walled carbon nanotube (TWCNT)

composed of the three outermost walls of the MWCNT.

From the present MM simulations, the corresponding pull-

out force was found to be approximately 1.2 times that for an

SWCNT composed solely of the outermost wall of the

TWCNT.

On this basis, the pull-out force of a complete capped

MWCNT from a PE matrix can be approximated by revising

the above Eq. (2) for the pull-out force of a complete capped

SWCNT as

FMWCNT ¼ kð1:89Do
2 � 2:54Do þ 3:25Þ; (3)

in which FMWCNT and Do are in units of nN and nm, respec-

tively. Note that the coefficient k indicates the effect of the

wall number, which is 1.0 for an SWCNT and 1.2 for an

MWCNT.

Comparisons of the numerical results for capped

CNTs using the Eq. (3), the previous numerical results for

open-ended CNTs,14 and the reported experimental data7–11

are plotted in Fig. 3, in which the effect of the polymer ma-

trix type in the experiments is ignored. The theoretical

value,13 calculated by multiplying the predicted interfacial

shear strength and the embedded lateral area of CNT, was

also incorporated into Fig. 3. Note that the computed interfa-

cial shear strength13 is predicted from experimental meas-

ured data using an expansion of the classical Kelly-Tyson

force balance method.25 In Fig. 3, the numerical pull-out

force for the capped MWCNT is obviously much larger than

that for the open-ended CNT.14 This indicates the significant

contribution of the CNT cap to the pull-out force. Moreover,

it is surprising that the pull-out force predicted by Eq. (3)

agrees with most of the previous experimental data very

well, with the curve passing through the middle of the exper-

imental data.

In fact, it is almost impossible to accurately match all

experimental data one-by-one at the nanoscale because of

the wide variety in factors such as materials, fabrication con-

ditions, and test methods. For example, Cooper et al.7

attempted a drag-out of an MWCNT configured to bridge a

hole in a CNT/epoxy nanocomposite by loading the nano-

tube at its center. This setup is analogous to a cable with the

two ends fixed and a center loading, and the necessary force

is obviously much higher than that required for an axial pull-

out. However, the pull-out force measured by Barber et al.8

was found to be much lower than the numerical values

obtained in this study. This can be explained by the sample

preparation, where the CNTs were artificially pushed into

the molten polyethylene-butene thin film.8 Another set of

pull-out tests was conducted using fractured nanocomposite

specimens under tensile loading.9–11

Compared with the numerical pull-out forces obtained

in this study, the slightly lower experimental results9–11 may

be attributed to some initial or pre-existing interface damage

between the CNTs and the matrices that was induced by the

tensile fracture of the nanocomposites before the pull-out of

the CNTs from the matrices. As shown in Ref. 10, this initial

FIG. 3. Comparison of experimental,7–11 theoretical,13 and numerical (the

previous Ref. 14 for open-ended CNTs, and the present for capped CNTs)

pull-out forces in CNT/polymer nanocomposites.
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interfacial damage between the CNT and a thermal plastic

matrix can be partially repaired by the hot-pressing method

(compare the treated specimen, exp. A10 in Fig. 3, with the

untreated specimen, exp. B10 in Fig. 3). Therefore, the pull-

out forces of exp. A10 were slightly higher than those of exp.

B10 (see Fig. 3). Moreover, it should be noted that there is

considerable data scattering, even within the same research

group. This scattering is most likely due to the experimental

difficulties in nano-manipulation and precise measurements.

The above comparison validates the effectiveness of the

proposed empirical formulas and further highlights the sig-

nificant contribution of the CNT cap to the pull-out force and

the interfacial properties of a CNT/polymer nanocomposite.

To explain this cap effect more clearly, as shown in Fig.

4(a), we divided an MWCNT into its cap section and its tube

section for consideration. For the tube section, as shown in

our previous study,15 the interfacial shear stress sI exists

only in a small region “a”(¼2 nm) centered at the left side of

the matrix because the vdW interactions in this region expe-

rience an unrecoverable breaking process. The shear stress in

the overlapped region “b” in Fig. 4(a) nearly vanishes as a

direct consequence of the counteraction of multiple vdW

interactions FvdW. During the pull-out process, repetitive

breaking and reforming of the vdW interactions in this region

“b” occurs and results in minor shear stresses. Therefore, the

contribution of the tube section to the total pull-out force is

expected to be very small.15

Moreover, as shown in Fig. 4(b), for an infinitely small

region in the tube section, the relative deformation between

the CNT and the polymer matrix is in the sliding separation

mode, i.e., mode-II. However, for an infinitely small region

at the top of the cap, the relative deformation between the

MWCNT and the polymer matrix during the pull-out process

is in the opening separation mode, i.e., mode-I (see Fig.

4(c)). For these two typical deformation modes, Awasthi

et al.26 modeled an infinitely small area of an SWCNT as a

piece of graphene and studied the interaction between the

graphene and the PE polymer in mode-I and mode-II. They

found that for the same computational system, the peak trac-

tion in mode-I is approximately 13 times greater than in

mode-II. Furthermore in our previous study,21 to address the

pull-out of an outer wall from the inner walls in an

MWCNT, two parallel, flat, monolayered graphene sheets

were investigated to evaluate the potential energy variation

per unit area under a specified separation displacement in

mode-I and mode-II. It was found that the potential energy

variation for mode-I is 3.54 times greater than that for mode-

II, implying a much greater applied force required in a

mode-I deformation. Therefore, all of the above evidence

highlights the primary contribution of the CNT cap to the

CNT pull-out behavior from a matrix, not only resulting

from its large area (i.e., / D2
o) but also from its special rela-

tive separation mode from the matrix, i.e., mode-I.

III. PULL-OUT OF A CAPPED CNT
IN SWORD-IN-SHEATH MODE IN
CNT/ALUMINA NANOCOMPOSITES

It has been reported that the sword-in-sheath mode is a

common fracture mode for CNT/alumina nanocomposites.4,5

The detailed process as illustrated in Fig. 5, can be described

as follows:5 initially, tensile stress leads to crack formation

in matrix and partial debonding. Then as the displacement

increases, some outer walls of the MWCNT break. The intact

inner walls are then pulled away, leaving fragments of the

broken outer walls in the matrix (or you can say the broken

outer walls are pulled away with the matrix in relativity). It

should be noted that there are two pull-out interfaces, in con-

trast to the case of CNT/polymer nanocomposites. One

FIG. 4. Pull-out of an MWCNT from a polymer matrix and relative defor-

mation modes in different regions. (a) Schematic of the MWCNT pull-out

from the polymer matrix; (b) sliding separation mode (mode-II); and (c)

opening separation mode (mode-I).

FIG. 5. Schematic of CNT pull-out with the sword-in-sheath mode in tensile

tests of CNT/alumina nanocomposites.
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interface is between the outermost wall and the matrix, and

the other is between the nested walls in the MWCNT. This

observation indicates that this pull-out behavior correspond-

ing to the sword-in-sheath mode in CNT/alumina nanocom-

posites can be assumed to be the superposition of the

pull-out of the broken outer walls (Fig. 5(b), I, left) from the

matrix (Fig. 5(b), I, right), and the pull-out of the intact inner

walls from the broken outer walls (Fig. 5(b), II, left). By fur-

ther decomposing the CNT into open-ended and capped

components, the pull-out between the broken outer walls and

the intact inner walls (Fig. 5(b)) can be divided into the pull-

out of the open-ended component (Fig. 5(b), II-O) and the

pull-out of the capped component (Fig. 5(b), II-C). It should

be noted that the effect of the matrix (left) on the pull-out of

the broken outer walls from the intact inner walls can be

ignored because the reported number of broken outer walls

is approximately 10,4,5 indicating a much greater distance

from the matrix to the pull-out interface compared with the

cut-off distance of the vdW interactions. The corresponding

pull-out force for each part is discussed in the following

section.

A. (I) Pull-out of the broken outer walls from the matrix

From previous experimental observations,4,5 the number

of broken outer walls is usually more than 3. The model can

be simplified as the pull-out of a TWCNT of diameter Do

(see Fig. 5) from the alumina matrix. For each pull-out step

with a constant displacement DxI of 0.2 nm, the correspond-

ing energy increment and the pull-out force can be predicted

by15

DEI ¼ 58:26Do þ 6:50;

FI ¼
DEI

DxI

¼ 2:03Do þ 0:23:
(4)

B. (II-O) Pull-out of the open-ended component
of the broken outer walls from the intact inner walls

Because the number of inner walls and outer walls is

usually more than 3, the model can be simplified to the pull-

out of an MWCNT with 5 walls composed of the immediate

outer wall at the pull-out interface (the critical wall of diame-

ter Dc) in Fig. 5 and the two neighboring walls on each

side.21 For each pull-out step with a constant displacement

DxII-O of 0.2 nm, the corresponding energy increment and the

pull-out force can be predicted by21

DEII�O ¼ 37:56Dc � 10:5;

FII�O ¼
DEII�O

DxII�O

¼ 1:31Dc � 0:37:
(5)

C. (II-C) Pull-out of the capped component
of the broken outer walls from the intact inner walls

For each pull-out step with a considerably smaller con-

stant displacement of DxII-C¼ 0.01 nm, the corresponding

energy increment and the pull-out force can be predicted by21

DEII�C ¼ 1:29� ð2:09D2
c � 2:15Dc þ 0:94Þ;

FII�C ¼
DEII�C

DxII�C

¼ 1:29� ð1:45D2
c � 1:49Dc þ 0:65Þ:

(6)

In view of the above discussions, for the pull-out of a

capped MWCNT from an alumina matrix in the sword-in-

sheath mode, the corresponding pull-out force can be

assumed to be the sum of the above three parts (i.e., Eq. (4)

for part I, Eq. (5) for part II-O, and Eq. (6) for part II-C)

F ¼ FI þ FII�O þ FII�C

¼ 1:87D2
c � 0:61Dc þ 2:03Do þ 0:7: (7)

Note that the units for the diameter and the force are nm and

nN, respectively.

The obtained relationship between the nanotube diame-

ter and the predicted pull-out force is shown in Fig. 6, which

indicates that the pull-out force increases with the wall diam-

eters of both the outermost wall and the critical wall (i.e., Do

and Dc in Fig. 5). The reason is that the numbers of atoms at

both pull-out interfaces increase with the wall diameters.

The larger the wall diameter is, the stronger the vdW interac-

tion to be overcome during the pull-out. Note that the quad-

ratic term in Dc in Eq. (7) contributed by the cap dominates

the pull-out force.

The results, without considering the effect of the CNT

cap, are also plotted in Fig. 6 based on the formula

F� ¼ FI þ FII�O ¼ 2:03Do þ 1:31Dc � 0:14; (8)

where F* is only linearly proportional to both Do and Dc. As

shown in Fig. 6, the predicted pull-out forces for capped

MWCNTs are much larger than those for the corresponding

open-ended MWCNTs, which indicates the significant effect

of the CNT cap.

It is quite difficult to perform equivalent experiments

(Fig. 5) to measure the pull-out forces to validate the

FIG. 6. Comparison of numerical pull-out forces for capped (i.e., based on

Eq. (7)) and open-ended (i.e., based on Eq. (8)) CNTs in CNT/alumina

nanocomposites.
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proposed formula. Nevertheless, we (see Yamamoto et al.5)

have performed a series of MWCNT pull-out tests using an

in situ SEM on fractured composite specimens while con-

ducting bending tests. The results strongly suggested that the

broken outer walls of the MWCNT and the intact inner walls

are completely pulled away, leaving the companion frag-

ments of the outer walls in the alumina matrix. This process

is illustrated in Fig. 7. It can be observed that there is only

one pull-out interface, in contrast to Fig. 5. Using the above

method, the corresponding pull-out force should be com-

posed only of part-II

F�� ¼ FII ¼ FII�O þ FII�C ¼ 1:87Dc
2 � 0:61Dc þ 0:47:

(9)

Note that both Eqs. (7) and (9) are dominated by D2
c , and there

is no significant difference between F in Eq. (7) for the prob-

lem in Fig. 5 and F** in Eq. (9) for the problem in Fig. 7.

In Table I and Fig. 8, the pull-out forces predicted by Eq.

(9) are compared with four experimental values5 obtained by

directly performing CNT pull-out tests with a CNT/alumina

nanocomposite. Note that the diameter of the critical wall is

calculated from the outermost wall and the number of broken

walls observed in the experiments, with the assumption that

the wall distance between adjacent MWCNT walls is

0.34 nm. Agreement between the experimentally measured

pull-out forces and the numerical predictions was found by

neglecting the wide data scattering, which is evidence of the

great difficulties in nano-manipulation and obtaining precise

measurements. The results suggest that the above analysis

method is feasible and that the proposed empirical formula

can approximately predict the pull-out force.

IV. CONCLUSIONS

The present work incorporates a capped CNT into a

computational model for the first time to investigate its pull-

out behavior in CNT-reinforced nanocomposites. Using pull-

out simulations based on MM, a set of simple and empirical

formulas was proposed to predict the corresponding pull-out

force, which was validated by some previous experimental

results. The significant contribution of the CNT cap to the

pull-out force was confirmed, which deepens the understand-

ing of the interfacial properties of CNT-reinforced nanocom-

posites and provides a valuable guideline to design ideal

nanomaterials with desirable interfacial properties. For

instance, if it is possible to synthesize dumbbell-shaped

CNTs, in which there are two caps of a much larger diameter

than that of the tube section, the pull-out force can be

increased significantly, not only because of the contribution

of D2
o in Eq. (2) or (Dc)2 in Eq. (7) but also because of the

anchor effect induced by the two caps.

It should be noted that the capped CNTs of perfect

surfaces are assumed in the present models, which indicates

that only vdW interactions existing between CNT and poly-

mer matrix are contributive to the corresponding interfacial

strength. That is to say, although the proposed formulas fitted

from MM partially achieve great success in predicting two

typical cases in Secs. II and III, they cannot be applicable

everywhere or to every scale. Generally, with increasing size

(e.g., for the extreme case in which the diameter are on the

order of lm), the defects in the CNTs will certainly increase,

which leads to possible mechanical cross-linking between

CNTs and the matrix. Moreover, for the functionalized

CNTs with wide practical application, the induced chemical

bonding between CNTs and the matrix may result in further

increased interfacial properties. In such above two cases or

else, it is indispensable to additionally consider the effect of

friction.

FIG. 7. Schematic of a direct CNT pull-out experiment using fractured

CNT/alumina nanocomposite specimens.5

FIG. 8. Comparison of experimental5 and numerical pull-out forces in CNT/

alumina nanocomposites.

TABLE I. Comparison of experimental5 and numerical pull-out forces in

CNT/alumina nanocomposites.

Do (nm)

Number of

broken outer

walls Dc (nm)

Pull-out force (lN)

Experimental5 Numerical F** (Eq. (9))

71 15 65.9 4.8 8.08

72 46 56.36 9.2 5.91

93 24 84.84 17.2 13.41

94 11 90.26 19.7 15.18

144304-6 Li et al. J. Appl. Phys. 113, 144304 (2013)

Downloaded 04 Aug 2013 to 158.132.161.240. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



ACKNOWLEDGMENTS

We are grateful for the support from the Grant-in-Aid

for Scientific Research (No. 22360044) and the Tohoku

Leading Women’s Jump Up Project for 2013 (J120000428)

from the Ministry of Education, Culture, Sports, Science,

and Technology (MEXT) of Japan. The contribution of com-

putational resources by Professor C. B. Fan (Beijing Institute

of Technology, China) was greatly appreciated.

1C. Bower, R. Rosen, L. Jin, J. Han, and O. Zhou, Appl. Phys. Lett. 74,

3317–3319 (1999).
2P. M. Ajayan, L. S. Schadler, C. Giannaris, and A. Rubio, Adv. Mater. 12,

750–753 (2000).
3N. Hu, Y. Li, T. Nakamura, T. Katsumata, T. Koshikawa, and M. Arai,

Composites, Part B 43, 3–9 (2012).
4G. Yamamoto, M. Omori, T. Hashida, and H. Kimura, Nanotechnology

19, 315708 (2008).
5G. Yamamoto, K. Shirasu, T. Hashida, T. Takagi, J. W. Suk, J. An, R. D.

Piner, and R. S. Ruoff, Carbon 49, 3709–3716 (2011).
6R. E. Gorga, K. Lau, K. Gleason, and R. Cohen, J. Appl. Polym. Sci. 102,

1413–1418 (2006).
7C. A. Cooper, S. R. Cohen, A. H. Barber, and H. D. Wagner, Appl. Phys.

Lett. 81, 3873–3875 (2002).
8A. H. Barber, S. R. Cohen, S. Kenig, and H. D. Wagner, Appl. Phys. Lett.

82, 4140–4142 (2003).
9F. Deng, Ph.D. dissertation, Tokyo University, Tokyo, 2008.

10T. Tsuda, T. Ogasawara, F. Deng, and N. Takeda, Compos. Sci. Technol.

71, 1295–1300 (2011).
11M. P. Manoharan, A. Sharma, A. V. Desai, M. A. Haque, C. E. Bakis, and

K. W. Wang, Nanotechnology 20, 295701 (2009).
12H. D. Wagner, Chem. Phys. Lett. 361, 57–61 (2002).
13S. Y. Fu, Z. K. Chen, S. Hong, and C. C. Han, Carbon 47, 3192–3200

(2009).
14Y. Li, Y. Liu, X. Peng, C. Yan, S. Liu, and N. Hu, Comput. Mater. Sci. 50,

1854–1860 (2011).
15S. Liu, N. Hu, G. Yamamoto, Y. Cai, Y. Zhang, Y. Liu, Y. Li, T. Hashida,

and H. Fukunaga, Carbon 49, 3701–3704 (2011).
16G. A. Shen, S. Namilae, and N. Chandra, Mater. Sci. Eng., A 429, 66–73

(2006).
17Z. Xia and W. A. Curtin, Phys. Rev. B 69, 233408 (2004).
18W. Guo, W. Zhong, Y. Dai, and S. Li, Phys. Rev. B 72, 075409

(2005).
19A. Kis, K. Jensen, S. Aloni, W. Mickelson, and A. Zettl, Phys. Rev. Lett.

97, 025501 (2006).
20Y. Li, N. Hu, G. Yamamoto, Z. Wang, T. Hashida, H. Asanuma, C. Dong,

T. Okabe, M. Arai, and H. Fukunaga, Carbon 48, 2934–2940 (2010).
21G. Yamamoto, S. Liu, N. Hu, T. Hashida, Y. Liu, C. Yan, Y. Li, H. Cui,

N. Hu, and L. Wu, Comput. Mater. Sci. 60, 7–12 (2012).
22J. Cumings and A. Zettl, Science 289, 602–604 (2000).
23M. Yu, B. I. Yakobson, and R. S. Ruoff, J. Phys. Chem. B 104, 8764–8767

(2000).
24S. Akita and Y. Nakama, Jpn. J. Appl. Phys. 42, 3933–3936 (2003).
25A. Kelly and W. R. Tyson, J. Mech. Phys. Solids 13, 329–350 (1965).
26A. P. Awasthi, D. C. Lagoudas, and D. C. Hammerand, Modell. Simul.

Mater. Sci. Eng. 17, 015002 (2009).

144304-7 Li et al. J. Appl. Phys. 113, 144304 (2013)

Downloaded 04 Aug 2013 to 158.132.161.240. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.123330
http://dx.doi.org/10.1002/(SICI)1521-4095(200005)12:10<750::AID-ADMA750>3.0.CO;2-6
http://dx.doi.org/10.1016/j.compositesb.2011.04.022
http://dx.doi.org/10.1088/0957-4484/19/31/315708
http://dx.doi.org/10.1016/j.carbon.2011.04.022
http://dx.doi.org/10.1002/app.24272
http://dx.doi.org/10.1063/1.1521585
http://dx.doi.org/10.1063/1.1521585
http://dx.doi.org/10.1063/1.1579568
http://dx.doi.org/10.1016/j.compscitech.2011.04.014
http://dx.doi.org/10.1088/0957-4484/20/29/295701
http://dx.doi.org/10.1016/S0009-2614(02)00948-X
http://dx.doi.org/10.1016/j.carbon.2009.07.028
http://dx.doi.org/10.1016/j.commatsci.2011.01.029
http://dx.doi.org/10.1016/j.carbon.2011.04.059
http://dx.doi.org/10.1016/j.msea.2006.04.110
http://dx.doi.org/10.1103/PhysRevB.69.233408
http://dx.doi.org/10.1103/PhysRevB.72.075409
http://dx.doi.org/10.1103/PhysRevLett.97.025501
http://dx.doi.org/10.1016/j.carbon.2010.04.031
http://dx.doi.org/10.1016/j.commatsci.2012.03.016
http://dx.doi.org/10.1126/science.289.5479.602
http://dx.doi.org/10.1021/jp002828d
http://dx.doi.org/10.1143/JJAP.42.3933
http://dx.doi.org/10.1016/0022-5096(65)90035-9
http://dx.doi.org/10.1088/0965-0393/17/1/015002
http://dx.doi.org/10.1088/0965-0393/17/1/015002

