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STABILITY OF CARBON NANOTUBES
AND FABRICATION AND MECHANICAL
PROPERTIES OF CARBON NANOTUBE
BASED COMPOSITE

ABSTRACT

Since its discovery, carbon nanotube (CNT) has captured exceptional
attention from physicists, chemists and materials scientists alike. Its
extraordinary properties, high strength, low density, huge aspect ratio,
electrical conductivity of copper and silicon, thermal conductivity of diamond,
size of DNA, the chemistry of carbon, hold great promise for enormous
potential application in both functional and structural direction. In this paper,
for the application of carbon nanotubes in NEMS, the stability of carbon
nanotube under its weight and the pull-in stability of carbon nanotube based
nanoswitch structure are studied. A CNTs reinforced micro/nano multiscale
hybrid composite is fabricated and its mechanical properties are invstigated
by static and dynamic compressive test. The obtained results are outlined as
following:

a) By using continuum rod model, the stability of single walled carbon
nanotube under its weight is studied. Two dimensionless numbers, ogR/E
and t/R, which govern the aspect ratio of carbon nanotube, are found by
dimension analysis. Research results show that the critical aspect ratio can
reach to the order of 10°.

b) Double cantilevered model with large deformation is used to construct
nonlinear pull-in equations for carbon nanotube-carbon nanotube based

structures. Galekin method is applied to discretize the equations and

II
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numerical simulation is carried out to solve the nonlinear equations by

New-Phapson iteration method. This pull-in instability study offers data on
the nanotube gap size and length for nanoswitch design.

c¢) Floating chemical vapor deposition (CVD) method is used to grow
aligned multiwalled carbon nanotubes on the surface of SiC particles with an
average size of 4 um. Different loadings of SiC/CNT are added into epoxy
matrix by mechanical blending. Carbon nanotube reinforced micro/nanoscale
hybrid composite specimens are made after the processes of vacuum, infusing,
ambient temperature solidification, high temperature solidification and
cutting.

d) As prepared composite cylindrical specimens are studied by static
compressive test with MTS810 material experimental machine. The
compressive strength and elastic modulus are obtained. Static compressive
experimental results show that vacuum has very important influence on the
strength of composites.

e) Dynamic compressive test is made for the first time to investigate the
strength of hybrid composites with split Hopkinson press bar. Comparison
with static results, the increment of strength under dynamic impact is bigger.

f) SEM observation on the fracture surface shows that carbon nanotubes
are dispersed homogeneously. No aggregation of carbon nanotube is found
due to SiC acting as a carrier. The aggregation usually appears in carbon
nanotube reinforced composites. It is also found that bad link between carbon
nanotubes and SiC particles exists, which has impressive influence on the

strength of composites.

KEY WORDS: Carbon nanotube, stability, Nanoswitch, Pull-in, composite,

fabrication, compressive test
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STABILITY OF CARBON NANOTUBES
AND FABRICATION AND MECHANICAL
PROPERTIES OF CARBON NANOTUBE
BASED COMPOSITE

SYNTHESIS

Introduction

The discovery [ of carbon nanotubes (CNTs) has provoked enormous interest in their
fundamental behavior and potential applications. Researchers **! have envisioned CNTs
as the most viable candidates to dominate the coming 2Ist century revolution in
nanotechnology. Carbon nanotubes can be thought of as rolled up sheets of graphite that
are sometimes capped on each end, with structures that vary depending on the conditions
under which they are synthesized. There are two basic types of nanotubes. Single walled
nanotubes (SWNTs) have one shell of carbon atoms in a hexagonal arrangement.
Multiwalled nanotubes (MWNTSs) consist of multiple concentrically nested carbon tubes.
Each type has its advantages and disadvantages. MWNTs are easier and less expensive to
produce, whereas current synthesis methods for SWNTs result in a great deal of
concentrations of impurities that require removal by acid treatment. On the other side
MWNTs have a higher occurrence of structural defects than SWNTs, which diminishes
their useful properties.

Although there are varying reports in the literature on the exact properties of carbon
nanotubes, theoretical and experimental results have shown extremely high elastic modulus,
greater than 1 TPa and reported strengths 10—100 times higher than the strongest steel at a
fraction of the weight. CNTs is the preferred choice for building block for supporting
system for the space elevator.

The rapid growth of the micro/nano scale fabrication technologies in recent years leads

to various development of Micro/Nanoelectromechanical systems (MEMS/NEMS).
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Cantilever-based MEMS /NEMS structures such as microcantilever sensors ' 7|

(8

microaccelerometers *), atomic force microscope (AFM) !, microswitch "% etc are widely

used.

are the first to

Nanotweezer is one of carbon nanotube applications. Kim and Lieber U
attach two carbon nanotube bundles to a tapered glass structure to fabricate a nanoscale
tweezers. Voltage is applied to the electrode to open and close the free ends of the

[12]

cantilever nanotubes. Akita et al attaches two carbon nanotubes on the metal electrodes

patterned on a conventional Si tip to fabricate such nanotweezers.

The Stability of a vertical SWNT under its own weight !

During of the applications of CNTs, an isolated and long carbon nanotube will offer
more opportunities. The stability of carbon nanotube under its own weight is a practical
problem. The critical length of the arm (CNT) is a crucial parameter for the design of
tweezers-like NEMS structure.

A vertical SWNT under its own weight, with the lower end clamped, is schematically

shown in Fig 1. By using dimensional analysis, three independent dimensionless numbers,

I, /R, pgR/E, t/R, were found. |, /R is the critical aspect ratio, pgR/E ratio of

gravity to elastic resilience, t/Rratio of half wall thickness to radius of SWNT. The

relationship of three dimensionless numbers was found by elastic column model as

('ﬁj :3_92%{1{%) }
yolt| )

It was found that the ratio |, /R, which increases almost linearly with t/R, is very

large (in the order of 10°) because of the high Young’s modulus and low density (see Fig.

2). The influence of the dimensionless number pgR/E on the vertical stability of SWNT
is showed in Fig. 3. The analytical result shows that as the dimensionless number pgR/E

increases, the critical ratio |, /R must decrease to maintain its stability of SWNT.
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Several actual calculation samples of different radii of middle plane and critical lengths of
SWNT are showed in Table 1 and Fig. 4.

The pull-in Stability study of nanotubes under van der Waals

forces influence '

[15]

As the structure scale reaches micro/nano scale, the forces like Casimir ‘-, van der

Waals ' forces plays much more important influence on the structures. Dequesnes " et
al studies the cantilever nanotube pull-in instability under van der Waals and electrical
forces influence. Their van der Waals force is nanotube -substrate force, which is not
applied to nanotweezers’ nanotube-nanotube structure. During their derivation of van der
Waals force, the thickness of the single-wall carbon nanotube structure is not reflected as a

18] obtains the analytical

parameter in their van der Waals force expression. Rotkin
solution of the nanotube-substrate system by modeling the system as one degree of
freedom system and setting the first, second derivatives of the system total energy to be
zero. As the nanotube-substrate structure also forms capacitance-like structure, the
electrical force together with vdW force is included in Rotkin’s model. A more general
model is presented to calculate the van der Waals force by considering the nanotube
interior and exterior radii influence (i.e. thickness) and modeling the nanotube as
continuous system.

For the two cantilevered SWNTs under van der Waals force in Fig. 5, the governing

equations are

o'u, EA o, (ifou, Y’

e, 24 = 2? U (a_xlj AX+ fy (U, Us), 2)
o'u, EA &%, rifou,)

JRACE 2A|_2 . [ axzj dX + f gy (U, U,), 3)

where E is Young’s modulus, u,, u,deflections of SWNTs, A;, A, areas of cross section,

L the length of SWNT.

Several dimensionless numbers as follow are introduced to nondimensionalize the
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equations.

N AL
77 2\2E(rT)”?

,U2=u2 p=

? » (4)

Here 7 only indicates the order of the ratio of van der Waals energy to nanotube bending

energy, not the actual ratio because the critical parameter, the thickness is not shown in 7.

In order to compute the coupled nonlinear equations, Galerkin method was applied to
discretize the two equilibrium equations. Newton-Rhapson method is applied to solve the
discretized nonlinear equations. Several results are showed in Fig. 8-11.

This pull-in instability study offers the data of the nanotube gap size and length for
nanotweezer design. The model accounts the large deformation as a nonlinear part in the
governing equations, which can be easily extended to the study of other structures under

van der Waals force influence.

Fabrication and mechanical properties of micro/nanoscale

hybrid composite 1]

Another most important application of CNTs is nanocomposite. Composite is a complex
material, in which two or more chemically distinct materials with a distinct interface
combine to produce new structural or functional properties that cannot be achieved by any
of the components acting alone. Owing to its unexampled advantages over many
traditional materials, the research and application of composite are developed rapidly.
CNTs’ superior mechanical properties (strength and ductility), high aspect ratio, low
density, good thermal and electronic conductivity make them attractive candidates as a
reinforcement filler material. CNTs offer an appealing mechanism to dramatically improve
both strength and stiffness characteristics, as well as add multifunctionality to polymer
based composite systems. Recently research on multiscale hybrid materials with CNTs

[20-22

included has arisen I Tt has been proved that the existence of carbon nanotubes could

VIII
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greatly improve the interfacial strength between fiber or particle and matrix >, Most of
them focus on fabrication of materials and simple tensile tests. To my knowledge, static
and dynamic compressive experimental results for this kind of composite are still
unavailable.

Herein, we fabricate a micro/nanoscale hybrid composite, in which SiC particle of
average 4 micron with multiwalled carbon nanotubes grow on were mechanically blent
with epoxy resin. Static and dynamic compressive tests were made to study compressive
response of both specimens with and without SiC/CNT.

Chemical vapor deposition (CVD) method was used to grow aligned multiwalled carbon
nanotubes on the surface of SiC particles at 650 - 750 “C ! Fig. 10a shows a scanning
electronic microscope (SEM) image of as-received SiC particles with an average size of 4
um. These particles are irregular in shape and have several flat surfaces. Fig. 10b display a
low magnification SEM image of typical product. Carbon nanotubes are aligned and
perpendicular to some of flat surfaces. Weight proportion of SiC particle and carbon
nanotube is about 3+0.2 : 1. They are 10 - 20 um long. Fig. 10c are enlarged image of
carbon nanotubes grown on SiC particles. They are 10 - 50 nm in diameter. 3% wt
SiC/CNTs were first dispersed in the liquid epoxy. The suspension was mechanically
stirred for 40 minutes and degassed for 10 minutes. After adding hardener, the suspension
was stirred for 10 minutes and degassed for 10 minutes again. At last the solution was
fallen over the cylindrical mold, vacuumed for 30 minutes. The specimens were first
solidified at room temperature for 24 hours, then increased temperature to 60 ‘C and held
for 12 hours. At last temperature was increased to 90 “C and held for 24 hours. Pure epoxy
specimens were made for comparison. The dimensions of cylindrical specimens are 10 mm
in length and 10 mm in diameter.

3% wt SiC/CNT were filled in epoxy resin, good electric conductivity achieved. Static
compressive tests were conducted on material testing machine (MTS 810) at a loading rate
of 0.01 mm/s. Split Hopkinson press bar (SHPB) is a commonly used experimental

technique to study constitutive laws of materials at high strain rates [**!. It is showed in Fig.
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11. 10 m/s was chosen as impact speed for dynamic compressive tests. Dynamic fracture
surface of 3% wt SiC/CNT specimen is shown in Fig. 10d. It can be seen that part of
carbon nanotubes grown on SiC particle were taken off, which means bad link between
SiC particle and carbon nanotubes exists. Fig. 12 shows the typical static and dynamic
compressive stress — strain curves of the specimens with and without SiC/CNT. Young’s
modulus increases (from 1708 MPa to 2202 MPa) by 30% with 3% wt SiC/CNT from the
static test. But for dynamic test, the equivalent Young’s modulus hardly changes.
Increments of strength of both static and dynamic compressive test are shown in Fig. 13. It
is clear that Increment of strength under dynamic loading is bigger than under static

loading.
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[ ]

Cross section of 2 WHT

Fig.1 Schematic of the single-walled carbon nanotube

under its own weight, the lower end being clamped.
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Fig. 2 The relationship between |Cr /R and t/R
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Fig. 3 The relationship between |Cr /R and pgR/ E.
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Fig. 4 The schematic of the radius of middle plane of SWNT versus the critical length of SWNT. The square and dots

from left to right present the calculating results of 0.2, 0.35, 0.45, 0.7, 0.8, 1.5 and 2.8 nm, respectively.
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Table 1 The critical lengths calculated by Eq.(1) according to different radii of middle plane of SWNT.

R(nm) 0.224 0.351! 0.4512% 0.7%7 0.8 1.51% 2.8
I, (mm) 02745 0.3569 0.4111 0.5381 0.5857 0.8813 1.332
I, (mm) 03956 0.5706 0.6738 0.9035 0.9875 1.5008 2275
£ =133X10°Kg/m’
| . :2t=034nm, E=1TPa | _,:2t=0.07nm, E=5TPa
crl cr2
i T i
: U, ! i u; :
] |l 1 :
L : i S
i : ! ! ; i
X i ! D | AL
P r : i T
| R ! N
| i 1 v - A i
] ! ! \ .‘. :
] ‘;" _.i', "\_ v :
L ' Y
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/ : J
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Fig. 5 Schematic diagram of two nanotubes and coordinate system.
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Critical Nanotubes Deformation at nj = 40.5 (r1 = r3 =1.33 nm and 5 = 0.02493438)
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Nondimensional Nanotubes Neutral Axis Deflection
Fig. 6 The two nanotubes neutral axes deflection at 77 =40.5, I} =, =133 nm, t=0.34 nm.

Pull-in Study of the Nanotubes with tha Different Interior Radii (rq=1.33 and r3 = 2.63 nm)
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Fig. 7 Pull-in study of two nanotubes with different interior radii.

(=133 nm, I;=2.63nm,t=0.34 nm and D = 50 nm.
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Critical Nanotubes Deformation atn = 66.6 (rq = 1.33, r3 = 2.63 nm, } = 0.02341142)
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Fig. 8 The two neutral axes pull-in deflection of the nanotubes with different interior radii at 77 = 66.6.
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10 pm

Fig. 10. SEM images of SiC particle (a) before and (b) after carbon nanotubes growth, and (c) enlarged SEM image of carbon nanotubes
on SiC particle. (d) Dynamic fracture surface of 3% wt SiC/CNT specimen.
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Fig. 11. Schematic of split Hopkinson press bar (SHPB) setup

XVII



AN TEE BN o L I S S VA e

450
1 — SHPB-3% wt

400+ SHPB-Epoxy

350 ] Static-3% wt A
E Static-Epoxy

300

Stress (MPa)
[\
=
1

100—-
50—-
0
1
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Strain

Fig. 12. Typical static and dynamic compressive stress- strain curves of specimens with and without SiC/CNT reinforced.
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Fig. 13. Increments of strength of both static (round) and dynamic (square) tests.
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Fig. 1-3 Existence of carbon nanotubes
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Fig.1-5 Overview of one approach to probe mechanical properties of nanotubes and nanorods.
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Fig.1-6 Theoretical results of Young’s moduli of carbon nanotubes
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Fig.1-9 Fracture process of carbon naotube under tension
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Fig.1-10 MD simulation of armchair carbon nanotube under axial compression

Buchler %] Tersoff #4840l T HBEBEANK A IR BRI R 1 3 FRAZTE Iy 5, WL
K 1-11. KA AT, SRR R I — AN A I ERIE . $EEKgith, MK
AELRT 20 I, BRAVCKREAE LA N, R Buler A IS, 4K
AR KA, —DREIZHINRE R,

wire

. (c)

(a) £AEZHEW; (b) EAFAIEE; () RENHNEN.
B 1-11 AR Kb ey PR R E 4d) B4 R NI~ F H
(a) Shell-like buckling; (b) Rod-like local behavior; (¢) Wire-like deformation.
Fig.1-11 Different modes of deformation of carbon nanotubes
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Fig.1-15 Molecular mechanics simulation of radial deformation of carbon nanotubes
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A RE RS T AR I T A R R LT st 1 B
XHF 3D (R, ARERRE F SEbs ERATE AT JE B DI IR B (& 2-1)
Bt LAJCTR FAE ] Born R UDRE A FE T (KD 5 A% O i A RS RSB I (1 A% R fta b
EGIME, WMACR AT SBZE MR AIKE , HHENH Born XU 145 R 246 )5 41 582
AR O R (R AN A AR A AR, DIDERERORE DR EFANAL, X AR5 S B DUANAT

B 2-2 454% Born 3£ ) &4 2 B

Fig. 2-2 Illustration of the proposed extension of the Born rule.

EFXIXAELL,  Arroyol V45 AR 4 JUAT PR FE S B2, %) Born VA IUHE
T TBIE, BUEEVEMSEH T HE4 Born vEIN, (BRI REAL RS B M LI BR 4 K 4 110
g5 . &l 2-2 EOWHR IR T SUS I Born VENFR K, BAARRTEZSE SOk
[19, 20]. MBAIPRHESUS Bom vANISS &3R4, SIARIESA e, M
BROCIEATREA . EARMATT AR G54 55 007 2 I A R AT, (EE 2 B A B,
ARG H] o i 275 £ ZRIE TIN50 TR U, B AT iy Ta) gt B
Z B, BER Born VRN ML Bl R R 22 XTSRRI, AR T
Oy IR IR BRSNS I HE AR BT AR IX B i S 1, DA Tk
i JRy PR T AL TR T
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EFRFEBNEEN R ERE

Born VENHS T T I¥A75, Al ELRARL AT doOot Bk, T B gl ki
PRE TR AN S5, AL O BRI K . Zhang 25 NP S 10T 450445 1
PN TFLERY, AE AN TR 40 B O RGBT 223 T, 450k S0 B A 2

DT A TAERZ MU RS . BRI, SRR A B
T REE A 2 I R 3. AN T8 ) — A T G KRR A 1.

i

B 2-3 BAARE NAT MAEFbt 5o oy~ & B
Fig.2-3 Schematic illustration of hexagonal lattice

structure and bonds and bond angle

BT i, | TR S, 9%, th Bom VI (2-12) , BTG HEn, Ay, |

)
F-rij0 i, j A4
Ly = 0 L (2-13)
F~(rij +n) RN GE

H FHAERRIE . K] 2-3 AHER IR 1A Gk, RIBE B AL ZEAN R AN IR T2
FTER. T E B, B T DU Y 2 os ok

{4 FH| Brenner-Tersoff [K] 22 A& R EL, 13 BIBRAKE NV AZRER B, AR5 43 24
KE M KRR, JEk Lin*1% A\ SOET kR TR 7RIt (Atomic-scale
finite element method, AFEM) , YALGeA RICTH R+ BRIy T ik 45 A kit Ho ik )
KA, vk 153785 W R R, ROR5E I T
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2.2 BN AREEBEER THRE LS H#*

BRAUKE AR VR 5 AEAR 2 05 T AT AR R, — AR 2 i
(BRI TE VS T I B A B 8 JE K T II R I o i T W0 2 s ey
RAERE 2 BTSRRI Sr (10 Al b, ABORaoK e 1 BB 9K TR WARAEIX L4 Hy
BRAKE AP BT (LT, 0, YeERe 055 M A E MR ME A ORTE
(FrT) o — MR ELSLRIBR AR 2 AEER A BB SOE B BRI~ KA, DI B T i
YR I S B & NEMS il i — AN 20 2 S 4L

2.2.1 EPNSR

TN TR IS IR 2 I 5 DL S M ke TR AR ) i 177 30 P A 1) T, A B
TENHT, U Z PR RO, R PR R R 2 . T
T FH S 40 53 B A - RIS S s i 1 FH ) o e 4

X MREALIRAUKE R VE, I AR AR RO R

l, = f(E, pg, R, 1) (2-14)
Hop 1, 2R R AIKE IR FAKSE, ERWIRERE, p 2IkICKENHE, g2
IRRE, R ZGRACKE IR, CRRPOKE RS,
JiRE (2-14) AHNY &Py P () AT
[l 1=[RI=[t]=L
[E]=ML'T™
[pg]=ML>T

LER, TEYHEEREAENEM, LAT . fiBuckingham(f 7 €, 7

P (2-14) A LLCS B

lo _ f(”iR,lj (2-15)
R E 'R

WL, TR (2-15) g5 LML E B [ — R &R WL, /RS
PEHE 0 ENEUE pgR/EFIt/R . pgR/E JEH ) 5HMERE 2 M E. T
TR LA BN B A AR R

TR N R £ AE Materials and Design (2004)25: 453-457
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2.2.2 EMEFEIREY

X E2-4Ps iR KON |, eSS, A8 B EARH] T R EE R, AT
FRPEAE BRI T

-

q

B 2-4 KWREEATHEATHTER
Fig. 2-4 Schematic of the single-walled carbon nanotube

under its weight, the lower end being clamped

RGP R R
EIX"+q(l-2)x'=0 (2-16)
Fop | K E I BER, g 2 R KRGO E W ERE, | &IPKENKE. 2
72 RS0 B
EF (z2=0) MBMEMANE. FEAME (z=1) TR HEHE,
PRI NAMFEX(2=1)=0, JF (2-17) AL, IR ETA
z=0

X ’
x"=0, z=I
TP R, JEREN 2t BRAK S, 2 AR
| =i7r[(R+t)4 ~(R-t)'] 2-17)
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SR K PR AN KA [ T A
q=pyr|R+t) —(R-t)}]
MATTFE (2-16) W LLE R
2(R? +12)EX" +4pg(1-2)X =0
EIV N IF o LA
Z 1

x:l’ Z:_’ szxl’ X!ﬂ:_zxw
R R

R

2
2{1%%) }xuﬂuxeo

E R
/%\X'ZU, I)_IJJ
2
21+(l) U"_,_ﬂ(l__z)uzo
R E R
. R 5 25 A1 AR 1
U=0, Z2=0
U'=0, Z—L
R
N ) |-Z
4t =1+(t/R)’, P=4pgR/E, L= ;)
2tU"+PLU =0

é\n%\/m, vV =UT VoL,

d*v. 1dv 1/3°
st ———+|1-— =0
dn® ndp n

KET =P/2t,,
DIZEIR 5 R i

vV =AJ,(7)+BJ (1)

3 3

¥V =UT "L RN LR, F
1 1 1 1
U=ToLV =TCL2[AJ, (7)+BI ,(7)]

3 3
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(2-28)nJ LAy o I I P A4
! ; - —1) (L
oA ()= TLA{ in )( )

k=1

3 33r(4) 4-7---(3k+1)]
(2-29)
l k 3 k
11 o -1) (TL
TSL2BJ | (n)= 5 1+ k( ) ()
5 ry| ak:3[2:5-8-Gk-D)]
3 (2-30)

FREINFLEAS (2-25) , BE(2-28), (2-29), (2-30), WIZE A DAZ50H L
A=0 (2-3D)
#(2-29), (2-30), (2-31)fCAN (2-23) , 153
. (-1)" (TL3)k
1+

= v3k [2-5-8-(3k— 1)]

(2-32)
A A=TA/R), FIMEELIEA, REW LT (2-32) /A
Auin = 7.84 (2-33)
T
3
2’0—@{%@&] ~7.84
E (tj R
1+ —
R (2-34)
o

3 2
(Iﬁj - 3.92—ER {H(%) }
P9 (2:35)

XA T T E N B H] R R
2.3.3 EHFnth

WHRt/R=1, RIS T A48 2t ISE0FF TR (2-35) ARk
(Iﬁf = 7.84% (2-36)
X 5 [28]H [ 25 A ]
B2-525H T 1, /RS t/R ZIEIC RN . FRAERRGKE 1 JE B 2t =0.34 nm,
M IR E =1 TPa. ARt/ R MRS, & M FREI7E0.05-0.85, 43 Jilk T
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R=34nmHN R =0.2nm. HIMEATLLES], |, /REEE /RS Im e fmsgn. BT
ML TFIRT o 4h, 1, /RAIL/RIJLFRLEMER R TR R E LI e o
K%, XA /R (<0.1) [, BIR (R>1.7nm) ¥k, 1 /RS,

1.4 4

1.2 4

1.0 4

1 IR (X1CF)

0.8

0.6

0.4 -

0.0 0.2 0.4 0.8 0.8 1.0
R

B25 |, /REt/RZINM%F w4

Fig. 2-5 The relationship between |, /Rand t/R.

HER2-6T LLER], K4t /REEEILENE pgR/E RIIE TN . AR
WP  SUFI R (EUE, pgR/ E #PRHI7E2.6068 X 10 °~4. 43156 X 10 1", T8 =42,
Fl2-5F11E2-6H t/ R IREUEAE [RAETE

1 E2-5F0E2-6 v LR B, T BLRERR GO E 1 = FOB R IR R, IR S S
B RmERZ el / RAE10H B .

ARG LA H AR

oL, KR (2-36) SUE K

|, = 1.5763/£(R2 +1) (2-37)
it
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1.6

1.4+
1.2 4
1.0 4

0.8

! IR(x10%)

@

0.6+
0.4

0.2 -

0.0 T T T T T T T T T
0 1 2 3 4 5

peRE(x10™)

B2-6 |, /R5 pgR/E X Ja 49 % # wh £
Fig. 2-6 The relationship between |, /Rand pgR/E

ST RERR KA, AR p =1.33X10°Kg/m®, ¥R E=1 TPa, JEJ¥ 2t
=0.34 nmfE NI SHERE A KEL, » BARKZEWTE KA L s, =
YakobsonZs A", Zhou%5: A\**),  Vodenitcharovas A\ PORA K N %K —AN 5K 14
FCHE (5 TPa) FIEE/NFIEEIE (CKZ50.7 nm) 1EN HEERRGIKE MM RLE 2L, B b
BATHIX LA T 5 AR AKSE L, - SawadaFHamada>' R I Tersoff#- 1 555
HIKE TN HE (Cohesive energy) , THIMNO0.4 nmy ik 4K AR IR BLA2, FrUAAT A
HEEAR /N T-0.2 nm W3, AT 2 o SR b R B g KA TR A
AR BT SCER T R SIS B o BI2-TFNRE2-1 4t T ORE Y AN ] F I 2 A2 1) R Bk
PREAE AEAEH IR ASE L, A, ATRUE 2N (L, KKZI50% .

R 2-1 R F @ AR e e R KR
Table 2-1 The critical lengths calculated by Eq.(2-37) according to
different radii of middle plane of SWNT

R(nm) 0.2 0.350 0.4554 0.7°! 0.8"° 1.5%7 2.8P7
l,,, (mm) 0.2745 0.3569 0.4111 0.5381 0.5857 0.8813 1.332

I, (mm) 0.3956 0.5706 0.6738 0.9035 0.9875 1.5008 2.275

p=133X10°Kg/m® | : 2t=034nm, E=1TPa |_,: 2t=0.07nm, E=5TPa

crl cr2 *
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2.4
2.2 )
2.0 E=5TPa, 2t=0.07nm .-~
1.8- -
1.6
1.4
1.2 \
1.0 e
0.8 S -

0.6 1 - -'f’.’_."'

{].4—_ :/rl/

0.2 +
0.0 - T T T T T ' T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Radius of middleplane of SWCNT (nm)
B2-7 R RE ) KRALZ Ao B Rt B4 JUAS 545

Fig. 2-7 Several examples for different Young’s moduli and thicknesses

E=1TPa, 2t=0.34 nm .-

Critical length of SWCNT (mm)
%
\

UERANG SRR BNE AR T A, SX AN RS n] DLUE R AR I H AL 22 B 40K
BAEEEAEHD N ISR, AT LA SR B R B 90 KB AR B AR HT R IARE
Pho HIE2-7TAT AR 1, A% EVEHEEAE I, 2 BERRAKAE IR S BE B T B Y
JE BRI o

ARG G R RVEE T IO, WUAR S 12 AT 08 RE, RSN N,
W S S Al e AT N

DR LR BB B A KA (10 23 P 45 280 10 8 AR 4 TR 9K IR /M

2.3 KE/ING

ASEE S AR RESE A ) AR AT T RGBS, R 4 T R
M, SERRRURIEE S A I = 2R3, fJm R EE A 0 S AT R TR 0T L R B 20 K
BAE AN RUE PEREAT T PRGN I 70T o AEXT SRBERR GRS (R REUE P20 eh .
NI TIN T RPE, IFELL A O T E T e MR R. {E
SRR LT BBERR AT T S Al L AT L ik 100
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FE=F BRYPKRELE NEMS RS NFIT AL

NEMSZZHLH R4t (Nanoelctromechanics System) [FJ9E 455, J&E4kMEMS
(Microelctromechanics System, HLHL RS Z G IACEIER AR K I — N,
W AE YK B A 1) AT . HMEMSTT 5, NEMS 2 $8 B g St 4 ]~
PR N N R GE o BRAUK AR — A oK RS I FL AT URE 1 5 1) &5 R F1 D REAA L
FENEMSH i A5 4R AL E . s ), RIEDEEREN, RAUKE 4
I, HIJAT R BEANEMS S I e . O SEI ik B 4K A (AR TE 23 56F
EA S FJHREAT A PP ARG o BRI TRk 44K B FENEMS HY ) 2247 4 B IF S A AR

(S E (S o
BE A Bk 0K KB T KT RO AR 3R T 0 AR R &5 i e &
(Pull-in) A2E 1 0] UL AR A A H B . AT IUIE T L RE Rl 9 K IR 4K B 1 1)
WA AR ENE, A MSRA I BTt S 2% .

3.1 BRANKETE NEMS H Bz F

Ik, PREUR R RTU/AKEE T2 S8 7 S/ RS I, rak
ERILATR A, A2, W, 1R O NEMS #3A oh — AN EE IR e I AR
VEN T RERN S5 M 4L, TR )2 L BAE A0 KB 1 (Nanotweezers)!' ™, 42K
TF<(Nanoswitch)!!, 2K A% 2% (Nanosensor)™™, 44K 4l 7k (Nanobearing) ®45 44 K 2% 1}:
H

WERBAK T2 M H T et R T RAERE R, IR IT MUK Tl e i
M) B SR SR A o AR 2 AR T OGS R IF O HLER , T oK 172 F ok ok
Fr a0 g K R IAA R . Kim AT Lieber! V1 56K P 0 40 K45 23 PRG 422 31 P A 4
TE eI  , ACe—MNAK LB T, A8 PR AN KA 2 Ta) i I v s 42 e AT TR o
& (F3-1a) . b5 Akita ™25 N AEAEGErEAT 2R 0 42 s Fap L SEIL T FIRERI 454 . Jang
25 NUIZE G i b b 23 S0 S B0 T 2 SRR 400 K 5 0 3 SRR 4 K 25 AL B 1) 400 K T S /1 4
FJ(K3-1b).

TR LB A K EAE Journal of Micromechanics and Microengineering, 14:1119-1125 (2004).
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a) BMAREFNRET b) SRARENARTFRD o) BAKE A RLEMEGAARTF XY

B 3-1 #hKE £ NEMS F oA (FFRA 1 #K)
a) CNTs nanotweezers''!  b) Three CNTs nanoswitch™®  ¢) CNT-substrate nanoswitch™*!
Fig.3-1 Applications of CNTs in NEMS (Scale bar, 1 um)

3.2 NEMS ¥y {EH 1 o #h

ENEMSSS R, BT SEIUR e ThRe I 22, i i ) 2 dee i - 23l 1y . 5%
MEER AN, R IR A T BRE . AT, AR~ mfi~L,
W TR RARILL ~L" s B SR E ST I, SRR AAR OB 3k, TR
FIRRRR ) 2 EARRG [RIFE G R 24 45 R ik B TOK s K RUEIS R AE W REE E ]
LIS [R)2RTH 7, 5 Casimir J1 ), Ju/#E (van der Waals) )P 5 g AR 194 A 22, 4
I EE 2 ok 32 R &

AT FA I van der WaalsJJ, Casimir Jjf5—ANfaj B~ 4H

3.2.1 van der Waals 73[9’ 10]

JOAEAE ) AU TARARFE k%, XORRYGE AR, AFAE AR R -2 8] A2
) (Dispersion force) M1t Jj(Dipole force) 15 5412 JJ (Dipole induced force)
A, RN SR TR 7S OO B B o

AR 53 A ok ) PRI A AP o Mok D) AR AR B e A AT 231 5 5 R AR AR, T )
MeE 5 35 S AR R AR AR R il o XA BAE R B BE S Y AU BE « London
i PN 71 2 TR U RE R AL R A 5
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E-_3 e _aah (3-1)
2v,+v, (47ng) ré

L, v v BRBURIR PR IGERNR, o, o, 24, hZPlanckH, & 2
Sl Sl PN S O b Y v Rl o1 R
WM T A R AR, A AR ) = A i F W 5 1, AT AT R BE S 0Pk
Metkfg, thArKeesomfe. BRI 1 8] (111 F 1 BERE 201 7K A AR EE (V1 K mn oK,
EE BRI BT iy FeAG, S5 A A e s b
uru,
3KT (475, ) 1"
A, u, u, AEEF(Dipole moment).
TR AR IRCRE 5 AR 731 I A AR B A2 A%, LTS SRR o K A AR AT
PRI RAEER S IVER], A EAE R RE R N5 BE, A DebyefE.
E=—(u‘2“2—+u222“1) (3-3)
(4meg,) re
R A AR AR A TR 23 E B AN AR 7 738 R AR 23
THAAAE . XEAFH I AAEAE T ANF 73518, 1 HAFAE T A — 207 W IRAN R 7 B
P2 18] SR By T IRIRIX =R D0, (O BN IR
S0 A Y PR S T T AN I LY P (NS e VAR S S L AP SR (R
SRR RGR, WG| R, AR, e IR . ARG A
te, s R RERE S, HARRI GG BIRE

E= (3-2)

B

Erepulsive (r) = r_n (3-4)
BREMNEME R, n@229~ 12105 . X871 [0 IAH B AE ] ) 3age nl 2Rk 0
E g (1) = (3-5)
r r

Lennard — Jones A&, X KRZEWin=1208F &1« IXFES T IRIVE ] FAat v] DA
5 “Lennard — Jones #” i & “6-12%”

B C
EVdW (r) :rT—r—ﬁ (3-6)

BN C ] 1 i S5 T AT E
EFGE TP ik
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Evaw (1) = 45|:(%) _[%j j| (3-7)

XA AP Ay T B )z A A G T e, oMEE . e WONIETEREFAB
YR J¥ (van der Waals potential well depth), o FK A VEfE4E 42 (van der Waals radius). 1F
r=2"c=112c 4, JEHEELEENE/NEE,, (r)=-¢c. fEr=c ki, WHEER

EvdW (r) = O °

\ ]

A3-2 jLisdere®

Fig. 3-2 van der Waals energy E (
r)

(T2 K g N =1 7 e el 1 e 5 S Ao 2 WA e i AR RS K 7
TR TR R 2 1A KT tE e g, BATTml L@l AR — AR N IR AT S 14 55
Ah— RN BT AT S TR REAS 21 o ABBEIASRL T Z TR AR W51 T, B A P
R AR AR N

H

Ean (D=, [, C’D—lf’wlvlolv2 (3-8)
LV, RV, B AR,  TRARRIV, RV, AN T W B
0
7y U T DL i o s S ) 0
F.ow = OE 4 /0D (3-9)
D 3 25 11 41 ¥ B 5
e
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Table 3-1 van der Waals energy between surfaces
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3.2.2 Casimir /1

Casimir JJ 2 AEHAE M H-PAT, PR 3 a2 IR 51 07, R T F g
HE K . SIS, TR MK, Casimir J) A LU, {HAES)
KREE, Leanwi NP R BS 7oK REERS,  Casimir JJ3 45 A v ZALHIAEH - 85 iR
BN T pmb, Casimir J3 74 AT DA 275 51 . 19964F Lamoreaux! 'A% ff ) 5 1
Casimir JJ [P R/ A FAR 8] 1) Casimir 73 0] DL R 2 2045 H

7’he
400"
Horpt A FAR (TR 7 Ay Planck 3 B LL 27, 7=1.055X107%s; ¢ &6k, ¢©=2.998
X107 m/s; L AL P A7) Fr) PR 9 o
ST ANERFIEAR, W Casimir 17 /A g 1F A
7 _hec
T360 L
P ROERIE R, R>>Lo XMEOL R, Casimir /RN PARAITIIAR TGS .

AMEIEEERE Ty, Casimir S35 PR U AR LA o RFT- A2 [ <6 Je 35K

7, EATZRIMER 1384 R 7.

(3-10)

(3-1D)

3.3 ETHRARENARFAXRENESH

FENEMS Y, TG4 KT G Ji B (1) &5 40 A2 Jee o LI FH o KBS 1 KT DA
F—HEI, #ERER ) BCE N VE R Ve IR ), SEBILESE S5 1) 1 8 4y
TFo T BAKEMAKTT R A MFIE . — MR RPOKE - IL RS, 51—
FEBRAK A RN K A S8 . Dequesnes! AL 5 —Ph A5 Y TRIAL S R BERCRY, ST
TAETOAEAE IR I E TS, B IR 5 LR IR B AT A o AT L R Gk,
FH R AN E O FR G () LS4 DTt FH 3% S TR AR 5 28 450 ) I3 i i 0
(). Hwang™25 A\ F 5 7454 (Atomic simulation) 9T T BRI -HL e 45 Ky (R &
2L OO 1L (W 01 G S N i M B P S5 by /91 10 et 7 1 e 10 - (1 o 5
WRR Sy N e il A GAERMAC R =N B o Horb R AR Bl A SR AR )R T
Mk ISR o ARAT TR L B UL A IRAE R B TN 73 B ek R vhy, BB oK R S (KPR B R
Ret h ™4 T JE L% (Hysteresis) o

XA IAE IR TT G, JuAEAE T8 Bk 52 W0 3 GuAs € () ds 22 4E
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Fig.3-3 Schematic diagram of the two nanotubes and the coordinate system
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- 3/2[ 14 J + 3/2( 13 j (3-13)
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TEHN ) N VER N Btk ek
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(3-27)

2,2 2 )
Ebending o El J‘(')-((;_ljj dz Er (lli)] L= E ¢ T (3-28)
X

3 4
E.ow o Asl/_z (2 l: . AL e (3-29)
Ebending D Erl D E(rlD)

X H 2y IS Vu AR RE RS dh fe LU E M= v, A SRR LUAE, R i ghok
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[FIRE, oG I A48 N
U,(0)=0, U, (0)=0, U, (1)=0, U"(1)=0 (3-30)

>

U,(0)=0, U, (0)=0, U, ()=0, U"(1)=0 (331

3.3.2 Galerkin A%

TSRS AT R R ME, R AT Galerkin 7 VKSR i ARGt 5 2 (3-24)
(3-25) .
HAEKU, AU, 3T i R IR R I

(3-32)

(3-33)

Hrp N CBIESE, a, b oAREE R ¢( )+ Craigf1Chang!" 45 H (1) 88 I b1
#. Dowell'"RIDugundjit 45 i T #iRE AN gk 50, K (3-32) A (3-33) i€
RN (3-24) F1 (325 Ko (&)L (3-24) F1 (3-25) K, SRJ5 MOEN B 75

2
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I SO N S L £ SO P -
_[0¢N {;blﬂ [(R32+R42)ﬂ2 Io(zbﬁ'j dg]Zbﬁ, +R4—R4 deW df 0

(3-34)
KT A2XNANHFRALR I TR, F2XNAKRFE Ca,b, i= 1, N) , FIH
Newton-Rhapson /7 7KK i .

3.3.3 HELER A

BT K2 BT E SR 1 TPaf0.34 nmffE Ay BB RR A0 K AT 1R [ R FBE )
R BATRE R UL, T A S A8 R K B AL A A R

K3-445 H T BRI T o APARBEG KA I FE S D =50 nm, F45r = 1, =
1.33 nm, #KBEHEE =1 TPa, BHIKEREEt=0.34 nm, BIEL LR, 3, 5T,
W& Z4in 35, 40, 40.5. ZREfembiAE, WA S il 140.5. AFESPT
A SRR 25 . T A3 B R A S 4 RO IR Va4 AL RE A ZS i e
PR B (3-24) g e UAT 4, S Hamaker 5 404, B 4K K
L, SEMREEE, SEBAKERINE, E AR E R LT, #n]
PAEGAS e . ASRBRACKE MR E CA, L, E, 1) {REEAEE, IBASAS n 1 H
D5 DA AR A KA TP R B T o AT AR B G R A A M R I A, BE
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Fig.3-4 Convergence study

49



AN TEE BN o I S I VA

Nondimensional Nanotubes Span

Critical Nanotubes Deformation at 1 = 40.5 (rq{ = r3 =1.33 nm and f§ = 0.024934)
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Fig.3-5 The two nanotubes’ neutral axes deflection at the pull-in

Pull-in Study of the Nanotubes with the Different Interior Radii (rq=1.33 and r3 = 2,63 nm)
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Fig. 3-6 Pull-in study of two nanotubes with different interior radii
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Critical Nanotubes Deformation at 1) = 66.6 (rq = 1.33, r3 = 2.63 nm, § = 0.02341142)
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Fig. 3-7 The two neutral axes pull-in deflection
of the nanotubes with different interior radii.
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Fig. 3-8 fand pull-in 77 for the two nanotube system

with the same interior radii as D changes
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Pull-In L ( x 104 nm)

D versus Pull-In L for the Nanotubes with the Same Interior Radii
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Fig.3-9 Pull-in nanotube length L for the two nanotube system
with the same interior radii as D changes

x10° D versus [} for the Nanotubes with Different Interior Radii
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Fig. 3-10 S and pull-in 77 for the two nanotube system
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Fig. 3-11 Pull-in nanotube length L for the two nanotube system

with the different interior radii as D changes
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The Nanotubes with the Same Interior Radii and Different Young's Moduli and Thickness
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Fig. 3-12 Comparison of the pull-in nanotube length L as D changes

for 2 sets nanotubes with the same interior radii
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4.2 BrYNKERIHIE

H i EARBR AR 1 45 iU O 2 B B, (8 R R s g 46 T R B 4l K A
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Fig 4-1 Schematic diagram of arc-discharge apparatus :
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Fig 4-2 Schematic diagram of laser furnace apparatus .
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E4-3 SiC/CNT 4 3L A oAt 7~ &
Fig.4-3 Schematic diagram of SiC/CNT reinforced hybrid composite

SiC/CNT & K Fl i sh A 2 S TRRE A 1R, S50 28 DL Il 4-4 o Bl FH ) 72 —
K (Xylene) , MALFIE /%8 (Ferrocene) , EKME £600—800°C . il K4
HEAL AR, AR, ARG A5, AT LLiles th AN RDE S AR 24K 3 « SiC/CNT
R A PR ) 4 A8 2 ARk B S B T 2%4% (Ecole Centrale Paris) ffIMSSMat (Soil,
Structure and Material Mechanics Laboratory)SZ 5 %= #E1T 1)
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Exhaust
|

L Ee —
== l

and Catalyst

B4-4 FAMAREEENFEH
Fig. 4-4 Schematic diagram of CVD apparatus
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B 4-5 SiCH 4269 SEM B 1%
Fig. 4-5 SEM image of SiC particle

B 4-6 SiC/CNT#SEM A 1%
Fig. 4-6 SEM image of SiC/CNT
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P 4-78 B 4-925 LA E K T BEERR QKR I SICIUBOR R, WX LA ]
LA 2T 4 K PR 21 38 AR T SICRIURE V-1 o

B 4-7 XK 49SIC/CNT#) SEM A 4%
Fig. 4-7 Enlarged SEM image of SiC/CNT

T )

B4-8 A K &9 SIC/CNT4#)SEM A 1%
Fig. 4-8 Enlarged SEM image of SiC/CNT
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B4-9 # K &) SIC/CNT#)SEM A 1%
Fig. 4-9 Enlarged SEM image of SiC/CNT

E4-10 XK 4 % BB A K% 9SEMB
Fig. 4-10 Enlarged SEM image of MWNTs
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Fig. 4-11 Box with plastic bars adhered in
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fz, kg 0 TRERA B 3 1. 70 72U P S TN M IR I D Re AT . Ol
TARINEM IR KA St IR Dy RE, AR N H A BE AR, 4 0] B Rh RAT AT 1 45 22 MR
HUAEFH o 3 FELASE H £ 18] 44 770 1083 1 32 42 B3t St A 7 T Jli R AT G 3 B i
(isophoronediamine/methylenedicyclohexylamine, IPDA/MDCHA), 477 J& 1 A&l i
R [l A0 AR 55 T NG A ] o AR T I I ] A7) B AT = A, B B B, R
%, AT A0 AL 07 BRG] A0 75 PR A A A R A7 AE T AR TR e, A
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B 4-12 DGEBA#) 4T X
Fig. 4-12 Molecular formula of DGEBA
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o . Emmmp

a) LA b) Tkt TR
B 4-13 ZBRE
a) Mixing machine b) Vacuum apparatus with heat function

Fig. 4-13 Experimental setup
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Mix |—| Degas |—| Mix
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B 90 C 12h
=
@
s 60C 6h
| oot
e
L 25C 24h
Time (h)

E4-14 B atHeslEitie
Fig. 4-14 Fabrication process of SiC/CNT- epoxy composite

E4-15 AZHF 89Kt
Fig. 4-15 Samples in mold
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Fig. 4-16 Cutting machine

B 4-17 )&+
Fig. 4-17 As - prepared samples
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Fig. 5-1 Sketch map of fiber equivalent process
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B5-3 RAEMRRE T8 S apat szl

Fig. 5-3 Sketch map of RVE equivalent process[z]
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B5-4 $AEB M RE H) B AR R () F B R KA BB R 6 30F (b))
Fig. 5-4 Self-similar scales (a) and number of SWNT per meter length (b) "*!
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Fig. 5-5 unidirectional short fiber composites
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Fig. 5-9 The variance of elastic modulus with braiding angles
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Fig. 5-10 Static compression setup
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Fig. 5-11 Influence of loading rate on material strength
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Fig.5-12 Influence of vacuum on material strength
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Fig.5-13 Quasi-static experimental result for SiC
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Fig. 5-14 Experimental results for different reinforced filler
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Fig. 5-16 Schematic diagram of split Hopkinson pressure bar (SHPB)
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F(t)=S,E(& (t)+& (1)) (5-14)
F,(t) =S,Eé& (1) (5-15)
Vi (t)=c(e (1) (1) (5-16)
V, (t)=cs (1) (5-17)

Hrpbhs i, vy t BRI, SO A& S s Spe B AT ¢ 20 2 AT KAk R AN
FEROM [CBR, AP svEsos: &, & Mg RN NSRRI EATE G .
AR R4 SONAR AN 44 SO Ty ] 73 5 R 2GR

4@=£Q?@9 (5-18)
o, (1) = Ff’S(t) (5-19)
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A4 SOV AZ Ny
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ENGRIE SNV P
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TSN AZR N
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Fig.5-17 SHPB setup
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Fig. 5-21 Reinforcement effect for both static and dynamic test
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E.=E, xV, +E_ xV, =5720 MPa (5-24)
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Fig. 5-22 Experimental result and theoretical results of Young’s modulus
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K 5-26 &K SR SiC AEPR A IR S, T UG 2I7E SiC R F [l 28 AR AE
YW SIC HIEM IR Z I B 45 & IF AL, R GOKR S B AE DS T IXRORG (&
5-23) , X E5ICHR[19]H MR — 3

92



AN LN L i ] e S S VAT

i - : : / ;

1pm EHT=1000Kky SignalA=InLens Date :28 Jun 2005
Mag= 5.00 KX HH WO= 8 mm Photo No. = 2560 s erture Size = 30,00 ym

B 5-23 SHPB %3k & 5% (3 % wt SiC/CNT)
Fig. 5-23 Fracture surface of SHPB test (3%wt SiC/CNT)
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Fig. 5-24 Fracture surface of SHPB test (3 % wt SiC/CNT)
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Fig. 5-25 Fracture surface of SHPB test (1.2%wt SiC)
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Fig. 5-26 Fracture surface of SHPB test (1.2%wt SiC)
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