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1.1. M

AT B O HTITIT R 2 ZRRBHEM B M E D T D, Bl 22810 5 & AT FEER, AU = X7 0
WHESE, BEEYOWBER a7 U — MHIEMIZIZ T L I THES T 7 AMESE, BB EIZIZIA T —L
WHESCT 7 X FIHEENMEDI TV D, ITFE OISR O FEAETZI TN 2Kt TR0 . A% MHER B
DEEMTE L TV EEBERALND, MFEEM B ORHKIL, MRWERTH D -OFBMEELTRT L TH
Do BIAIE, B L LTORMPLR—FTA b, ARITHETH D2, 205 Z#HEIRIC L7 A
ROT VX T e, T AR AR T, S BT, MHE R TERR T DR THE R0 N IR S
SN & MBTICEEND KDY A XD 5 Z Lnh | flHE TRUREER & bl U CHEE - sk
RANA L LSO [1], J04E Tl T O « BPER « FlME 2 FE o fHER B S Ik 2 ICBARE ST B,

1.2. BRREH

IR SEREHE VI BEAT OFEHEAM B O TROR ORI, BPERZ >, HAE EH 72 ORI A F— Lk
DLUMELLETH D, EFETIE= LT —EJROFEC B LIRBPEHEOHE KR LN ) FmrD, BT
FRVVRFPE A2 T2 L, eSO F AR5 Ok O BALIZ K R WEL E Ze o TN D, — T
IRBIEHEIZE T A P THLINRPZNFED DB TOEABICE LTS, a3 A MOHERKRD—DE L
THRGSEFC IS 2 @ IRANEY (1000 ~ 2000 °C BA L) 12 & B R/ = R — B EAR % s [2], N
Z T, IRBHEGHEI TSR O i ZTxE U CoRE 2SS A HNTAR N 72 DI TR MR < . BRI [3], R
FIBHEITZOEEDORETHEDLND Z LITELS, EEMEIZIIN LTINS 20, &N T E g
AVTZARMEITIN Cr R &2 | 722 T 2B mWIRGERMER O h—F v a X M2 S HIZHNSHE 5,
WL ZERESOF RS RR LA O 43 87 12 W) Tl 2R DR B b 2 BT 5 72 0OI1TIE, FRHEASK O ik ME & HEFF
L7 D b E - BiRERMEI A = XL X —CRIET 2 FIERLETH D,

1.3. A—RYF/Fa—7

1.3.1. f&&
RFITITE DFERIRIEIC & » THEEORIBREBFET B, BlZIE, RE—RFERM T sp’ IBAKIE & T
T575 72 R0BH, P IRKEEZ TR T D44 Ty FRENET NG, I—RrF /) Fa—T
(carbon nanotubes : CNTs) & REDFIFETH V| £ O IE 1991 FIZERBE B RIC K > THLMNIZE
M7z[4]. CNTs 137 7 7 = A MEIRICHD I MEE LR D, 77 7 =2 ORBIZ L > THB I —AR T/
F = —=7 (single-walled carbon nanotubes : SWCNTs) & ZJ@H —AR 7/ F=2—7 (multi-walled carbon
nanotubes : MWCNTs) (25055,

1.3.2. #HEE

CNTs (FFFFHRIC K o CINFECHRAINTHE TR REDOFRRE L YoV L2 FHOZ LA THIS
AUB-T]. EBRAIEIZ L - THEFEESN TE7[8-20], S 51T, CNTs T4 ILHE LD LIV RFE THERK S 1L
TWHZ L, PEEETHH Z L0, RENTHEEMENZ EAVRENTWA[21], > T, SWCNTs
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DOFREEIIR UE B OREEMRMEL & i L T4 5L ETH Y | %f®ﬁﬂfﬁ%%<f%%&éﬂéﬁn
WAHE & FEBR LT h 33U E L 2% (Table 1-1), CNTs O THEI - Mk PE 1L R 35 i AR BBl K4
%, CNTs & [F U< sp® IRARELHE DR — rMﬁA%ﬁ¢5£@ikwﬁf@ﬁwx¢fimﬁ¢mm®
ﬂ%mg<%m~%mK>%ﬁopsz_hdwpﬁA#Awﬂm ZEODT RV —NLETHDHZ
EERLTWD, B E CNTs OIRERIZIEVL, 77 7 = 2O EMARME TH H7-O CNTs IE
TR RO Z & THD[24], UL EA, BEFOMENCIZFEHRINEE TRE, R, mirER, ks
PR CNT Ak BMIRF S DAL CTh 5,

Table 1-1 Experimental values of the mechanical properties of CNTs and other materials.

Materials Tensile strength (GPa) | Young’s modulus (TPa) Density (g/cm®) Ref.
SWCNTs 25 ~200 1.2 1.07~2.13 [8-12]
MWCNTSs 2 ~259.7 0.27 ~4.15 2.09~2.11 [12-20]
High strength steel 1.96 0.2 7.86
PAN-based carbon fibers 5.7 0.3 1.75 [25]
Pitch-based carbon fibers ~4 ~0.82 ~2.15

1.4. CNT #HE&MHDORE

CNTs A « mimEMEE L COSHT 2BOMBIX, CNT BRI 2 H AL 5 M EILEE nN FRE & /)
E<, 1 AP TEAATE RN L Th H[15], CNTs DENTRE, YoV REFOMEI2EHT 5
To®OIZiX, 28D CNTs A G b T, RERMEL XX BNDH~ 7 B A7 —/L0 CNT M ERLT
LN H 5[26], € ZTCNTs & &Eo 1714 )8[28]. &7 2 v 7 A[29] 2 A& bW T EMELME
RSN TE 7, ZHUL CNTs BEEMBHZ BT 25 LA O BARRY 22 5elh—T ) A — IV OERR, @7 A
7 M, @YU R BRE, BE—E2 OO TH D13, 24, T ALY M EIE CNTs OERICKHT
LHZESOHTH D, BAOMETIZ 1000 FREDT 227 MEBRRRTHSH—FH T, —KBICEREND
CNTs I, BEAE2Y 1~ 100 nm, £ S 230 E um BL ETH Y 1000 LA EDOFRSD TEWWT A7 k% FF-2[30],
WHERIEANC N T, 7 AT MR RE WV ERMICRT 2RI OWMEE LiF 52 LT, #
A EFORSRERE 2 1) E S5 2 L3 TE 572 0[24], BEF OMMEE A F EHZ VT 2 51 BT (4.2 GPa)
&Y 7 H# (176 GPa) A F5D CNT/E 7 TEAMEI R HE STV A[31], LarL, Z4uh OfflL Table 1-1
(R L72 LAR®D CNTs OFFEL D BB NNCHE D, KO —2I%, RAFIZ CNTs 2 —l2niisEs 2 &
WEEL < EAMEF O CNTs BRI K (PAFL) & LTE< 2 & ThDH[24], CNTs o i1 L
LT THY | BT 5 CNTs BICIZ 7 7 v F AT — L 2 MBI 72 DErE Lo9< . ok LT
CNB%E*Aﬁé&é ST TR 22 D, o, BIOKKIX TR & CNTs O S TR Mmb

WD L | THDH[24], CNTs ZHERLT % 7T 7 = L E sp? IRHLE DIRFEIRF 1O . V597 =

&ﬁﬁﬁﬁ;@<ﬁi77/7wv—wxﬁ®ﬁf@éo_hﬂmw@ﬁﬁf®%wﬁﬁwmwﬁlk
720 CNTS/REM RE T D 2L S8 5, 2 HORBEIZK LT CNTs OyEitEdm X, CNTs/RHH
R OREE 1% M ESE D000 fHEN TN D

FFRRO XD 2 RAEL O MLk LT L, BT D CNTs o) —722 43, Rimofs& ) om k
2T, EAMELOBBEHEICRB W TR OFRFERHEEIZ/R D LB X TVD, —BRNICAREND

2



CNTs O 3 mm LLFCTh 272010 F, i~ 1%, TRbikiE L U QI CNTs 2 W CTEAM R
TERL L 2200 4072 B 720, i - CHlfsehilkife & 5720 | H 2 O CNTs O L EHEINS O EZ Z 1T R> 2
ENTED, MEIFIHMEZN L UZESND, ZHULCNTs 2 TR M b £ EREE X252 L
ZEWLTEY ., CNTs OIANEFED 100% TRWERY EEMEIOIREE, ¥ 73 fH ~ D CNTs OFpE X
D HMTIRL 725, IETH T A— FLH A XD CNTs Nis STV A 03[32-34], AR TE 5 &0MD
T 7228 CNTs % A7 OEHGEE A ML L R UE & LOSAT2 2 S8V, #icEax, 1
AROD CNTs DIRE, Y 7R EFFOMEEAIRIT 5 72 OITITRM NS VU H— 2 L2272 72 CNT
HIEROBEEN LI EE X T 5D,

1.5. BERERE MWCNT DR

1.5.1. /8L VA= 1)—CNT ##

1RD CNTs DIRE, ¥ o VFEEFfolo~ 7 v A7 —WMEEERT 57012, IR %A & £ 720 CNT
MEERAME L 70, ZOERICE I A X —7 U —CNT#MEE LT7 v 7[35]. 7 1 /VA[36], ki
[B7172 ERZFET HAVDH M, R, Yo 73, Bt 8 OBMRFEITIR 38, 39], ARV R R D SRR > —
S& LT BT 2 CNTs MDY ) 2855, CNT 71 v 7 O =i wlBR% Ok 2BV T CNTs
DB EHRIT VPR SN2 LD, CNTs NS 7272DIZ CNT 7 v VR L7-E WO RENRH D
[39, 40], Z DBV X CNTs MICZEfRIC L~ THELZEEZBND, ANRN—7 T T A< BEfiikic k> TH
572 MWCNT 7 2w 7 O R 2 (1.34 ~ 1.45 g/lem®, [41, 42]) 1% 1 A MWCNTs O i (2.09 ~ 2.11
glem®, Table 1-1) &bl L T/hE <, AR TT 1 v 7 O 30%EL ENZER THh > 7=, = OZER TR
T % CNTs M OB EHME AT S, CNTs O ERER LN T S5, 22HE U 2 EIKIX MWCNTS
DOIRWEL M TH D, MWCNTs D[R X D3> TWRWEE, T/ F = — 713 B IR O L ALUE#E 2 B
LTV, TP T ATV ANNIEE LT T T = NS OME L 72D, MWCNTSs [ Ofif B ESR % 6]
EEEDEDICE, BT D)) Fa— T R BEESELINLERD D,

1.5.2. CNTs D B2 [ BT

CNTs O & 9 72 HfEIROWE 2 B I FE S 57 0121F, HEORE2Z A2 508N H 5, A
TiX, ElA L7z CNTs & U CHEMGRE R IEIC L o TIERLT & 5 MWCNT ##E[37, 43[ICFEH L7z, ZDFiE
TIHEFEMRABEFFIEIC L > TER LIZE S EE um @ MWCNTs 2#0 b8  ESEm U Lo 1 AD
FEUWVil#E 2B TE 5, S DICERLA DA & —7 U —CNT MEHTITEEOERE L LT, CNT #l#EIL 5
WRHRPEZ RO, 4 MWCNTS (ZAkKE Ofl 57 [rIZEL A LT D72, FEffET 5 2 & T MWCNTs 28 &
ECE LT E OFEGRIE & A% 0 LT EE (~ 189 glom’, [44]) DR ST 5, LirL, ZOF
FUHMNT 5 BE O MWCNT #HEORRASPE (v 7 % 55 GPa, 5|iEFE 1068 MPa,) 1 1 &K MWCNTs O
FE X VBB ZE D, 2T MWCNTs BIC@i< 7 7 > 7 /v T — L A 1358 MWCNTs HIKDFEEE L 0 55
WZ EEIRT, F£0 WL O OEGRER TlX MWCNT ORAMNED L EEE L, IO E D5 & it i
WESINTEBY . MWCNT MEHZIBWTIE T/ F 2 — 77T T < MWCNT AOJEM O ERESR S
KN LM SN TV B[L5], o T, /S & —7 U —CNT MEtO#BREZ R ESE 57200 1
2 H OFREIT,



BED CNTsRI& MWCNTs OBRIOEHFIZBWT, BEET3 757 2 VRITHRAEFR T2 L

Th D,

A B =T U —CNT MEORER T ORIZ2JEIK & LT ICNTs ICH £ D Kifa) 738 5[45], #
FRTEIZ X o T, SWCNTs (222 fLFAE L= A ISR L . O B3 BIICIR T35 2 &
IRENTWA[6], EBRHIEICBWNTE, /) A7r— L oK% F-> MWCNTs TlXs[iEFRE2Y 70%
KT 52 EDHEDIDHNTUVWDH[14], MWCNT 7' 11~ 7 OREMEED Z N 2 /K95 MWCNTs O
WIR<HKFET 5 2 & biE SN TND[46], Lo T, A ¥ —7 U —CNT Bt Ot EZ M S5
72D Y 5 —o>DOFEIX

BEOQ XRMEEERWCNTs ZHWVWD, HDAVIICNTSIZEENDIRMERET I Z &
Th b,

15.3. 757 z o OFEEHEH

ERNNER[47-51]°FE 1R RS [52-54]1C X > THE% o> SWCNTs £721% 2 g CNTs 28 1 RICAA 3562 &
WE SN TS, BT 5 CNTs MICKENERIND Z Lk, BB EZSHIEHT L LT
SWCNTs D il F fiph R 2 6] | L7 2 & [65]. BENANR—2 7T X< BEREEIC X - TERLL 72 SWCNT
7 a oy ZIWIZBWTCHIT Yo 7R iR M B L7 Z 40 L D EBRIICHENT D BN TWD, X HIT
MWCNTs ~DE I EHC X 0 BRI Y Z248H S8, 1 AD MWCNTs O s 2 [ L c& -2 & b
HENTEV[15]. SWCNTs 3 L O MWCNTs DRI O FICBWCHiET 2 77 72 v 2fiaTa 5
LERD, TOXROIRT I 7= UBICBT AN, ETHET 277 7 = VOB EFRIZL - T
BASNTRFEANKEEEFLE L, TOBRRAZ XN T —L OTHATRLT—D i/ MezBRE )& L
TRENEITLIZEEZ LN TS, LML, CNTs DG SSIEH D RREEENKE L 78D & UGHEE
PMETT 5, ETENLLEET LR 2 LM 002> TEHV[B0,52], 2D LIXERMNKE 7 CNTs
TIIMBASRE R L DRI OEBANIT TS 77 = VB E OB LN L 2RI LT 5D,
F7o, CNTS IZHFAET DR 224D K 5 e R FEE ZFHRL T HE VI AN =A L& HE 2 D L Kiakx
2L EEROCNTs TIHT 7 7 = VI OREE N LW EEZOND BIDT T T 2 UG A=A E L
TUENFHRIC L % spPIRAHE O R FFE G & D SWCNTs B OFE S TERL AN BEGR AN T S TV 5 [56],
Z AU SWCNTs MU — il £fE 2 B L72BRIC, BV & 5 BEARD/NE 72 SWCNTs (23 W THEER D i 151 <
725 RFIFFRT sp? 5 sp® IRREE~DOFHRN/L - 52 & T, T/ Fa—TRHEABEREND A
HN=ALTHD, JENFRIZED VT 7 = UREGITERED/NE W SWCNTs TOHA U 5 sl Tl m izl

RLEFHRBHOBAELFRETH LN, VI 720D spPREMEET Y NU—210H 52U sp IRk HE
DIRFBIRT % FHER ST THE 2 LT ERDPRKE A CNTs RIS FELRNT 77 = VRE THES
B TEDZ E&2RBL TS, £ 2 TAIZETIET / F = — 7RSI & - T CNTs DR & #
Fr L7 % £ RFBIAT% sp’ IRAIIE IC FFHE R S E 5,



1.6. HIREM

~ 7 1 A —/L CNT M ER)S 1 RD CNTs OBl IE A SRR TE TOWRWIRKRDIRRIZ S 7 7 =
DOFHWHAERE, ZNCERT L7772 Fmoiigy Thd, AR TIET /) F 2 — 7k EHE
k2777 2 AEEHEITOMNLZ BET, £z, #EkOT ) Fa—THEAEBEINC L > TER S
CNT M EFCIEFMRMEN Kb Z ENHETh o T, T2 CRMMIEEZHERF LN 6T ) T2 — 7RIS
DG Z AT D, MWCNT FRME OB ER M 21T 5 T, AT D& RN KR ERBAEMBOIY FNZIELTE
BERLETHDL, ZHUINTOERREIWGE, DT — X CHE L PHEIEST L @O E
EFRFOLIIRL RN TH D, L, &< A UM T MWCNT iiffE 2 ERT 2 2 S I13E L <.
PEZFf > THIETE 27— 2 TITR Y 3B D, #-o T, L0 D7RnT —Z i CUEA/y Ik S % Fr
DWIREEZ G2 FIEDNE L7 D, RUFSETIE, MWCNT fHE O BEMURHE & BB © AU 72 1 E 5 CRs e
(ZREAM T2 FUEA RN L, & OITHHE D i 2 5l 2 FE A Rt 5.

1.7. KX DR

AR CORER A DUTFIRT, RN 2 648 L 72 MWCNT #ED1ERLE ) F = — 7 BB 35 54117
DML A H 2 7, TMWCNT HkHE D K5 72 LIREE OFEANE ) OfESL 25 3 B CTHD M4, b OEAlT &
T F a— TR AN Z F 4 EOHAS DY T, BRRE RSO 2 BE T,

F1E P

W28 AHTBEAGIE LSRN —R T ) T a— T O ER kO

B3 EBREZE —AR T F o — T HRHE O NG E e LIR ST L O ST

WAE ZEI—RT ) Fa—THHOT ) Fa—TRFERICLD ST T = R E D H

WoE A

F1EDSEM



[1] TN #r. 2 & UV 2E ke o Feib sk 0P T 2ErRA+; 2011.

(2] AT &, S R B I3, MR BE, AT W, et al. IREMEDRIEIRELAN: - A
— Hihi; 2013.

(3] FOF B By TR FHED LM L E . PETROTECH. 2013;36(2):104-8.

(4] Iijima S. Helical microtubules of graphitic carbon. Nature. 1991;354(6348):56-8.

(5] Mori H, Hirai Y, Ogata S, Akita S, Nakayama Y. Chirality dependence of mechanical properties

of single-walled carbon nanotubes under axial tensile strain. Japanese Journal of Applied Physics Part
2-Letters & Express Letters. 2005;44(42-45):1.1307-L9.

[6] Mielke SL, Troya D, Zhang S, Li JL, Xiao SP, Car R, et al. The role of vacancy defects and holes
in the fracture of carbon nanotubes. Chemical Physics Letters. 2004;390(4-6):413-20.

[7] Ogata S, Shibutani Y. Ideal tensile strength and band gap of single-walled carbon nanotubes.
Physical Review B. 2003;68(16):4.
[8] Tombler TW, Zhou CW, Alexseyev L, Kong J, Dai HJ, Lei L, et al. Reversible electromechanical

characteristics of carbon nanotubes under local-probe manipulation. Nature. 2000;405(6788):769-72.

[9] Wang MS, Golberg D, Bando Y. Tensile tests on individual single-walled carbon nanotubes:
linking nanotube strength with its defects. Advanced Materials. 2010;22(36):4071-5.

[10] Kong J, Soh HT, Cassell AM, Quate CF, Dai HJ. Synthesis of individual single-walled carbon
nanotubes on patterned silicon wafers. Nature. 1998;395(6705):878-81.

[11] Yao Y, Luo S, Liu T. Determination of the length, diameter, molecular mass, density and
surfactant adsorption of SWCNTSs in dilute dispersion by intrinsic viscosity, sedimentation, and diffusion
measurements. Macromolecules. 2014;47(9):3093-100.

[12] Lu Q, Keskar G, Ciocan R, Rao R, Mathur RB, Rao AM, et al. Determination of carbon nanotube
density by gradient sedimentation. Journal of Physical Chemistry B. 2006;110(48):24371-6.

[13] Treacy MMdJ, Ebbesen TW, Gibson JM. Exceptionally high Young's modulus observed for
individual carbon nanotubes. Nature. 1996;381(6584):678-80.

[14] Yamamoto G, Suk JW, An JH, Piner RD, Hashida T, Takagi T, et al. The influence of nanoscale
defects on the fracture of multi-walled carbon nanotubes under tensile loading. Diamond and Related
Materials. 2010;19(7):748-51.

[15] Peng B, Locascio M, Zapol P, Li SY, Mielke SL, Schatz GC, et al. Measurements of near-ultimate
strength for multiwalled carbon nanotubes and irradiation-induced crosslinking improvements. Nature
Nanotechnology. 2008;3(10):626-31.

[16] Ding W, Calabri L, Kohlhaas KM, Chen X, Dikin DA, Ruoff RS. Modulus, fracture strength, and
brittle vs. plastic response of the outer shell of arc-grown multi-walled carbon nanotubes. Experimental
Mechanics. 2007:47(1):25-36.

[17] Barber AH, Kaplan-Ashiri I, Cohen SR, Tenne R, Wagner HD. Stochastic strength of nanotubes:
An appraisal of available data. Composites Science and Technology. 2005;65(15-16):2380-4.

[18] Demczyk BG, Wang YM, Cumings J, Hetman M, Han W, Zettl A, et al. Direct mechanical

measurement of the tensile strength and elastic modulus of multiwalled carbon nanotubes. Materials



Science and Engineering a-Structural Materials Properties Microstructure and Processing.
2002;334(1-2):173-8.

[19] Yu MF, Lourie O, Dyer MdJ, Moloni K, Kelly TF, Ruoff RS. Strength and breaking mechanism of
multiwalled carbon nanotubes under tensile load. Science. 2000;287(5453):637-40.

[20] Huang Q, Gao L, Liu YQ, Sun J. Sintering and thermal properties of multiwalled carbon
nanotube-BaTiO3 composites. Journal of Materials Chemistry. 2005;15(20):1995-2001.

[21] Gao GH, Cagin T, Goddard WA. Energetics, structure, mechanical and vibrational properties of
single-walled carbon nanotubes. Nanotechnology. 1998;9(3):184-91.

[22] John AD, (editor). Lange's handbook of chemistry (13th edition): New York : McGraw-Hill; 1985.
[23] Whittaker AG. Carbon - New viewof its high-temperature behavior. Science.
1978;200(4343):763-4.

[24] Ajayan PM, Tour JM. Materials science - Nanotube composites. Nature. 2007;447(7148):1066-8.
(25] Ho —, B 75, MBI AL RS SRR O G RBE £ T fLZERLAS 2011,

[26] Liu LQ, Ma WJ, Zhang Z. Macroscopic carbon nanotube assemblies: Preparation, properties, and
potential applications. Small. 2011;7(11):1504-20.

[27] Spitalsky Z, Tasis D, Papagelis K, Galiotis C. Carbon nanotube-polymer composites: Chemistry,
processing, mechanical and electrical properties. Progress in Polymer Science. 2010;35(3):357-401.

[28] Tjong SC. Recent progress in the development and properties of novel metal matrix
nanocomposites reinforced with carbon nanotubes and graphene nanosheets. Materials Science &
Engineering R-Reports. 2013;74(10):281-350.

[29] Cho J, Boccaccini AR, Shaffer MSP. Ceramic matrix composites containing carbon nanotubes.
Journal of Materials Science. 2009;44(8):1934-51.

[30] Lordi V, Yao N. Molecular mechanics of binding in carbon-nanotube-polymer composites. Journal
of Materials Research. 2000;15(12):2770-9.

[31] Kumar S, Dang TD, Arnold FE, Bhattacharyya AR, Min BG, Zhang XF, et al. Synthesis,
structure, and properties of PBO/SWNT composites. Macromolecules. 2002;35(24):9039-43.

[32] Zhang RF, Zhang YY, Zhang Q, Xie HH, Qian WZ, Wei F. Growth of half-meter long carbon
nanotubes based on Schulz-Flory distribution. Acs Nano. 2013;7(7):6156-61.

[33] Wen Q, Zhang RF, Qian WZ, Wang YR, Tan PH, Nie JQ, et al. Growing 20 cm long
DWNTs/TWNTs at a rapid growth rate of 80-90 mu m/s. Chemistry of Materials. 2010;22(4):1294-6.

[34] Wang XS, Li QQ, Xie J, Jin Z, Wang JY, L1 Y, et al. Fabrication of ultralong and electrically
uniform single-walled carbon nanotubes on clean substrates. Nano Letters. 2009;9(9):3137-41.

[35] Ma RZ, Xu CL, Wei BQ, Liang J, Wu DH, Li DJ. Electrical conductivity and field emission
characteristics of hot-pressed sintered carbon nanotubes. Materials Research Bulletin. 1999;34(5):741-7.
[36] Liu J, Rinzler AG, Dai HJ, Hafner JH, Bradley RK, Boul PJ, et al. Fullerene pipes. Science.
1998;280(5367):1253-6.

[37] Jiang KL, 11 QQ, Fan SS. Nanotechnology: Spinning continuous carbon nanotube yarns - Carbon

nanotubes weave their way into a range of imaginative macroscopic applications. Nature.



2002;419(6909):801-.

[38] Li JL, Wang LdJ, He T, Jiang W. Surface graphitization and mechanical properties of hot-pressed
bulk carbon nanotubes compacted by spark plasma sintering. Carbon. 2007;45(13):2636-42.

[39] Li JL, Bai GZ, Feng JW, Jiang W. Microstructure and mechanical properties of hot-pressed
carbon nanotubes compacted by spark plasma sintering. Carbon. 2005;43(13):2649-53.

[40] Yamamoto G, Sato Y, Takahashi T, Omori M, Hashida T, Okubo A, et al. Preparation of
single-walled carbon nanotube solids and their mechanical properties. Journal of Materials Research.
2005;20(10):2609-12.

[41] Zhang HL, Li JF, Yao KF, Chen LD. Spark plasma sintering and thermal conductivity of carbon
nanotube bulk materials. Journal of Applied Physics. 2005;97(11).

[42] Sato Y, Ootsubo M, Yamamoto G, Van Lier G, Terrones M, Hashiguchi S, et al. Super-robust,
lightweight, conducting carbon nanotube blocks cross-linked by de-fluorination. Acs Nano.
2008;2(2):348-56.

[43] Zhang M, Atkinson KR, Baughman RH. Multifunctional carbon nanotube yarns by downsizing
an ancient technology. Science. 2004;306(5700):1358-61.

[44] Ghemes A, Minami Y, Muramatsu J, Okada M, Mimura H, Inoue Y. Fabrication and mechanical
properties of carbon nanotube yarns spun from ultra-long multi-walled carbon nanotube arrays. Carbon.
2012;50(12):4579-87.

[45] Hill FA, Havel TF, Hart AJ, Livermore C. Enhancing the tensile properties of continuous
millimeter-scale carbon nanotube fibers by densification. Acs Applied Materials & Interfaces.
2013;5(15):7198-207.

[46] Sato Y, Nishizaka H, Sawano S, Yoshinaka A, Hirano K, Hashiguchi S, et al. Influence of the
structure of the nanotube on the mechanical properties of binder-free multi-walled carbon nanotube solids.
Carbon. 2012;50(1):34-9.

[47] Nikolaev P, Thess A, Rinzler AG, Colbert DT, Smalley RE. Diameter doubling of single-wall
nanotubes. Chemical Physics Letters. 1997;266(5-6):422-6.

[48] Fang SL, Rao AM, Eklund PC, Nikolaev P, Rinzler AG, Smalley RE. Raman scattering study of
coalesced single walled carbon nanotubes. Journal of Materials Research. 1998;13(9):2405-11.

[49] Metenier K, Bonnamy S, Beguin F, Journet C, Bernier P, de La Chapelle ML, et al. Coalescence
of single-walled carbon nanotubes and formation of multi-walled carbon nanotubes under
high-temperature treatments. Carbon. 2002;40(10):1765-73.

[50] Yudasaka M, Ichihashi T, Kasuya D, Kataura H, Iijima S. Structure changes of single-wall
carbon nanotubes and single-wall carbon nanohorns caused by heat treatment. Carbon.
2003;41(6):1273-80.

[51] Kim Ud, Gutierrez HR, Kim JP, Eklund PC. Effect of the tube diameter distribution on the
high-temperature structural modification of bundled single-walled carbon nanotubes. Journal of Physical
Chemistry B. 2005;109(49):23358-65.

[52] Terrones M, Terrones H, Banhart F, Charlier JC, Ajayan PM. Coalescence of single-walled



carbon nanotubes. Science. 2000;288(5469):1226-9.

[53] Yoon M, Han SW, Kim G, Lee SB, Berber S, Osawa E, et al. Zipper mechanism of nanotube
fusion: Theory and experiment. Physical Review Letters. 2004;92(7).

[54] Endo M, Hayashi T, Muramatsu H, Kim YA, Terrones H, Terrones M, et al. Coalescence of
double-walled carbon nanotubes: Formation of novel carbon bicables. Nano Letters. 2004;4(8):1451-4.

[55] Kis A, Csanyi G, Salvetat JP, Lee TN, Couteau E, Kulik AdJ, et al. Reinforcement of single-walled
carbon nanotube bundles by intertube bridging. Nature Materials. 2004;3(3):153-7.

[56] Yildirim T, Gulseren O, Kilic C, Ciraci S. Pressure-induced interlinking of carbon nanotubes.

Physical Review B. 2000;62(19):12648-51.



F2E RETZEEZHELIL-Z2RIA—R2FT/ Fa—THHOEEEDOREIL
BEFEOMIETIL, BT 2 ) Fa—T2BE ST L ETRENTH 72—, AR TIIES
L CWRVWREEDEL R CNTs Z1ERI L, ZDH%) ) T2 —T 2 EEIELNERH D, (> TARIIEDH
BE, F TR DO L 7Bl MWCNT #iHE O ERL 2 30k L 721210, RLENT 25 B 2 A U 7o kkE D 1F
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F3E EBELZEERN—AR2F/ Fai—JHiMOEEL LRETMEDHEIL
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Th D, NHED S OMEEIT I R B A RAME OBRFME 2 RS FRICIIE L. MWCNT #kHED B Oy
Pz KD B FIEEMNLT D,

RE T, R O R 2 MWCNT SMEIC 35U TREBURRFIE 238 U, it O RE— PR 2 310 L 7=,
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b D HIEEMSLL . X OREEREBAE L R0 2 e N TE T,
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ARMLSEHEE LT, BT 5 CNTs Moo MEWEEM ) & T8WHEEIER AxFons, kvl
SOHDOMEICK LT, FEITEWRSGARECL->TEEBY—KRF /) F 2—7 (multi-walled carbon
nanotube : MWCNT) flfEAZERI L, AMRIEZ R B SE L2 L CTFH /) Fa—T7HEEE S5 HIT &
SE LT, ARFZE TR, ZOREEE L7 MWCNTS 128 W T T/ F 2 — 7RSS E [ 2R U, Bt
% MWCNTs B D3 0 o kx5, £72. 1 ARD MWCNT O 513ERER TlI T/ F = — 7 ORI E D 7
DEEEE L, WRIOBOSEHIT 5 Z ERHESNTWD[2], MWCNT #EHZRBWCIE T/ F 2 — 772
(7T < MWCNT EBRIO ERER L M LS EH0ENH D,

ARE T, FEHORHRIEIZ L > THZR L7 MWCNT fk#Elc ) Fa— 7RG EZEA L, R EN X
O o oD T S EBREE . BIIRMFROMEE A E bICKEVWZ EEZHLNIC LTz, ZOFIAE LTk
HMeH O MWCNTs 2330 TREBT L T D Z L&A R L, AT/ F =2 — 7RG HIN2Y MWCNTs T
PHNZ B NRB DD Z L ZM BN LTz, 61T, A MWCNT il 78 2 M R Rk L 5 v o 7
REA L, DORBMHEIZIED, BOWREMEZ RS Z L2 LI Lz, AFEREICE D, BEFD
MEFCIT BN &Y 7R OmORIMEEZ A 95 CNT MEZBIR T& 52 L 2R LT,
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[2] Peng B, Locascio M, Zapol P, Li SY, Mielke SL, Schatz GC, et al. Measurements of near-ultimate
strength for multiwalled carbon nanotubes and irradiation-induced crosslinking improvements. Nature

Nanotechnology. 2008;3(10):626-31.

12



51. XBXDFELD

AFICTIX, B2 F|IZBWT TEENTH &SI U 7-E A MWCNT i ERLE S F o — T EE
Bl & TMWOCNT itk D kM OREAEE ) OfENL L, 5 3 B2V T IMWCNT #kiE O K 722 L oR B2
OFHiliiE] 2Rk, 5 4 BZBWTINDLOHENE 7T 7 = VRS GHET 2 MAaE b, BRIk R
FEREHE D RN A 3 T
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RAED D HIEEMENL L. K SR A B 2 FIE AR,

W4 BT, HEBHRIEIC L o THIR L MWCNT it F = — 7R A E 2w M L-,
MWCNT #iE OB ICEI LT, R EN K U @ ToilHED T HBg . SRR OEE A & b K
E)ole, TOFRE L CHHET O MWCNTs DNHUIR TR L TWD 2 L 2R L, AT Fa— TS
Fifi 23 MWCNTs J818 0 oM SRR H L 2 L 2R L TEY, 77 7 UG HIE LTHERATS
HZEEHLMMI LT, &I, A MWCNT kI Lra AR FMEICITIT 2 Y 72/ L, oK
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5.2. AARBROEE S

RFET B OREWI R B OREM (BAL 0 N) . TR EREE CHIEL LR (A7 : Nitex) %
Table 5-1 |Z/RL7c, MWCNTs IZHBWTHEBNIZ A 5 LIRWNENFEIET 2720, 1 ARM720 OFREX
SWCNTs 53 K& <, MWCNTs 2B\ iMoo EREROmN EAREChH o7, B RELR
WT22ETr 77 2 RuEUEGHA ST FERREINTNDED, v 7 B A7 —/WZBWTHIH
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DG L TN Z Eonn, /7 Fa— TR AHEN) MWCNTs OJgM oM BEfmiER s m L3¢5 2 &
EWA SN LTz, AFEEI~Z 827 —2BWT MWCNTs ORI Z A TE 5 &V ) S THEDOTF
HEDBERLTWD, 7T 7 2 VR EIEST ) F 2 — T B AR ORKiEEIZ X - T MWCNT &R o
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AT 52 L TELICHMEDRE 7 CNT FEPMERTE 2 AlREM R H D Z & 2R LT,

Table 5-1 Experimental values of fracture load of carbon nanomaterials and their corresponding values in specific

units.

Material Reported fracture load Linear density | Calculated specific strength | Reference
(nN) (107 N/tex) (N/tex)

MWCNT 390 ~ 1340 8.44 ~ 20 0.46~1.6 (1]
MWCNT 1772 ~ 60515 2.60 ~ 36.8 3.09 ~ 39.7 (2]
SWCNT 57 ~ 405 0.030 ~ 0.13 12 ~47 (3]
SWCNT 200 ~ 600 0.022 ~ 0.068 90 (4]

% 5 EDBE IR
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