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Estimation of shear and bending moduli for carbon
nanotubes with chiral structures
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1- Assist. Prof., Aerospace Eng., K. N. Toosi Univ. of Tech., Tehran, Iran
2- MSec, Aerospace Eng., K. N. Toosi Univ. of Tech., Tehran, Iran
* P.O.B. 16765-3381 Tehran, Iran. m.zakeri@kntu.ac.ir

Abstract- Carbon nanotubes (CNTs) are rolled form of graphene sheet with unique properties due to the covalent
bonds between carbon atoms. In this research, different structures of CNTs are studied for a wide range of diameter and
length to determine the influence of chiral angle on their shear and bending modulus. Covalent bands between carbon
atoms are simulated using linear beam elements based on molecular mechanics and finite element method. By using
finite element analysis, the effects of diameter, length and chiral angel of nanotubes on mechanical properties under
torsional and bending loading conditions are studied. The results show that zigzag CNT has the least shear and bending
modulus comparing the armchair and chiral structures. Chiral nanotubes with angles smaller than 17 degrees has less
shear modulus comparing armchair ones. But, for larger angles, chiral nanotubes has the largest shear modulus. Also,
bending modulus of chiral CNTs is larger than armchair and zigzag structures.

Keywords: Carbon Nanotubes, Chiral Angle, Molecular Mechanics, Bending Modulus, Shear Modulus.

oy oRadls 5o VAAD Jle jo Juil)en 5 539 ,S Slado doddo —)
Ssld & 3350 130 Jlo o [V] Lol DN 050 gomir oS oyl s 5l S S sledlsdsl
99 399> 3,5 (wsd AdSS A, L ojlgns vz (oS dlglsil el o Gl |y oS dedal Gulag ddy, aiies


https://dorl.net/dor/20.1001.1.10275940.1392.13.14.2.0
https://mme.modares.ac.ir/article-15-1201-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-05-20 ]

[ DOR: 20.1001.1.10275940.1392.13.14.2.0]

Se2 95,515 5o

by el o g (Sl G gho (et

P> 5 S ol 5 buly) Sz cde a b,
Saw p Jetdeo glapians 4 3gams o] Slwlxe YL
socnl 5HIAD 5o aalss aslisy 45,0 )3 obsS jlm Sl
Sy olde 5 S )n et Gileand jshie 4
5 Adyy &S Alugn how giluJow I eslaul (5 SYeb
Az g8 390 )l alciuYl (595 059> 0 ALl dnwgy Ll
JOMPEER IR TN

O 5l (S Jobe atusy e gl
Golodow slass, bowe Joleo aingn Lme (s5luos
Jolis 1) 15 g 528 L5 gy slaldl 51 oslizul L alglgil
Selad 5 (Sl (olss s ln o) cnl Nadio
L1y oS slodlslsil ax 51 ain oolial LB laalgils
ol e Js vl Wles S gileand 8 atwy oLl
2ol by S sl ) il Cleogas ojse0
S5 JIsl oS e Bi | dlgdgls Sl Slogas
Sl U"‘ 4....»9.» UL"'” )'l solazwl L» c\.\...uj_u .L:...?bo 6)LMJJ..\.A
Lo Giladoe DS sed S o 1) ool sy s &S
O g zlzeel blie jo 50 b3 ledl 5l ekl b awgy
gdsn St )l (S —0n)S sladign

L 6ogame lizl Joo [WV] g2 g (J Yoo Jlo o
5 Sl 53,8 &l (0 S=0n)S Wigm bm S Ol (Rl
5 JsSse Silse lhoe L3 5 3 olall aeeta¥l Joone
AVl oo Ll ol fpond atwgn laome SLSG
5 JSlls /490 = VYY1, SIS s e, ] laalslsil
YO = IV o |y bddgdell pl b Jsde cizren
Jsse b (0% Jsdpe o5 ol sy JSUIp
5 e Bl IS 55 ohn oo 5 AVl
5 Jolee ainsn Lame g, 5l eolinad b VY] Lagsibl
Or e (oSS slavisn sl 5 ol (Sl
) JIAS sl sl 5l 05,5 55 5 15535 o] csloalslsi
0og0me ;0 |y lealglgil cpl Ly Jgde Ll 0is,S aulw
3] Cews a4y JCl 15 +/VFY — /0 F

3. Equivalent-Continuum Modeling (ECM)
4. Molecular Mechanics (MM)
5. Finite Element Method (FEM)

oy

S ol we |y olps SO dgdeil el gy wam Jlo
B9 oxb oy 2 Dz 4 (s ) S sledlgdsil
Om g0 sz g0 SVlgeS sladisy cde 4 aS 05 (5,8 (BIS
@33 & pamie plss Ol ool JESle )5 (S slags!
5 SlSe plym oy 45 ol o Eely (S5 ol 5l
Sl Blie slagg) 35 )L cod o)zl opl SO oS
e sleon)5 5l (S0l sl S Ty lons
o Shoe 5 lojgmin ;o Ll 5l oolital (05 slaalglsil
IS s U Y] SUgip g (Jo)b 1299 Jlo o el
03,5 oy Wil (oS olss 59) » |, alglals Ltz
Loalsloils (5153 Ll o oo S i o 2l ol
5 B o et il L' Rl @ aly a5
b Sl ol (Slns 2SI Shee S [F] o8
3 g oe ool )8 Aol 5l T S 5l yo aS wis,S
O g Ledgdel pies W8, Sl (oleo )5 i
el 63L caenl Sl LT e Jgoe
aed ;38 6)lpl Glye 4 (Sl slagsloarrd 094l
oolital (05 ladglyls (SSle olys (b ln
K0S R 50w OlEies | lassleand (ol Nedio
Silode 5 (Jolse Saliys (gluand b il (g5l
S (P90 Senlind (3latnd Sged ol Ay Laoe
b bSlogl gilaad )3 Sezge Slagty, (nipine )
Jlo sl ol a2 5 4y ol ()] Kaeghy Lags a5 ool
Sealins giloarcs 5 oolinal b [8] ol Ses 5 50l
a1y S sladgdsil amst VI Jooo (Sily o JsSUse
55 [F] o) Kan 5 K9 losls olis LT ol pls 5 s
Pl adlhe a4 Josse Seelus 3y, 5l eslitl
oo a5 s plo g wdlon (oS laddsll (Sl
iy Ll Jhad 4 )5 gl s o laalgdoil atiauYl
Sealios oy, 5 eslial b [V] o 5es 5 ool s
Cosl (Sl b late el st 1) ((JsSdse
2Bl ol Wl oS myp |y (S sladlgdsil b ond
DS o )8 ax 0 FO aly o S sleddgdsil a5 Jloj
ylige ol 200l 53U sl Sl (351 ke o ey
ol 5l eslitul ( JoSdge Sl () sble pfy e L

1. Band Structure
2. Nanotweezer

VE 5 olads V¥ 5,55 A YAY Sidul o3lallgss (59 g SIS0 (i


https://dorl.net/dor/20.1001.1.10275940.1392.13.14.2.0
https://mme.modares.ac.ir/article-15-1201-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-05-20 ]

[ DOR: 20.1001.1.10275940.1392.13.14.2.0]

Se2 95,515 5o

S by el cios g (Sl W Jgho (pn

3 50 JIRl asly A (Ghad 5 Job) ol Wl il S
s 5055 erdleyi b cules jo sl paine lealglall L3,
o> Jote 5 S Jste e gln Yol (ol

e o gl 1S slaal sl

oyl ST SuyS dglgil awacn Y

S e b e |y ol S5 28 Ul e
Syl 2 B 88 Jae GBS 5 51 UK e 5,9
el g yebie cpl 4 Wl cans 4 JBg slaslginl Aol
Ao Tase ol Glsie 4 (S g po Ll G35 359
lae ol 535 P30 ol b Spdige s, axbo 5 oad 428 S
S Koo ol g 2 e 5585 (g o 0 ol
G by ol (Y UKS) sed oo easl JIplS ey S o
gdee s (V) aal) &0

C=na,+ma, M
Y oS e al sleon o5 G gb abal, o
g Wil a2 )3 Fooayly oo b oS wdlyoo 85 (5045
IRl sasls Gyxe g w0og guows Slacl (,m) S5 o o)
) debine & SG a5 IRl jlop hpe b it dlglgil
edgilb JolS s sl [0 Yo SG el ools LSis
Sges a5 Wil o doail jeme gl oy ol el Zlasl
Sl JIp5 o

DT 305 59 5) glsib s (sl p3¥ slaymal g ) Sl

Shge & (M) oo 3 Chx> S AT ol sl
WS oo oyl 1) ojles ST Aol G 0P 4 jase

VE 6 olasb 1Y 8,95 AYAY siawl oslsllgss (g S8 (witin

5 oslil b1y 15 sgame oledl Jow VY] 15,5Y 4 305
=2 5 4,58 sl (B ead pal e Jemsly
osliztl alglgill 3,8 Jow slp shs Sl Jow 5l [VF]
lolglsil gy V TPa Joleo glatpmpn¥l oo 5 0is,S
Jos slp Dol oKea 5 ol col oS (3155 (25
Ll i3 oslizul (g s é Jodly 5l dlglgili (o8
Sl (6,3, Wlil o B i,S s b a8 amils pdlel
5 o S o s 0,8, 0 23S 5 e Ll el o
oles Jobae ainsn e g, 5l oslinad L [V8] ga
Ol bl e S b 1) (05 sladdgdsill (S
wla,bisbe etV Jooe Gl Gl Lo wis s
ooyl sl il o 9 b plBl JIplS g S5
)15 AtV Jgse (595 2 (gmgmine 51 8 ol

Sl oly 250 5o ooy i (55U az S
by i oyl s Ll cced oud plowl )5 slaalylail
5 o ) 9wl elandl wetVl Jose (o) n
el 48,5 18 gy j50 Dy rdlgdgill aes
S9) 2 Vel Juslo s b Slisizg ol yo oS (Som
eor 4 by e s palx ol el
L JIpls lsle 5 ol olal b ST3K5 5 ezl slolisls
oy Sz a8 ol b aleads Sgumme atuine agly S
85 e p3¥ o] (SlSe olst 59y 2 Aglsil Jusle 3L
dolgils yhad 5 Jsb bl 1 Jitss (JIR argly 50
D9 (5 2

e P T P
5 0n Joe p GRE Geizen 5 Job a3 Juls (05
Silodie D58 50 gy S ysb & gl ez e
Om BLE Gl n g dgame li2l By, 4 ladlglsil
Ol (Sl b gy baone Sl 5 (JsSge Sl
ol @ 0pS oo el (S nS sladien sl 4
5 oa sloml one l33ln 5 Lo ) Laalglil amaie «shie
2 Bl e 398 0 0 Y e S SS 0 ] s
) «5)'45 by oad FleR el Il 5 Lae
g e ), Gk Gl @ vedee Jleel (550
2 R 5 SIS ezl Jold (08 slealglsil ¢l
ogdle U o9l oo Jodod 5 (55l 4 03,58 (ol 835000

OA


https://dorl.net/dor/20.1001.1.10275940.1392.13.14.2.0
https://mme.modares.ac.ir/article-15-1201-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-05-20 ]

[ DOR: 20.1001.1.10275940.1392.13.14.2.0]

Se2 95,515 5o

by el o g (Sl G gho (et

(V] 58050 Sesgo )l Joiley 095 i ) Jguzr

(0N-nm-rad?) (WN-nm-rad®)  (aN-nm™) . 5
<IYYA ING4 FOY Slade

Slo gl ol )b e s (gladasly ¢ B9y pl b LQ.»T
253,8 slml (JoSge Sl (p95 Olaee Sl g s L
el Ly, ol
E A EI GJ

kr: 0 0’ k — ()0, k: 0~ 0 a
L °r ) ©

[ 0 0

‘J?J’ U] Go5 Eo ‘Jo ‘10 ‘Ao‘Lo tda.:b Q"‘ )°
shd 4 Glopls adaio b (6,0 Hledl Loy Jodw g ancsY
St 5 oSS i e S el d
Sy s Jobae criSilr 5 ol sl spisn (525
alaly sl eolawl b abl oo (gl </NVEY) o) S -0 S
N sz 3 gy Jeily 550 Gl p e plie 5 (O)
5ol Ghn Jsse s At Yl oo Gl olie
Obdl Sl esliinl b dgdgil (0 slaedl (le S 293
aS 09 oo Jow el 33l o BeamVAA g5 5l o5
5 eid Sleogas ail o 0,5 0 0 golilax 0 4l
loads a3 3 L5 oV Jouz b lodl ) (SO

Ao ;00,5 o plol A o g0y Laadglgil (g5l Jow
b o wain Jow oon)S bl Olabw s b sl
0y e B S5 yo ol @l g ead slml Ll l58le 5
ol l38le i e o BBl pgs al> ey 00l o0
2 ey oo sk g e Ll sl Sl
il 31 ooy S b ol & spdise Jloel Lt
it JIS 5y U35 mma,] ol 2,5 (slalyll
g s Sl ol Sitliad Ll il L 5 e
aalal ) el oo Zlmuinl i Jode g slome Jgoe
Sedise Sl Lol (nl dlone 092

dgaze szl Jaw 1o 5 Glell SlSe g (cwain ole> ¥ Jgus

G, E, d
2 2 b
(nN-nm™?) (nN-nm™) (nm) :
AYAN OFAA <NfEEY Hlade

AR

g &2 0 J15 &gl3 5 D jlad Jro calglsil slaojlal S50

[ 2 2
\/gac_c n +m +nm )

V1
n+2m

NI +m” +nm ®
Fogls VY ke b oSS sy Jsb Gy S

Oliee Sl 4 a2 b () JS8) wdloo laaals (22 )0
L pledgdel il jlade ax JI2U lop 5wl

D:

cos(d) =

'MT@ S99 4 Jlpls § S35 ¢ e, | cilisre sl i Lo
3logs e o)l Cle 4 uzeyl 5 S13S5 4 Vs
Lo b pladdglil isdo plate (J1pl) g diws
L 1,0) b3l b g pomo)] cam 0 Yo JI0lS agl; L (,n)
edlglgil Wed oo ounel STK5 ) jho JIRE al;
el ayly gn>m aS (m) s, 2 glo,tsls L

il o JIplS 15 ol o 0<0<30

Szl Gilwdowe 9 (Jege SLlo (Sl

03-.).2.0
slagipl pubal ol (o A 0o «(Jsse maw 5o
S syl el e oy (JeSse  fely
St aallls (gly wdies sl k) L e sl
S¥gm Jemils (6551 « Sz oS Sl S i cov JoSUge
4 Ssgeyle oole il vy (F) akl, @lhe g5 oo 1)

E 1= %]{,(A}’)2 +%k9(A9)2 +%k¢(A¢)2 )

29 ey Brme e g a4 ky g kg ok, alal) cpl o
auly gy Jsbo e ounled iy 4 s AP 5A0
il oo Wgm Glamis z ) s § Wgw Glaie Sl
o 1] 5 5 b s i
el 00l V Jgaz 50 wloas

2 5850 o Jemiliy 351 0 s (W] 52 5
h elidle Sl )3 (22555 6551 5 oot e Slowlona
0S8

VE 5 olads V¥ 5,55 A YAY Sidul o3lallgss (59 g SIS0 (i


https://dorl.net/dor/20.1001.1.10275940.1392.13.14.2.0
https://mme.modares.ac.ir/article-15-1201-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-05-20 ]

[ DOR: 20.1001.1.10275940.1392.13.14.2.0]

Se2 95,515 5o

by Sl cdio g (Sl W gho (et

P PRV R B ¢
5 el golsT Gl plad lal o i Jgoe dule (55
Uslsib ol lapsl 4 s 39800 iy Ulgils gl
9 2 dges lul) 50 pe ST Y Jlade 4 ol
fraze Jake iad gl | o pdise Jlael sl
Lot dlls el LIS 55 Al e 2 3908 (5550
sledagl (B o2ed Jodo Sobos analxe I3l s
Sgi g0 dmwlme (A) adayl) 5l oolainl b s couw 05
ol
@:ﬂﬁ W)
361
Sors Egeze Hlade ci gl 9 0 L Fy A alaly yo
Wl oyl Jsb Wolyls e slagil 5 j5me  Sgec
slopsl jo jemme podges liwly jo ead Slml Hlmls
il oo a3l o A5t sl plas 5 Al g
3 gm dsmlina () ala 5l o3liad L 55 gyl
1:6“_4((D+;)4 -(D-1)") ’ @)
5 A8 Sy il D sh 58 S b s
Aoyl o oad sl Liad ¥ USS iies gyl culis

alglgil (Sl (plgs 2 Fgo Jolge -0
Slodlgdsil SolSo (oly> 5 SRl agly b ooy 2 sl
2l QB Bl (oo g (et slag ISk co (S
S g anllas 55 Ll (SlSe Jld, p S8 5T Jalse
53 iboe dolgils Jobo g s oslail Juld Julge cnl 095
Jassl wwgame slizl goue sl Judzw 5l oolaswl L iz (o]
5 b Jgve Shei » osd 83 Jelge 3B gy &

Sygar JIpl agly 180 e g 09d o0 aBloy i

Sei oo Judoe woslasl Dl S 51 Jasse

Ohg) dlglgil 1o sbvas IS ynis diges ¥ U5

VE olass V¥ 5,55 A YAY Situsl o3lsllgss (9 gt SIS0 (wdihn

S plgS duwlxo 09 -F
sy Jgse V=¥
Lulps sl ozl SolSe olss 5l 5 ,a il (sl
Jheel (tops a4 Tl S Ble (IS 50 b (6 l50 5 550
b oS Syl b Jphe amloe it & 553
o (L&spﬂ) L&so)f ‘sal)‘] Ql?)é 'aLo.S 3990 LS'}?‘ 1))
Wolsill ;o Sl az g b ogd e aty alglgils sl
e BEM L ol 2o S ol olows

il 5 305 5l Slaiso o i bl Jlael (o
Ugloill jomme Jom azyo ) jlodie ar piomy 5 48l s
ligas ¥ S 09 o Jlael gl ol3T slel slagl 5o
Jlosl Gz 5 @l gl S 4 ool Jlosl (550 Ll 25
L O8h) s agdel o olsl glao,s 4 oad
S o ol

slal o ,gless ggomme e iz Jlesl 5l
R Jave Dedee drule Jl3la 5 lawgs dlslgil olerdl
a (F) akal, 5l oolannl b ey cov a5 slealdsil (G)
%]GA Cawd

G-It
0J
Obee 5 G Ol (Job Walgils ol slaes! 5 Jlosl
L glyls (ool (] (s 28l g0 Ayl (ol (gt
g oo dpmle (V) abaly 5l oolaiul
b 4 4

J—3—2((D+t) -(p-1)") )

*

Sl o Jlade i gl aie 05 dodeil bl
oS ol odlgyaily Jad b ol els b lealglyil
LYY=y ] ogs oo 428, 8 s )5 (gl +/7F)

Uglgil slesl 99 50 Lo 9 550 dlpd Jlasl 0w ¥ S
(7)) JIpls


https://dorl.net/dor/20.1001.1.10275940.1392.13.14.2.0
https://mme.modares.ac.ir/article-15-1201-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-05-20 ]

[ DOR: 20.1001.1.10275940.1392.13.14.2.0]

Se2 95,515 5o

by el o g (Sl G gho (et

axxlpe 09290 SVle 4 Gy 398 @ 23 Gln
Jobas g lae s, 5l eslitul L V8] g0 5 of 5
Jgoe Ll i 5 (g5l Jae 1y (a5 slaalgdgil 5 slodgama
L /¥ nm 5 sl Jlas a5 Slealglsil ol |, o8
Las wo,8 olo g 00,5 aculre 05 oo puts Y/-Y nm
laes GRal331 Il slo i elsil 5 e oyl il
ol 5 dols ml b s cillas Ll bs wis, 45 a5
ozl sladlglll sl VY] wgfa 5 Gy 0)ls (2gyy
Blgy a5 20,5 b | +/VFY TPa (Sl oo oo
[YF] o)en 5 osh sl )l g ool @l b o5
Salsl s Jpre Sl (55, » lsls b S a5
Jsie a5 wizils ol wilos S qusyp ) T35 5 ez
4yl Gl et MBI L (o sleddddsl (5
L5 [Y0l oz g of wiSioe doe 315 G5 b s
) S sladgdel ' lod wism oledl Jow I eslinul
5 eyl ol By bl WS (gilaned
e S (slasksd 1o o5 s, oy 5 armlons |, ST
A Sy ok jo J5 wsie lsd k8 L by
o (B i JB g SO sl (B Jge Dl

‘.))|9.A J—«S‘ ).b as Méso UL"“" g_&LL..ébo C‘f"]‘“ wr
3 Gyt B JsSse Sealus iy, 5l ol gl
Seolins giloamcd 5l eslinal b [YF] oL 5 e oJlse
S el (B Jooe 5 ani] Jooe ((JsSge
Cowsy +[FAY TPa 4 \IYYS TPa oy & |, o)lerocss
G > g Sl glaghy, ple 45 Sy 50 a0yl
sgam s | balgdsl annu¥l oo alile;] mbs
el o0ls Lz Y TPa

Lol dgdsil aw gl (c5p Joe polie ¥ Jgu )3
Ordey Slogiegn )3 s JB (b Jede polis
i Jpe S Jol oo cul) sy el § ol s
(Sl 00 ools L F S s a5 wil o deleil g4 TV
RGO BPR W MLM é}‘fo L CS*‘J" Jj..\.o .b..u}..a )LU.A L’
wie B o ¥ osladsor )0 35290 mls G 2l S

1. Chemical Bond Element Model

4

e 5 2 Sy 1 Aglgil b i )-8
oo 5 chp Jgse Slpei 5l 156 () polaie 4
Jao et JnlS susly 5 Jobo b (aledlglsi oy o sos
5 SR eyl el slie ol 4 sd
oy A aS @0 VAN cob gl b JIplS sl sl
5 po ST VYEIYA g ST VYEISF L ol b Jsb
* alal) Gb) chp oo deubre b Ngdioe 3le]se
or dsse sk b Ky, wead S5 sladldyil sl

5 S35 e, HlSle dw ,o 30 amo o olis F S
o B Gl Ss SLE L edilyls o Il
a2 ST Y LB Sl (g dshi o (2B Jgse Sl
sanlivo 1l (o2 Jpoa Loyl 5 0292 o2 SLalST ,had i
o0 odalive o asdS oldlas 30 (N9 O O o
Jose 5 el Jooo Lialidl Jds V] o2 5 J ool
A SasS B L 2 sladlylyl ;o 8 il b
doalglsil Sz sS laykad )0 los S ol laalglyils <Lisel
A8 Gl L g Wl gyt glrssl (S-S sleisn
b oo JralS g a5 4 slisl Sl dealglgils

3 oRegs cnl 5o 0ad silaae sladlgdgll (LB Jooe
L JInl algdgil oS oo s -2 TPa b +/Y£0 TPa
G e S Lo S Jsve a3, VAN ayl;
LS st (nitier ©S Oliioe 5 00 eyl Alglsil
S5 dodgil g o)l S50 5 ooyl slalisle 4 s
Syl K0 el 90 4 s (5T (o Jge 0

0.340 1
0.320 A

=

& 0.300 A

C & 55
0.280 1 = )

Jn

0.260 T T T T T T T T T T ]

0 5 10 15 20 25 30 35 40 45 50 55
D (A)
Ll b o 2 50 Jpie S ¥ S

VE 5 olads V¥ 5,55 A YAY Sidul o3lallgss (59 g SIS0 (i


https://dorl.net/dor/20.1001.1.10275940.1392.13.14.2.0
https://mme.modares.ac.ir/article-15-1201-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-05-20 ]

[ DOR: 20.1001.1.10275940.1392.13.14.2.0]

Se2 95,515 5o

by el o g (Sl G gho (et

35 G ool 5 ol b S e i JUSubil o)
Ol 5 alleo] umen 5 1E odgame s 4O
weaome izl 5 JeSUge SlSe by, 5l eslanal b [V0]
ale |, S5 5 pomey] sloalgdsl cies colo
(Veg) o) oyl ool (Bpl) cied condo plia] ais,S
ol Oles 4 az gl b aS wis S ale YE nN nm’ ,
SIYYSA TPa b oly o] cies Jgoe (Vo) +) aglgils
5 o Jave Slis p Sl Jl Bds sl plaebl sl
o Julow g (g5l 00 A b U laalgdgil o tes
Gl b sgd e aim>de B 5 F sla S o a5 jehailen
ot Slyes (e 5 Ghp Jsko 00 ALY A s
Slr oS 5 S oo Slpess p k8 S Bl il S
ile oy STVl 25 )5 65k8 b alaalglsil

oS g (o Jgdo p Alglgil Job p3L-Y-0

5 s o S 5 il Jobo i o5 ool
alie 8 5 Ll b slealslyl Wl o5 asie Jtes
(\0s\0) )..mﬂ LgL:b)L';_é-l.m )5.B;.a U"‘ 4 New Jdw
S YIYD YIYE Ly ol ks oy a4 a5 axye
Foo PV Job oogams o W)l PSSl Y /Y
g 3l e pg Sl

0.77 O )l
—- g5
0.76 1 —.— =
JIRs
0.75 1
5
E 0741 _e
=073 4 "'-l-..... a
0.72 4
0.71

0 5 10 15 20 25 30 35 40 45 50 55
D (A)
byl Jhd o 5 ias Jgke Ol i & S5

VE & olass ¥ 5,95 AYAY sl oslsllss (g S5 Kn (wdihn

solie b LSle g an (LS Jgde polie anolin ¥ Jguar
(TPa ) (it Sla gy 5l ol

o7 ¥ 5 oeshslS ) ) y
ol [¥f] o 5en el

Yy (¥ 90 “IYAA ©sd)
(IPEF — (IPYEY (10510)
iaa — <IFAVY (YAg+)

Oy Lo g5 5l Jol> el

G (TPa) &
“[¥YA [YV] o)) LS
NARATS [YF] o Kap 5 ool oilS
SRV [¥ol o g o)
- IYV¥S D8] 52 5 o
AR ol s

A a5l eolaiwl b sies Jede wm dsge o
Jsde ) » b5 s 25U 0 USS 09 gl
sbeytsls gl gly aed e ki mliEl L
A3 L pladglgls o palS (nl (Jg wiboo a8 laal gl
Sy yhd ol b ol 5owgwme Vo Al 5SS
slp g el pall pies Jodo Slpti p Sl (0l
Sy Slad 3l ey eSS Y 5l 28,5 5k b (alaalglsil
Sl b pledgdsl sl (B (ches Jgsa 5 09500 O
a0 VAN el b JIpls dodeil e oo svnlive LSS
3,8 S1555 5 eyl dolgil ay s (6 yion (ded Jgoo
90 A Comd GRS (she oo 38 S5 dodeil
Sl Ko ksl
Soeh ol Ho ead giluJow sledgdeil sies Jgow
e liel gl i8S o s JGLIS /YOS L IYYY
ooliiul axle o S92 a0 @l Sgume 3 el oo LS
25 dgy el b IYAD oKen 5 a5
R o \ .
TSR TRy VS VRO S
UERPIC I SR RTINSOV T
U)o S ok (sied Jodo gl T U A 5l Laadglsil

1. Transmission Electron Microscope (TEM)

al


https://dorl.net/dor/20.1001.1.10275940.1392.13.14.2.0
https://mme.modares.ac.ir/article-15-1201-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-05-20 ]

[ DOR: 20.1001.1.10275940.1392.13.14.2.0]

Se2 95,515 5o

by el o g (Sl G gho (et

ol oul o> Jode Sl Jobb SV S o
S350 e, sboalslsil glgil plos s a5 358 o ala>dlo
5y biee GRlBl (paed Joue (Jsb GlB L JIRL
Sl o3 Jgio 5 009 22U Jsb Sl am 4 YO A b
JRlS dgdsil cusls walys b lade Loi bsle o
oS e SIS el s SIS )]
REH D C R LS R RV | PN PR WY
o Gl gBe g Shp Jeve Sk B a0
e laie U YPPF A o fade 5l glyl Job ial5il
ol b (Sl oles cpl i el oo @il £V A
R I A I L
5 o e Sl p dodsil Jsb Gog b Baies
el py ST YD 5l i Job b obbalglgils jo o>

il (o g (b Jgro 2 SIS asl il -¥-0
A3 L ledgdoll ln gy cnl 5l ol s 4 azsi b
56 g ST YFO 5 55,50 Jsb g eSSl Yo 5l 555
256 g ol 52l e (oS g Bn Je » Wslsil olal
ks 1 09l o0 B> (Sl (ol 59, 2 Ll
dodlglgll 5l anws (pl Gl S PlsS n She Jele
I ol e il dedsil sl gg b anlls
(Sl olss SRS gl b ey sl Siesn
i Loax,o o Ve ongaome yo JIpl5 agly b oleddggil
Slasin Wad oo Joo Y88 A sga> Job 5 Yo A 50>

sl 00 SIS F Jgam 4o 00 Joe slaalglils

e g i Jode Sl p Job S B> 0 Joua

E,(TPa) G (TPa) (A Job sl

AR <IYYFA YePItY

(105)0)
VEVY O LYYES peapas
<IVYNY <IYAPYY YeY/eY

(Y84+)
< IVYYY YVEYY IERVS
< IYOFY ARRARS A\v NN 4

(YV5h)
VOSYIYYEYS 54734

sy

Pl ol byl nl (et g (SDn Jgse dnuloe b
o 55 55 e |y Sl ol o s 1 s
el 0als B 97 sl IS5 )0 e 5 4 b fudos

€ 4w 0 )3 Sgbioe odalin ¥ JS& j0 45 j5b plen
ot e s G IS 55 ] st
Jsb Sl aey & 09 2SI ¥P0 J5b 5l Jy e (20l
Joda Loy sl o lp (Ghp saa 5 02y 5zl SlelS
cnls salgs b
ey ST Yo 51 S sla gl 15 (TVs) JLolS gl
5 eyl Gyl a4 cend 1) Ghn Jste onyiie
§ 55 Jeb e il ool a5l o s 1555
Bl 5l S (Sl B oo g & pg eSSl YT
S T3R5 oyl riman S e i i
Ayls Ko jkele g0 4y s |y Loy s

03427 A
k\
0.337 1 "\‘.
0.332 1
= ——
& 0327 1 (5.15)
& —— (26,0)
0.322 1 -=k=-(21,8)
0.317 1 \‘-0-0—0—0-0—0
03]2 T T T T T T L] 1
0 80 160 240 320 400 480 3560 640
L (A)
A5l Jsb o B s Slyenis # S
0.77 1
0.76 A
0.75 A
£ 0.74 1
=
= 0.73 1
N —8—(15,15)
0.72 1
——(26,0)
0.71 1
—i—(21,8)
0.70 T T T T T : : \
0 80 160 240 320 400 480 560 640

L (A)
s Joo o 1 e s ¥ S

VE 5 olads V¥ 5,55 A YAY Sidul o3lallgss (59 g SIS0 (i


https://dorl.net/dor/20.1001.1.10275940.1392.13.14.2.0
https://mme.modares.ac.ir/article-15-1201-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-05-20 ]

[ DOR: 20.1001.1.10275940.1392.13.14.2.0]

Se2 95,515 5o

by el o g (Sl G gho (et

sbly; o JRE sladgdsil (23p Sy @l cnl &b
Y AU RO SN T 5l S (Sl a0 VYl S
s oo oy SRl ladldsil o 51 5555 sy
sledlgdal gl cuils wales o lisln Ko b awslie o,
DRV Y TP 5 b s ol lS sl il b Jluls
IS o yeedS +[VYYYO TPa b
sl IR sl b caed oo s 8 JS3 50
1355 Alslgil 45 o5 e abisdle ool o | loalglsil
S ol baylsle plobanlie o, Jtws Jodo oS
2o Wl S caglio 5 basiny plosez 4 Wlgiioe ol el
P L Gizes wl bae (o250 Gla S il p
slo)liSle aen 5 wboe Gl cies Sy (JIRE al;

5 eyl SESle 4 Cad s S Joow JIplS
&l S35

Lgly b (hes g g Joro buly, el -F-0
Jixb
Sldgdoll cied 5 LAn Jede Slpis S i o
gl ly ad g Wil 553l aly s b JI0lS
el sl o (s 0 Joow oS (6l elin ladoleo
0,5 eslaul (G /G, ) ool o3dlo i o3 g 3l lgi o0
IRl slejbsle Lo oo i 4 Gy 5 Gl 0 45
0 asl b oads o5l (odyr Jgho Sl aiins ool
Dey anlez Vo S0 illas

0.710 T T T T T '
0 5 10 15 20 25 30

O(deg)
O JIRlS sl ooy lslgili oos Jgie Slpmis 4 S0

ool ojdley Lded Jodo Olpod i S med @

VE & olass ¥ 5,95 AYAY sl oslsllss (g S5 Kn (wdihn

odle plas JInl gy b (o5 p Joe Sl A JS2 50
S1355 alsdsill s9d oo sunlin a5 jsb olan Cewl oud
5 o] Gledlglyl boawslic jo 1) (Lhp Jgde 2 5eS
Lyl s g0 a5 cdS ol oo oy ol medei jo o)l Il
SladSs i 5 (oulen (D SLAS (B SISL
53 S 5l Ngd (oo Slm] laadlglgil 5l ahatie 2 )3 sl
G5l 5 it s sl aSen s basign slial, Lelul
lapsl o552 5 glrgel Bro Wl oo iamn 5l (AL 255
clobsle jo savay ol el Agdgil jeme gliwl, o
Syee 5o Ll ol asled gian b JIalS o Ll
6T 50 bdisn 5o 4 axei L SIS sloalgdsils
e (23,57 (6558 51 6 S ) i g abls (6 S
ogmd 6‘41’.5‘3 LgLaJS..‘L

6 oy sl ol Joe slaalgdgil Slasuie § g

JRE 4l
. al;
ol ol Jsk Sé Ll
LJl ¢ o o das
ST Ay A ey M
VEEA ARAF YEV/-Y Yo/YD . (YF50)

WWEEY Ve YEPIDD
\WEYA  AQY- YPVNP
\WOVY  A-YFs YPPAY
\WEEY ANYA L YPV/eY
YYYYA  AAAA YRO/0F
\WEYY  ANeY  YERIOY
\WEY. Q..o YPENY
YWYAY  AAYY  YPPIYO
\WEYD  AdYe YERITY

Y/ AN
JFe YA (Y0sY)
JOY NVBR (YEsF)
OYEONY (YY)
VO/FA (VM)
VYA (YY)
JEYOYYEY (VAs\Y)
JYd YA ()
“Iv¥ Y (10510)

“« 4t €« 1t €« «t —t <t -t =
2
=
-

0.350 1

0.342 A1

0.334 1

0.326 A

G (TPa)

0.318 g

0.310 Ao

0.302 T T T T r ¥
0 5 10 15 20 25 30
O(deg)

O IS sl o il (o5 Jytn lyees A JSC

#f


https://dorl.net/dor/20.1001.1.10275940.1392.13.14.2.0
https://mme.modares.ac.ir/article-15-1201-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-05-20 ]

[ DOR: 20.1001.1.10275940.1392.13.14.2.0]

Se2 95,515 5o

by el o g (Sl G gho (et

1.040 1

1.032 1

1.024 1

1.016 1

Ebc /Eba

1.008 1

1.000

0 5 10 15 20 25 30
O(deg)

J‘Jalf ms‘)bom oJ,JLq)J WJﬁ..\A u‘fu.:u )} J&Q

Jose molie «Voleo cpl sw)ys 5l plowebl jelaie 4
Juld olgsds JLsbe wiz ol (e Jgie 5 (SDn Jose
5 st Laly, 5l eslizul b (Y1510) 5 (YASH) «(Yes)
3 el gl g ond auloe Sgazma clizl Ay, 4 eizeen
5 GraMm (Jgoz ol jo ilonds auslie V' Jou o bg, 9o
5 o9z szl (o) 5l Jel> (LAn s w4 Ge
el (sied oo oSS @ Byl g Eppem (V1) 4l
@ A 9 Ag wdloe (V) alal) 5 ogas sli2l )
o Jgde 5 (ohp Jgte polie (oo slha> 200 i S
5 (V) Laly, oololy 45wt by, 59 4 oodd dplone
o dls w3y JS 4 (VYY)
46 =(|Ge = Grpm |[x100) /Grpym aY)
Ag, = (‘Eb(7 ~Ep,., xlOO)/EbFEM Q)
nolie G tiey 39800 osalin Vo Jgaz y0 a5 jshiles
eF e Jehe g Sp oo Sln o sl 2e)s
OV) 5 (Vo) OYolae YL cdo 3l S aS all oo 2oy
A8 L (JIRE sladdoil (SGlle plss (it sz
bl YO A | ey Jsb 5 Y Al 255

W IS8 Glbae JIR agly st b ladlsloill (E, [E, )
Jyse iy w By 5 By Ol & Wl Cws @
b pazmeyl g JIplS slojlisle pies
o Gl MY g Ve Gl IS sl s ) eslal L
a SVl IR slo)lisle pied oo 5 (Bn Jse
Ale cassas (V) 5 (V0) Loy, &jg0
G, =(-0.0230% +7.890 +9872.12)x10* G, (\+)
E, =(-0.1120% +13.770+1002514)x10*E, (1))
b lealgdgil Sl (olss k3 Sl Bd> @z
slajlsges Gob Job S Bds 5550 5 ¥ USS (slaloges
"o By 9 Gy sl OV 5 (V) Lalyy oV 5 7 slagses
AL O05)0) yozee ) dglyls (Slo (olss polia 5l olss
a Ey 5 Gy 0,8 oolid YPFIFY A Job o Yo/¥F A
il ge <IVE-¥ TPa 5 - /YYFA TPa ol o5
Pler e $lp Ol 1, (VY) 9 (Ve) OVolss
5 b e, s JRE sleddsl (Sl
Dy 8 4 gleais

1.010
1.005 1

1.000 4

Gc /Ga

0.995 1

0.990 1

0.985 3 ' 3 : 1 Y
0 5 10 15 20 25 30

0(deg)
Ipls assly boads oyudle s iy Jgodo Dl yuss Yo JSC0

dgaze glizl gy 5l ol polae b e(VY) g (Vo) OVolas 5l Jols cias Jgio g (o8 Joo polie duslin ¥ Jgu

45, Ep Ep pem Ag Ge o o JRB sl sl
(%)  (TPa) (TPa) (%) (TPa) (A)Jsb (A) LS (429 (n,m)
JeF AINOVYA - IVO-YE oY SYYYRY L /FYYAA -0/ F0 YE/FY - U810 (YAs®)
RN <IYOYFY < /YOVYF oY DARRATA DARRZS f-0/fY- Y-N\YA \VIFEY (Y+4)
oY <JYEYYY < /YEYY. LR AREL g DARFZA f-0/¥YY YF/OV YEIn-¥ (YV510)

0

VE 5 olads V¥ 5,55 A YAY Sidul o3lallgss (59 g SIS0 (i


https://dorl.net/dor/20.1001.1.10275940.1392.13.14.2.0
https://mme.modares.ac.ir/article-15-1201-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-05-20 ]

[ DOR: 20.1001.1.10275940.1392.13.14.2.0]

Se2 95,515 5o

by el o g (Sl G gho (et

o =Y

[11 Dai H., “Carbon nanotubes: opportunities and
challenges”, Surface Science, Vol. 500, No. 1-3,
2002, pp. 218-241.

[2] Tijima S., “Helical microtubules of graphitic
carbon”, Nature, Vol. 354, No. 63, 1991, pp.
56-58.

[3] Nardelli M.B., Bernholc J., “Mechanical
deformations and coherent transport in carbon
nanotubes”, Physical Review B, Vol. 60, No. 24,
1999, pp. 16338-41.

[4] Lee J., Kim S., “Manufacture of a nanotweezer
using a length controlled CNT arm”, Sensors and
Actuators A: Physical, Vol. 120, No. 1, 2005, pp.
193-8.

[5] Hernandez E., Goze C., Bernier P., Rubio A.,
“Elastic properties of C and BxCyNz composite
nanotubes”, Physical Review Letters, Vol. 80, No.
20, 1998, pp. 4502-5.

[6] WenXing B., ChangChun Z., WanZhao C.,
“Simulation of Young’s modulus of single-walled
carbon nanotubes by molecular dynamics”, Physica
B, Vol. 352, No. 1-4, 2004, pp. 156-63.

[71 Shadlou, S., Ayatollahi, M.R., Shokriech, M.M.,
“Fracture behavior of epoxy/DWNT nano-
composites using molecular dynamics simulation”,
Polymer Science and Technology, Vol. 25, No. 4,
2012, pp. 315-322 (in Persian).

[8] Rafiee, R, Prediction of engineering properties of
CNT/epoxy composites using stochastic modeling,
PhD. Thesis, Iran University of Science and Tech.,
2010. (In Persian)

[9] Yakobson B.I.,, Brabec C.J., Bernholc 1],
“Nanomechanics of carbon tubes: instabilities
beyond linear response”, Physical Review Letters,
Vol. 76, No. 14, 1996, pp. 2511-4.

[10] Ru C.Q., “Effective bending stiffness of carbon
nanotubes”, Physical Review B, Vol. 62, No. 15,
2000, pp. 9973-6.

[111Li C., Chou T.W., “A structural mechanics
approach for the analysis of carbon nanotubes”,
International Journal of Solids and Structures, Vol.
40, No. 10, 2003, pp. 2487-99.

[12] Tserpes K.I., Papanikos P., “Finite element
modelling of single-walled carbon nanotubes”,
Composites Part B: Engineering, Vol. 36, No. 5,
2005, pp. 468—477.

[13] Avila A.F., Lacerda G.S.R., “Molecular mechanics
applied to single-walled carbon nanotubes”,
Materials Research, Vol. 11, No. 3, 2008, pp.
325-333.

[14] Shokriech M.M., Rafiee R., “On the tensile
behavior of an embedded carbon nanotube in
polymer matrix with nonbonded interphase region”,
Composite Structures, Vol. 92, No. 3, 2010, pp.
647-652.

VE 8 olasis ¥ 5,95 AYAY siawl oslsllgss (g SSKn (owdihn

Sy ez g Guge —F
L 05 el slajlislo gl logse 4 dllie ool 5o
FVge S gy Sl 2 3995 sli2l ) 5 esliu
Qsly orizen 5 (Jsb 5 sbd) ojladl Dlpdl 5 ab asloy
WS ey e g (S e gy » Ll 1Rl
12,5 4 5 Sge @ lee ) g ol s

2 JRE s SIS el Sl aw e e -
Rl s Jgoe sl QRIS Sz oS Sl b alaad gl
EF 4w 2 )0 Opimes bee (RS (e oo g
Sl Jlodie 4y jlad Sl ae 4y pg SV a8 5l LS
S e g Joe Lo g il palS s 8
S g0 odnlie

L JRl 5 SISy ezl dslsill g5 a0 o -
ORI (et Jgae g a5 (B Jgae (Jsb (il
Job 5l oax & e 0y mnSST YPO Job 51 Js sl
JESle o sln (ohe g (Shn Joe g 03 22l O

Sl anlg> =t Slode
gezeey] SISl g9 an G S Jate awslie ) -
ryieS S35 gl a5 39 o sanlie JIlS 5 S35
Sl JInls g )ﬁ%‘*")T Sleddodoil L avolia o 1) op Jyoe
Jste JInlS gl i3l b JInlS sloatslol jo cpmizean
s Jsse JInl o)l e (Jg ail oo al38l (o0
slalgdal .clils sialess e )T Geale 4 cnd g
Comd (7505 (S Jgde a0 VWV 5l 1S sblgs yo Il
@, VY5l 25,5 sblgs o Wlhasyle eyl lisle
Ao b awslie o l) by Jyowe ey JIpl5 slaadlgdgils

5l Lo 5L,
boanslio o 1) cded Jooe S SIS algleill -
—adlals 5 mizman il o Lo LS 5 el sladlolsil
m 0 ol e Jgowe (JIplS agly Gl B L (JIR sle
A S (G e (e Jgon Jpls slo bzl den 5 il

s S350 5 peme,] sl

G ¥ az o glaba, callie ol gl 50,5 ooy b -
A8 L IRl sledgdall pind oo 5 by Jsde (et
b ) g gl Sl YO A 5l i Jsb s Ve Al 55,5

55


https://dorl.net/dor/20.1001.1.10275940.1392.13.14.2.0
https://mme.modares.ac.ir/article-15-1201-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-05-20 ]

[ DOR: 20.1001.1.10275940.1392.13.14.2.0]

Se2 95,515 5o

by el o g (Sl G gho (et

[22] Jin Y., Yuan F.G., “Simulation of elastic properties
of single-walled carbon nanotubes”, Composites
Science and Technology, Vol. 63, No. 11, 2003, pp.
1507-15.

[23] Wernik J.M., Meguid S.A., “Multiscale modeling
of the nonlinear response of nano reinforced
polymers”, Acta Mechanica, Vol. 217, No. 1-2,
2011, pp. 1-16.

[24] Giannopoulos G.I., Kakavs P.A., Anifantis N.K.,
“Evaluation of the effective mechanical properties
of single walled carbon nanotubes using a spring
based finite element approach”, Computational
Materials Science, Vol. 41, No. 4, 2008, pp.
561-69.

[25] Lu JN., Chen HB., “Analysis of single-walled
carbon nanotubes using a chemical bond element

model”, Chinese Journal of Chemical Physics, Vol.

21, No. 4, 2008, pp. 353-360.

[26] Jin Y., Yuan F.G., “Simulation of elastic
properties of single-walled carbon nanotubes”,
Composites Science and Technology, Vol. 63, No.
11,2003, pp. 1507-1515.

[27] Gupta S., Dharamvir K., Jindal V.K., “Elastic
moduli of single-walled carbon nanotubes and
their ropes”, Physical Review B, Vol. 72, No. 16,
2005, pp. 165428.1-165428.16.

[28] Poncharal P., Wang Z.L., Ugarte D., Heer W.A.,
“Electrostatic deflections and electromechanical
resonances of carbon nanotubes”, Science, Vol.
283, No. 5407, 1999, pp. 1513-6.

Y

[15] Ayatollahi M.R., Shadlou S., Shokrich M.M.,
“Multiscale modeling for mechanical properties of
carbon nanotube reinforced nanocomposites
subjected to different types of loading”, Composite
Structures, Vol. 93, No. 9, 2011, pp. 2250-2259.

[16] Lu X., Hu Zh., “Mechanical property evaluation of
single-walled carbon nanotubes by finite element
modeling”, Composites: Part B, Vol. 43, No. 4,
2012, pp. 1902—-1913.

[17] Gogotsi Y., Ed., Nanomaterials Handbook, CRC
Press, part of the Taylor & Francis imprint,
London & New York, 2006.

[18] Gelin, B.R., Molecular modeling of polymer
structures and properties, Verlag, Munich, 1994.

[19] Cornell W.D., Cieplak P., Bayly C.I, Gould L.R.,
Merz K.M., Ferguson D.M., Spellmeyer D.C., Fox
T., Caldwell J.W., Kollman P.A., “A second
generation force field for the simulation of proteins,

nucleic acids, and organic molecules”, Journal of
the American Chemical Society, Vol. 117, No. 19,
1995, pp. 5179-97.

[20] Lu J.P., “Elastic properties of carbon nanotubes
and nanoropes”, Physical Review Letters, Vol. 79,
No. 7, 1997, pp. 1297-1300.

[21] Hernandez E., Goze C., Bernier P., Rubio A.,
“Elastic properties of single-wall nanotubes”,
Applied Physics A, Vol. 68, No. 3, 1999, pp. 287-
292.

VE 5 olads V¥ 5,55 A YAY Sidul o3lallgss (59 g SIS0 (i


https://dorl.net/dor/20.1001.1.10275940.1392.13.14.2.0
https://mme.modares.ac.ir/article-15-1201-fa.html
http://www.tcpdf.org

