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Department of Mechanical Engineering

National Chiao Tung University

Abstract

This research aims to develop a micromechanical stick-slip model to
investigate the.  damping —property of carbon nanotube composites. By
considering the slip-friction behavior between the CNTs and surround matrix,
the energy dissipation mechanism in the composites was characterized in the
analytical model. In addition, the effect of ‘aspect ratio of CNTs, interfacial
bonding strength, and interfacial friction on the damping behavior of composites
were also accounted for in the study. It is noted that the amount of applied cyclic
loading on the composites is also an essential factor on the damping behavior,
which was also included in the investigation.

In addition to the development of micromechanical model, the
corresponding finite element analysis was employed to validate the accuracy of
the model predictions. A cylindrical FEM model with embedded contract
element on the interface between the CNTs and surrounding matrix was created
to simulate the contact friction behavior of the CNTs composites. Furthermore,
the slip length of the CNTs in the composites in terms of the applied loading was

evaluated by comparing the interfacial stress to the interfacial strength through
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the iteration process. The analytical results and finite element results were then
compared with each other. Moreover, the experimental data was also included

in the model prediction.
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%ﬂ'?\f ‘Ti }@"Kzgf 4 rdﬁ}fl\?}_’&%L7 auﬁt&yi ﬁ]ﬂ——ru 'LE_EJML} ; E"J

TRAHEET RS 0L AT S
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oo e (b+r—r)
b

(2.3.2)

H ¢ ,z-tBéE}g\sé;Et&_pigﬁ)‘@J s b=r, -1 > rﬁﬂ%ﬂﬂ/}%?roﬁnig&oﬁg
HRBETRA S 7 %7 5 T 4 filic(Shear modulus) 2 § ¥k 4> £ d #h

v

e HE TR AR T AT S

m (2.3.3)

Bd o Gy A ul ST B 2 PR W S Az S e
Food 2N 232)8 N3N BHAHNFEL r > A 0 BIE

RE R TS T AR 5

78 = =G, (W, — W) (2.3.4)

BdoWy s We A A A A=) 2 2 B B R RH N Sk

(r=r)2 z3 % =8 o %3 255(234) % » 3 4254(2.3.2)

B

2= —rwd —w®) (2.3.5)
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d 3420 (233)8 > BRQ3NW A HAM R Z r > e A 0 BT R

v

- . N B — .
AHMFEz3I 2 =HBW &7 5 ¢

we =w +é[ =2br —r* +2rr —r’J(w. —w’°) (2.3.6)

X N Q36)H z i S (S AN S L L Ak A2
B A BEKE, T IENAH RS L oy

G, =0, +b_12[ 2br —r* +2rr—r’](of —=o’) (2.3.7)

B0 02 oy E A AR AR 2 AR 2 RN
(r=r)z4® gt o xHFEEx F3 g A2 LR d g k2

FE 0 PED BY BEM BT AN 2 B o7 £ 5

=0, (2.3.8)

B o s E LW S 0 E 2 E AR AT Z AN e 2

BH 42N (2.3.8) % ~ 2 AR (2.3.7)14 1B 5
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R R A =t D B CET)

m
t t

F= 428 (2.3.9)¢ > ol 7 L kS Fd EREAE & 2 B d 4 (Free

body diagram) > 4cB] 2.5 #77F » ¥ 23] T RS 4750
o227
alol + j jarﬁrdéblr = mzroz (2.3.10)
i 0

B 252398 X 2 A25823.10) BT A B GRS 0y £

o2 (2) = on 5P

iy 6 = ror?—otr> - En o8 o0r)) 2.3.11)
t

+—
8br; + 5b E,

~d ZoEECEZ pd BB B] 2.6 YT o Sl B 2T RS 2T AR

B
(o) +do? -o’)xx1’ +2atdzz® =0 (2.3.12)
HEHBEFRESED

do’ N 2r°

=0
@ (2.3.13)
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(2 =i%)=o (2.3.14)

(z2=0)=0 (2.3.15)

L ORfES S B B R et of 2 Tkt 0 0 250 (2.3.4)
(2.3.83) ~ (2.3.11)~ (2:3:13) 2 2 B B 512 (2.3.14) >~ (2.3.15):E 74 5 >

TR RIECE P RIED o B A T A R

5 K .G.{l_ cosh(A2) }

oLl
O cosh(AL. /2) (2.3.16)
o [_sinh(z2)
’ =0 haL /D) 2.3.17)
,‘,L—"T\:J
Kk
A =12 1
Lt(szrt +5b3)(1+vm)} (2.3.18)
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Ak,

1= I’tz+k1 (2.3.19)
2 Em 2
ky=r"+—"(b" +2br) (2.3.20)
1
k, =T, (2.3.21)

Y s ’ 2 <Y . 72 B o\ N N
Hooovy s A qppatoptohod g ¥ 2 g RS o w2 g8 (2.3.11)

2, 2 3 N 2 B 2| S5 s . B At > ~ a
Bt s PP Aoy B E 2 B RS o w2 278 (23.9)
FUATAH RS UGS 2 Ao, B R EL TS TR

£55(232) TR EHFBL T RS A7,

232 $- B RESAHBFF

L
FAE AR TR AT RS e E TR PR T

T2

T PERLE B A o 0 S ARRQBIT)RAE L 2 B b e, 9

:—C.o sinh(Az)
c c COSh(ﬂ,Lt/Z) (2.3.22)

PLEEAE St 4 o e d S RN Q32DFBIEET LA T Lo
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Tc

o, =
c, tanh(AL, /2)

(2.3.23)

*‘%/ ppfué%ﬁ}@"i'xi(jfﬁ r}:-—]‘ "“J‘ﬁ\ﬁ.%?ﬁ:]‘%ﬁ_ﬁ}t,Ejl]fi‘l}blxgbﬁ;
VR LA R 22 B AR RS R AR R G B2 BRI S
B AR AT R ¥ AF A R R BN o R 2.7 1

Ao REFHY T3 E AR R BHE RS Ly, AV ALY R

f«
|~
=

F v _ - S 5 o 4% 2 a1 by A4 [

R & I—stick » X leip+Lstick _Lt v m H ?J'-ra-r " 5\‘ B H 1S Ui g% - ﬁ'b‘ﬁ)‘#g
s o V] v = s ’ A A3 . .
o A% PR AFRZEwRY o, F 0 d F 25823 )F 5 - x & B EH

P TR S AN BT B ZRREE AT AR 2 B IRV

= 1P (2.3.24)

PG RE LD S S OF
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slip

IA
~N
IN

' 2 '
cl(2)=""1z 0 (2.3.25)

AT R -FTREZIY AB B G 2 AETG T LI o RS RSN

23254 FREAPTID, VB R A T100 vkt 0 47 5

leip B
B 2 Bor__ slip®t
- O-t dz -

C=T o (2.3.26)

slip

o FRAE 2 f AR Ao® 2.9 #5F 0 P R E B RAH REZ IO

34 Grli
_B_O'roz—O'tBﬁz
{ 1ac (2.3.27)
rF=r
EW- e FIB RAMERTEEA Y b0 X2 T RAML TS
Op bEE S p e on ha BEGLEed POL Al 21 AL

w2t 4o g4 F[32]F BEAE R PN MRATE 4 2 T A 013

’

P P2 T ) 4o W) 2,10 4R 0 H S mdn R B L e 2

PIRLE B AN AL E 2 w2 0BT AN EAT G
ue =y RO, BP (2.3.28)
t t t U
E, E,



(2.3.29)

EAMEREIRG Y o 2 BB d 2 AR (2.3.28) 11 2 3 qg 50

(23294 % > T HEw 2 w4 PET G

o EE [, A
CEuEAYE. UE (2.3.30)
He
r02+ri2
S ——— (2.3.31)

L RRR G RS 2 e D= g2t (2.3.24) ~ (2.3.26)% (2.3.27) %

S #2.78(2.3.30) > 545 T BID 15 1 T

(2.3.32)

PO =k,

N
A=
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k, =2E., r’r (2.3.33)
K, = (C,E, +V;E)(r) =17, (2.3.34)
Ks = Laptto[Ex0p K + Eo (1) = 19)] (2.3.35)

PR - FRAR T AH R T B Ty OB S RF AL Z T Y B R
B G I HAIM SR 0d SRR R3) T ET c ACHREY R E R
2 s AR 0 s § R B RS  C R B S 1
A 2R m A S PR B RARCE TR B e Ho Lk

30 MERA LD Y O AW AT AW LT 5

¢ MoPlgp cosh Az K, cosh Az
oy = X 2] +—=-0]1= (2.3.36)

r cosh ALy K, cosh AL, /2)
Apto Pl sinh(Az)
Cc =|c _ 0 slip
i ( T ) cosh ALy, /2) (2.3.37)
Bl A RREO R C REBREER SRS FEART R

247N (2.3.37):x 8 5
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Aty Pl
r, = (cla—w) tanh A(Lyg /2) (23.389)
HeY A2 Cd 3428023182 (23.19)F 1 EF > @@ - HhE > PP 3
PRI g 2 R B R Ly o 0 Bt R EH I E] Ly o T AL
* B E B 8 Matlab7.1 0 4 2 425%(2.3.38)F RE IR G B E B Ly, o
moE A A o P 2 RN (2.3.38)F Ut 5 3 AR5V (2.3.22) 0 2 pE

A E A iRl

=t

2 Fo A RE R Lgp 328 F 0 SRmp F A e 4o

Bk & Ly T Ly = = L @3] - Tk 2% - prgc? 2o
7 b4 \ N 2 s /L C ~ = v .

Q3NN » A FHREFLUEES 224 O, F 145 5 :

o(1,2) = =60 1 [<2br — 42,1 - |6 —%Oﬂc) (2.3.39)
t t

B 5 PR B Or S A SR Y O o A H R B
G (F=0) 2 s Oy 8% - PR » 4258231140 2+ & #pt 4 op 1%

v

v %5 C/l — .
Ba R RE RS O AT R

E, 6 E,
G;:(Z) :E_Gtc +W[Gr02 —Utcri2 —EO'tC (bz +2bl’i)] (2340)

AAHEBZ YRS AT T8 RN Q3 A 0 0 X H AN P Y TR

B . v N vk =2 C,z - v .
AT RS RET RS T AT S
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Cb+r —r
po = ol - ) (2.3.41)

2.4 3F % F|3 (Loss factor):+ & = 2
BB BP0 It iR B R E A F] S 0 £ 8 245 23
Forp BN P E AR Bt ES AR BRETRANLE YR

Periiez B AR TR iR B MR R E E AN R G B

241 $-BE REBAHG AF L FE
- BAF LM A EFATF N 2 > Gl mEHE AR LN R
AW 2155 ¢ g BB aWantiidr s mdg s o2 2 £

d o2 R ek VHIEA FlS F 1][33]

=W =~ a (2.4.1)

272 W Auli A MR TR B REL - aF - BRA

- . ' &= A N - Y .
B¢ o FlE R F#ﬂxéf@ﬂl it "r(hﬁ'lpgllat—»)%%ﬂbw VAT s
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T
WA = B r’(L-L)oeh (2.4.2)

Ho ,(7;:]% AF2ZP WS >7d 2 EN023.1)F 3 ,grﬁg ATz 0k

¥ FIHOR R SGEM > v B S 2 Nl MRS B o A A

Foorike it B AW B oo 4 i 2 RN 2 A H 2L TS gk @

3 -

AW A =7 —r2(L L))ol e (2.4.3)

2

B HEY o FlEE 2T AR T RENART M) B L7

SREIEN X-FAAVAET €8 FEFIRD SR S REY: &R

RS = BINLE

Wy

j oleBdve +j— yBdv B +j oleldvp

ro Lt/2

:_J' j rdrdz+—rj2 L'[/z rdrdz+E]L Lt'[u(gts)zrdrdz (2.4.4)
En ) G, i -Lt/2 t 0 -Lg/2

H v

Y

D Op N T OO0 AR Y 2R R T e

el

Wld A28 (23.7) s 2 AN (232)F 2 ARN(23.16)1F F] o AP A B
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AWP > 7 Bk eRii & A2 T i st A Y R T

! 1
AW® =7, [LoPeBdV,E + 1, [~ 2272dV,
| OnendVy +110 [~ myndVs

Iy Lt/2 ) Lt/2
= —j '[ rdrdz+77m G—j J rdrdz (2.4.5)

m n—L/2 m g -L/2

F - FEE 2. ,u}@‘%ﬂb ol A R B EAW D A®RZ BEREEFD

AN A A

W

total

=WA W ° (2.4.6)
AW =AW* + AW® (2.4.7)
Pl% - FER2Z 32 A5 7 A7 5

AW
Moomp = W— (2.4.8)

total

242 $-RE RISAHBLFE

BE RN AR AR O FAR RV RES FY S &
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ik A WO T rd 2 AR QA42)F Tledm A H T ki £ AW
S AR (QANET BB TR b2 TS ek A AR R ]
Mo pouk R P o 5 s WP LR AHEEREVRS S AHEET RS

;{gzgig?p PR = B E

:j%a By B +j— yBdv B +j A

Lslip/2 rg Lslip/2:rg Lslip/2 ny

:éﬂ J J( )Zrdrdz +é— j J'(rﬁ)zrdrdz#é—” J .[(a_f)zrdrdz' (2.4.9)

m 0 m 0 t 0 0

B o8 B2 Of A b d sl L4 Tk R B T g W
4 ¥ e ud i3 425N (2327) y AR (2.3.2)F T AN(2.3.26)1F F] o AT
Wz i EAWE v d H e E o A A WA TS A AR Y

BARF e i B

| |
AW ® = —oleldV’ + —72y8dv °
nmjz memVm nmjz m/mYVnm

o Lslip/ o Lslip/
=n. é_ﬂ IJE 2( )2rdrdz S/ éle IJE Z(Tn?)z rdrdz' (2.4.10)
mryg 0 mrung 0

TohE BREY R FIRE EAH BT iR AW, o -n A
Ak o BTR BB RBANC HREY T TR TR AR
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Al o B LR P PIARRAW IS S AR EEEY S AHT

BT RS A RMERBEY RS Z BIRTE

I orendVE + j%rnﬁy;dvn%j%afgfdvf

o I-sic /2 o 5|c /2 fi LSIC /2
T ot T e Z[ T (of fraraz 24y
m ~Lstick /2 " ~Lstick /2 Lo “Lstick /2

ER RN RN RSN RPN 3 LEV T LN SR
Bl 34238 (2.3.39) % A28 (2.3.41)% 3 4258 (2.3.36) 1B F] o AP dEA2 i

C | ., 2o se g 2 -
BAW™ > o H ks 2 i A 24 FIF i et T A

ju o Lstick/z ) P o Lstick/2 5
=] | (oS rdrdzen, - | (cC)rdrdz (2.4.12)
m _Lstick/z o _Lstick/z

B IERL RIERA Wey 2 AR S R AW A R B R 2 C

- v

- 4 Y.
\?v,\_,, B3 st
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W

total

=W"+W°? +W° (2.4.13)

AW, = AW " + AW ® + AW € (2.4.14)

195 Zhou[4]2- 77 3 > Flf W A2 FE R G245 H - B2 F3 7 s 2k
BorrA d 2 F A F]F LR AH AL E A 2 54 FS A My

ncomp :nslip +773 (2415)

RIBEREAR & 1R © FIAH I A2 2 4 F13 77 &1 5 ¢

= (2.4.16)

=

total

VbR B RE O TR AAMAERES L E AW, o R 2 T

fshs 2 B
Sllp JF dU (2417)
29 TR Fd BRAREZ FET R4 2 5HFER

F =2 L,z (2.4.18)
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GO 2 AP A R AU R el e L A A

du=L,d

slip

d
E T do B do |10 @419

m

1 do? 1 dof
e, )L{ otie) 1 do’(o)

R = = E L

d O-nli = r02 — leipluok3ri
do G =1 120~ )k, A k) (2420

d?: leipluok3
do 2r, (k, + k)

(2.4.21)

BY oo pym BRI AR R Ky ~ Ky 22 K w)d = 42.55(2.3.33)
S 4238(2.3.34)2 2 £258(2.3.35)1F 3] o #- 4258(2.4.20)% B A28 (2.4.21) &% ~
S 258 (2.4.19)18 0 B AR (2.4.18) 1 2 258 (2.4.17) > X R4 B

/T%,\ﬁf‘llo_7 ¥ 4\ )\fiéa\ } Tk, gﬁ%é%ﬂflj
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1 dol(o) 1 do’(o)
Wy, = [ 228 (L, = _Et'otl—ad

1
:502(k6 _k7 _ks)

(2.4.22)
He

k _ 27”- r 1u0k3(LsI|p) 2423

ST E, (7 -1k, + k) (2423

& ”r luok (lelp) 2 4.4

CE, (17 )k, #K)] (24249

. ”ﬂok (lelp) 2405
¥ Et(k4 5 kS) ( o )

PR Y Rl R TA Y 2 [E R F § W, (Damping capacity) ¥ 14 & T &

- REFFYEETP T E TN R B B2 E[4]

4 x AWS“p
Ysip = o7

total

(2.4.26)

d 2 A2 (242007 0] ErA 2 2 JERF R 0 RIFETEZAR R F]F g

¥ d R ;ﬁf 2 2 {8 F|[34] -
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_ '//slip _ 2AWslip
nsllp 217 W (2427)

total

AoRE S R AT R Rt 0 H PR e AR G R RS -
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S NFUARBHIRER Y 25 KT L HE
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i

BRI AT A B A o A AR

§0 5 AR T H B ANSYSI3.0 2 & B > S 50

WA e TR A X AATE R B D 2 TR R R
31 B AREA LML TR A
%

AR Y S QPR A FE N L2 - alE

AHHA - 20 WRAF SARHT O B % bl F G B R

FERME o RSB IEE EAME L PR G o F BEOGF RS H

e
P}
(Sh
&
~mh
/3
‘qdw
ﬁ
ﬁl
—-ﬂ-
%
e
Ny
p-s
w
\‘?‘m

EARA > fgt TR 2 %

RE R PR A Y O B G S e 2 o GRE T e &

APE RIS HOER O RF LR R 2d AP BT A2 T

AL PRI MR R RN AL - 2 5P IT AT 0 TR AR

=215 a2
R

4ol 3.1-32 %77 o B 3.1 2 32 A W5 AN A2 - A A2 T

B B K d RBIRE 0 F R LAY BE T BN E AN

";E,L;‘LA\‘QJF‘F‘E’J\?aé*jSF ml’g)i’r;‘rléo\gvljv ‘%}fﬁ‘!\%
T Fros EEhz i A E SOLIDAS 2 = # § U~ & et
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GARFABELTF xyz Z B3 e Ad R T RERL T
HE® 12y d 2 LA F R o BT jcaclbplE MRS
Bt 4l TG

312 #RhiEEER =

BTN RRBRE 0 2 WL A RfEEARY F 2 RMER > R

>

R R e b L WA E A - W B R
T he®) 3.3 17 0 Bl 3.3@)F0 Ax=02/T G » B x> wpd BALEEA
Fohhy=02 Ta ol y o pd Ak EE A B 330b)EF =0T s

Bz 2epd RARFITL T 2] 2 o2 EN K4 a3 et %

313 MEMAZNERE ZAHP 2L
BAREA AR SR AN TR BAYE A4 R T g
W2 g R  AMARFLTOR e & A% 2 Bk Bl E e
B FIoEFas  doB 34 907 o - LS ek o R AH B A 2 Fep
T RBBERRT 0 Fo G NFLFE o PR E A Nl

B R ILE F ABIERES BING 0 4oB] 3.5 AT o

I
)

POATAFRTNA T AR EFERZB AR Ly, /2 B2 R

oB] 3.6 T o winARY 0 FABRM E B AMF asy AR T E 2

W] 34 2 A B R EE R A P B RSB L Y B
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T * ERESX 454 » @ &3P kT AR g % > 4o 3.7
BT o e E o FBRE P BB R A A AR 2P s 4R 38 7
aBEEE T o RBERARE R R AR §AY A BT 2
Wgm @A wF AP AME 2 Pt o eB 3.8 ¢ 2 b B U
Lt BP R E > THBERR T EF R FALET. -~ 4
AMERE 2 B iRdFaay  PIFEAE 222 > 2o QBT 0 A Ra T
TR e g4 g e

FAME R BAS XA > AP fEt A ¢ 0 S 4258(2.3.38)
FES2 %% » BB e & Ly, /2 - Bt 2 4ol 3.5 2§77 o & 2
T AR i o e R IR E 2 HES AT RjE . 2 HEk L i Bhl
W LFABL SRR F AT ERE PR R R 2T
3o 4o 3.9 AR e AR B39 cBLE AL 4 B Y 2% o df B
A d B2 Tt O TR AR X F ISR AT > RIUTER 2 48
REEE R Ly /287 D rr > FALEME R R R RS EBREL R > B
AR R VAR ER c E R HER T E NP R ELEMAE R
BTo—-RoPEEIEAERRF2ZFRERS Ly /2 AFBREBOE AR S
Lo /2 o & PR 55 Al ABRERS  AM U R ERY
I AP AP bbb B TRE  RAM IR MBI ALY -

BT REHEA IS RDER 0 JIF - BTG TG B erie 2
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T E SRR
F X g EhicB] 3.10 1o e
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& 8<% SOLID4S5 >
10 #7770 BRI AR IR o RPRIR A
Fo Bl dhd Sned o ka1 RESLR R
BiT o BEGE] LA RS2 A A AT At R T - KB
Bk 5 01 Bl ier 7 RREREIIE 1% Flr By @
AT o AR P REL g A e R A A > R R R
e 0 Bt R R 209 & kR o
32 FAFIFFEEZE
R et = AR IR p R N S A
Pp 3.1 & oorad 2 WA S PP (S At B ot H
- BRFEY R AN R e AT 2
ERKE B AM R G

IS LS EN R R
g

Lﬂ—/ﬂ ¥ez_qe & o
321 %-F

CSTR S SN PTRR

——"1
BEREBEAMUTAFLFE
2% - R 00 d 2 AR (QADF o 3E ER
£ FS 0 T d g H Y R e A
Rot g

e
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R B A2 ek AR > FRAR & AL ATRE S
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1 1
Wtotal :Zgo-zgzvm—i_zzayz yz m+z 0,,& xz m

1 1 1
+Z§ngzvt +Z§O-yz€yzvt +ZEGx28szt (321)
BP0, 0,30, 8EEAEt 2 yz 2 xz 3w B4 0 d A~

BRETHABTEOED &, E, 2 SR AL AF ] 2 yZ 2 X727 @

2 % il MBpEEETIan B o B B 2 W & EE P
2 %o Vi aVau S AHERR LA FLMAZRE B L AR 2 W

Fooom ERAFH T ke B AW S A2 R B4 TSR T Y

3 = 3
™~ I &

1 1
AW:Um'(ZEO'zngmJFZEGyz &V z zeé‘xzvmj (3.2.2)

HEH - RERZFAFFFUAT S

AW
ncomp :VV— (323)
t

otal
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322 %-MER REEAHRBLFF

Wig Zhou[4]2 # 3 » FIF W A2 FER G2 47H > B A FF 7 ud
A ZFATF]F R A Y L e R JER A 4 dp & Bl S A
bzt B oo Fowbe W A 2 P B A2 Bl Bk
FERAT E AL Tt s 2 B R Wi 7 2 A28 B2 1) F] o gt ok > d
FARN(322)F A i i B AW o s ¥ PR FIA R R R R AT
FEREE SR EE AE A

AW

Tls = W (3.2.4)

total

Fl A B 2 BN S X AR > 4o ] 3.9 Um0 AR EIR D

®a A 2 BEaafien & RIRET R B AW, T o £ G

e

E slip

AW,

slip =

ALy, (3.2.5)

He o I:slip Alelp’l” CIERU R € A‘ﬁl\’? REF AT A A 2 8% 1IN fﬂ_\’H
SR i B R o x T 5 Ry ALy B S B o s Bgeni pe i £
AW, 7 11 d 3 4258(325)% 7 > HARM BB #4411 ] &mmp o Fy,

ALinp’l”\ V"'J %\' 7T 7:1 :
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Alg, =u,—Uu, (3.2.6)

(3.2.7)

I:slip 7th lelp TS|Ip

FIRFP S TG A BN BT G o ke B AH BRSO
o4t & Al p o 2 (3445 40 3.11 #75% o B 3.11 ¢ > Uy 2 U,

AR A TR B B A R 4 g S

BERED Al 2 i Eoe g R R FIAH E R E 2 N i

AL PHSESZE > BEPRAVEREC O HBan 1 2V 2 e @
B P ERFRRE REOFHFTEIP NS w2 ing o K3 4255(3.2.6)

R AT A S RSB 1 B Rt jEd -

b 2N (32.7)0 R N BB RS R R 2 T3 T 4 R

Ly,
PEERBREAGH BT R ERFET

‘.,,.
-t

£ 27,

B2 P Bt R F o B 3012 o o R L BE BELE TR T2 T T

v

B+ VAT R

ZT (3.2.8)
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sI|p
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He SV RAFBERREREB MR A2 2HE 2V 270 %87 LA
I P AR AR 2 F R T E N B A BT i T
2Ty A 2 fractERE 0 R4l & RSERE o Bl A% Z Y FF R T
A4 2 JERFE Wy, (Damping capacity) > # 14 d = 4255 (2.4.28)#F 1| » B F]

F T A2 AE A F]F i 74 2 AN (2.4.29)1F 5] 0 A fe d B 4238 (2.4.30)3"

BT AY D R TS
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v1=0.36; % Hp b

GI1=El/2*(1+v])) ; % T4 ficlc
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s2=8.8373+1; %% = FEE A
% 8.8373=0,

shear=18 ; YoRk 3T 27 % R
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YA, . \ W, me——

% e i A

. 4 . . S e .
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O e e
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lI=solve((c1*s2-bl*shear_stress tB2*lef/2)*(tanh(b1*(1-lef)/2))-shear); % F f#
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/-
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/-
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v1=0.36; % Hp b

GI1=El/2*(1+v])) ; % T4 ficlc
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% LR

0 e
Vrp=pi*(Rint"2)*1; YRk B KR
Vrs=(Vrp/vrp)-Vrp; % 7k +1 18 A
V=Vrp+Vrs; % 31845
Y, / A -

%o & SRR T
/R _- R

La=V/(pi*Rm"2);
b=Rm-Rint;
Ec=Eeq*(Rint"2/Rm”2)+E1*(1-Rint"2/Rm"2);

Ecom=1/((La-1)/La)/E1+((I/La)/Ec))/1000;

k1=Rint"2+E1*(b"2+2*b*Rint)/Eeq;
k2=(b+Rint)"2;
al=(8*(b"2)*Rint+5*b"3)*(1+v1)*Rint;
b1=(12*k1/al)(1/2);
cl=Rint*b1*k2/(Rint"2+k1);

u0=0.1;

)= o e e e e e e e e
% #- data.txt 45 7% »

0y mm e e e e e mmmmmmm
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fout=fopen('data.txt','r');

for i=1:100

LL(1)=fscanf(fout,'%e",1);

end

e e e e e e e e e e e e e e e e e e e
% ¥ - IFE

o e e e e e e e e e e e e e e e e
syms zl r sl % F_& A Frl#c

shear=18 ; %E ¥ 5w R

gl=sinh(b1*z1)/cosh(b1*1/2); %3"(2.3.17) 18 L ¥R i»
czl=1-cosh(b1*zl)/cosh(b1*1/2); %% (2.3.16) s L 3R i»

e | . 7 S e

% b - R

ya——— \ W\ A OJU W,
stress1=shear/(c1*tanh(b1*1/2)); % O,

shear_stress tl=cl*gl*sl; % ¢}
stress_t1=(k2/k1)*s1*czl; % of

shear stress rsl=shear stress tl1*(b+Rint-r)/b; %Yr®

stress_ Rint=E1*stress_t1/Eeq; % of

stress Rm=stress Rint+(6/(8*b*Rint+5*(b"2)))*(s1*((b+Rint)"2)-stress t1*(Ri1
nt"2)-stress_Rint*(b"2+2*b*Rint)); % of
stress _rsl=stress Rint+(-2*b*Rint-Rint*2+2*(b+Rint)*r-r"2)*(stress_ Rm-stress
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_Rint)/b"2; % o!

Oy mm o e e e e e
% F-ERATHA

0y m o o e e e e e
Yommmmmmmmmm e I R A 1 R

stress_rsl1=r*stress rs1"2;
shear stress rsll=r*shear stress rs1/2;
stress_tl1=r*stress t1"2;

Yommmmmm e eeee Al B e 2
in_stress_rs=int(stress.rs11,'z1",-1/2,1/2); N z > v ffl
in_stress rsl=int(in_stress_rs,'r'’,Rint,Rm); Yl ? ILw ff A
in_shear stress rs=int(shear stress rsll,'z1',-1/2,1/2); NT R 2z v HF e

in_shear stress_rsl=int(in shear stress rs,r,Rint,Rm); %% &4 jZw 4

Y0--mmmm - e R T o R
in_stress_t=int(stress_t11,'z1',-1/2,1/2); Nkt z > v A
in_stress_tl=int(in_stress t,'r',Rint,Rm); Yol ? ILw Ff A
e o B A0 B e
Wstl=(pi*Rm"2)*(La-1)*(s1"2)/(2*E1); %A ¥ it &

Wst2=pi*in_stress_rs1/El+pi*in_shear stress rs1/Gl; %B % s+t &
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Wst3=pi*in_stress t1/Eeq; %B %A E

Wstl11=Wst1+Wst2+Wst3; %i i &
Wrsl=(Wst1+Wst2)*ggl; Yoz 11 i} Fe it £
Wslip=0; Yol B i) =it £

0 e

% R A RS

0 e

for 1=1:50; %50 ¥ % [
sl=i*stress1/50; % % — FEE 35 be o 4
I LR --

Wrs=eval(Wrsl);

Wst=eval(Wstll);
WstA=eval(Wstl);
WstB=eval(Wst2);
WstC=eval(Wst3);

lossfactor(i+1,1)=s1; Yo>5 4u ¢k 4
lossfactor(i+1,2)=(Wrs+Wslip)/(Wst); %3 % ¥+
O e e e e

% BREAE R }}‘;Jc

O e e e e

coml(i+1,1)=sl;
coml(i+1,2)=WSstA; %A F i
com2(i+1,1)=sl;

com2(i+1,2)=WstB; %B % &t i £
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com3(i+1,1)=sl;

com3(i+1,2)=WstC; %B % B E &
com4(i+1,1)=sl;

com4(i+1,2)=Wst; Y03k it &
com5(i+1,1)=sl;

com5(i+1,2)=Wrs; Yo 41 W AL it £
com6(i+1,1)=sl;

com6(i+1,2)=Wslip; Yoif B T ke iy £

com7(i+1,1)=sl;

com7(i+1,2)=Wrs+Wslip; Yo X kit £
T . [ M m— o b WA
% AR & fmIE

Y | .. S e
Friction(i+1,1)=s1;

Friction(i+1,2)=0; %o B x4

ul u2 a(i+1,1)=sl;

ul u2 a(i+1,2)=0; YoAp ¥ =45 &
lef(i,1)=s1;

lef(i,2)=0; YoRk 3 £ B

end

syms z2 rs2 X % E_& A Tl
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for j=1:200; %100 % & ]

s2=s1+j; % % = PR E 2 4e v 4
leff=LL(j); YoRk 3 & R

O e e e e

% & it 3

0 e e e

c2=vl+(Rm"2+Rint"2)/(Rm"2-Rint"*2);
k3=2*Eeq*v1*Rm”"2*Rint;
k4=(c2*Eeq+veq*E1l)*(Rm”2-Rint"2)*Rint;
k5=leff*u0*(Eeq*vl*Rint"2+E1*veq*(Rm”2-Rint"2));
p=s2*k3/(k4+k5);

Y —— - BOSRRSEaNY

% F BB RES
VA, . \ ., roTTEmm—m

shear_stress tB2=u0*p; %1z}
stress_tB2=leff*shear stress tB2/(2*Rint); Y%o?

stress_rsB2=(s2*Rm"2-stress_tB2*Rint"2)/(Rm”2-Rint"2); Yool

shear stress rsB2=shear stress tB2*(b+Rint-r)/b; %Yoz}
shear stress rsB=r*shear stress rsB2"2; %L >
e e e e e

% P FEBRLERA
A



in_shear stress_rsB=int(shear stress_rsB,'r,Rint,Rm); %% &+ #Hic = f# »

= e e e e e

% L%v:fpbfcf‘?v}fﬁ;J

0 e e e e e
g2=sinh(b1*z2)/cosh(b1*(1/2-1eff/2)) ; %35%(2.3.37)
cz2=1-cosh(b1*z2)/cosh(b1*(1/2-left/2)) ; %35 (2.3.36)
cz3=cosh(b1*z2)/cosh(b1*(l/2-1eff/2)) ; %3 (2.3.36)
shear_stress tC2=(c1#*s2-bl*shear_stress tB2*leff/2)*g2; % zf

stress_tC2=leff*shear stress tB2*cz3/Rint+(k2/kl)*s2*cz2; % of

stress_ RintC2=E1*stress_tC2/Eeq; % of
stress RmC2=stress RintC2+(6/(8*b*Rint+5*(b"2)))*(s2#((b+Rint)"2)-stress t
C2*(Rint"2)-stress_RintC2*(b*2+2*b*Rint)); % of

stress_rsC2=stress RintC2+(-2*b*Rint-Rint"2+2*(b+Rint)*r-r"2)*(stress RmC

2-stress_RintC2)/b"2; Yol
shear_stress rsC2=shear stress tC2*(b+Rint-r)/b; %z
Yommmmmmmmmmmmme- R - L S a2 G

stress_rs22=r*stress_rsC2"2;
shear stress rs22=r*shear stress rsC2"2;
stress_t22=r*stress tC2"2;



11=(1-leff)/2; YoLstick

in_stress rs=int(stress rs22,'z2',-11,11); YR_RHTRED 2> »
in_stress_rs2=int(in_stress_rs,'r',Rint,Rm); Yot B i
in_shear stress rs=int(shear stress rs22,'z2'.-11,11); YoRHMT RS 27w

in_shear stress rs2=int(in_shear stress rs,r.Rint,Rm); %A T R4 iLw

in_stress_t=int(stress_t22,'z2',-11,11); Yo g R z > e
in_stress t2=int(in_stress_t,'t’,Rint,Rm); YRk B s ? e
R e ¥
WstA=(pi*RmA2)*(La-1)*(s222)/(2*EL); %A F it £

WstB1=(stress .rsB2"2)/(2*E1)*(leff*(p1*Rm/2-pi*Rint*2))+pi*leff/G1*in_she

ar_stress_rsB; %B % 11 it £
WstB2=(leff*pi*Rint2)*(stress tB2°2)/(2*Eeq); %B % B E i &

WstCl=pi*in_stress rs2/El+pi*in_shear stress rs2/Gl; %C % &A1t £

WstC2=pi*in_stress_t1/Eeq; %C % AR A B
Wst2=WstA+WstB1+WstB2+WstC1+WstC2; %58 5 &
Wrs2=(WstA+WstB1+WstC1)*ggl; Yoz ¥t i} FL B At £
A

% iR RO
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k6=2*pi*(Rm”2)*Rint*u0*k3*(leff"*2)/(E1*(Rm”2-Rint"2)*(k4+k5));
k7=pi*(Rint"2)*(u0"2)*(k372)*(leff"*3)/(E1*(Rm"2-Rint"2)*((k4+k5)"2));
k8=pi*(u0"2)*(k32)*(left"3)/(Eeq*((k4+k5)"2));
Wslip2=s2"2*(k6-k7-k8)/2;

A=eval(WstB1);
AA=WstB2;

AAA=WstA;
B=eval(WstC1);
BB=eval(WstC2);
Wst22=eval(Wst2);
Wslip22=Wslip2;
Wrs22=eval(Wrs2);
stress_tB22=stress tB2;
stress_rsB22=stress rsB2;
shear stress tB22=shear stress tB2;
leftt=leff;

pl=p;

lossfactor(i+j,1)=s2; 0435 4y ¢ 4

lossfactor(i+],2)=4*Wslip22/(2*pi1*Wst22)+Wrs22/Wst22; %3if 4 F]+
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coml1(i+j,1)=s2;

coml1(it),2)=AAA; %A F i &
com22(itj,1)=s2;

com22(i+j,2)=A,; %B ¥ i £
com33(itj,1)=s2;

com33(i+]j,2)=AA; %B % B E &
com44(itj,1)=s2;

com44(i+j,2)=B; %C % At i &
com55(itj,1)=s2;

com55(i+j,2)=BB; %C T A E A
com4(itj,1)=s2;

com4(i+j,2)=Wst22; %3 it

com5(itj,1)=s2;

com5(i+,2)=Wrs22; % At ) ke w £

com6(itj,1)=s2;

comé6(i+j,2)=Wslip22; Yoiff Bof ke i B
O e e e e e e mm

% WA & g

O e e e e e mm

Friction(i+j,1)=s2;
Friction(i+},2)=2*pi*Rint*lefff*shear_stress tB22;

ul u2 a(itj,1)=s2;

ul u2 a(ity,2)=(stress_rsB22/El-stress tB22/Eeq)*1efff;
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%o B

%Ap ¥ =



pp(j,1)=s2;

pp(,2)=pl; Yoit o 4
lef(i+j,1)=s2;

lef(i+j,2)=lefff/2; Y- X2 FBEE

end %A%\ B &
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O

4.1 4 287 % 1
Resin SWNT Interface
Young’s modulus (GPa) 2.1 1000 -
Loss factor 0.008 - -
Poisson’s ratio 0.36 0.3 -
Radius(nm) 5.6 0.7 -
Bonding strength (MPa) - - 18
Friction coefficient - - 0.1
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2 4.2F G P rp B4

Interfacial shear

Method Materials Author
strength (MPa)
Simulation ~ MD MWNT/polyethylene 2 Sanvito et al. [35]
MD MWNT/erystalline 2.8 Frankland et al. [36]
polyethylene
MD MWNT/cross-linked 110 Frankland et al. [36]
crystalline polyethylene
MD MWNT/PS 186 Wong et al. [37]
MD MWNT/epoxy 138 Wong et al. [37]
MD MWNT/PS 160 Liao and Li[38]
MD SWNT/PMMA 36 Zheng et al. [39]
MD SWNT/epoxy 170 Liu et al. [40]
MD MWNT/PE 46 Wei[41]
MD SWNT rope/epoxy. 36 Gou et al. [42]
MD SWNT-Oxide/PE 600 Zheng et al. [43]
MD SWNT/epoxy 18 Liuetal. [18]
Experiment AFM MWNT/polyethylene-butene 10-90 Barber et al. [44]
AFM MWNT/epoxy 35-380 Copper et al. [45]
TEM MWNT/epoxy 500 Wagner et al. [46]
RMN SWNT/PVA 188 Roy et al. [47]
SEM/NMS MWNT/PEEK 4.0 Deng et al. [48]
SEM/NMS MWNT/PEEK 3.5-7 Tsuda et al. [49]
Tensile MWCNT/PEEK 2.1-6.2 Ogasawara et al. [3]
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%43 AMERE R F

7

-~

7 2 & 4 ((a)Model 1 (b)Model 2 (c)Model 3)

(a)
Shear stress (MPa)
Node 1 20.143
Node 2 18.012
Node 3 20.142
Node 4 18.010
(b)
Shear stress (MPa)
Node-5 21.835
Node 6 18.216
Node 7 21.834
Node 8 18.215
(©)
Shear stress (MPa)
Node 9 23.152
Node 10 18.306
Node 11 23.150
Node 12 18.306

90



4.4 FERCEREY 2T T 4 Jrati RIS *

Model 1 Model 2 Model 3

Tslip (MPa) 1.721 1.736 1.739

245304 T 5 e s R e 5

Loss factor

Model 1 0.00695
Model 2 0.00693
Model 3 0.00693
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4.6 TS s 2 1w fsd B4 b 4 B %((a)L=50nm (b) L=100nm)

(a)
Applied stress Average normal stress P
(MPa)
Analytical model (MPa) FEM model (MPa)
10 5.194 3.652
15 7.715 5.831
25 12.80 9.901
35 17.88 14.68
50 25.51 21.78
100 50.98 43.46
150 76.41 61.13
200 101.85 76.41
(b)
Applied stress Average normal stress P
(MPa)
Analytical model (MPa) FEM model (MPa)
10 5.020 3.586
15 7.466 5.531
25 12.39 9.701
35 17.32 14.28
50 24.72 21.28
100 49.35 39.42
150 74.01 59.35

200 98.67 78.94
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% 4.7 %854 2[1]

Resin SWNT
Young’s modulus (GPa) 2.1 1000
Loss factor 0.008 -
Poisson’s ratio 0.36 0.3
Radius (nm) 140 17.5
Length (nm) - 1000
Volume fraction (%) - 0.3"

* conversion from wt%

Z. 4.8 #4817 £ 3[5]

Resin SWNT
Young’s modulus (GPa) 2.1 1000
Loss factor 0.011 -
Poisson’s ratio 0.36 0.3
Radius (nm) 140 17.5
Length (nm) - 1000
Volume fraction (%) - 0.3

* conversion from wt%
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% 4.9 4L 85| & 4[4]

Resin SWNT
Young’s modulus (GPa) 33 1003
Loss factor 0.02 -
Poisson’s ratio 0.35 0.17
Radius (nm) 5.6 0.7
Length (nm) - 1000
Volume fraction (%) - 0.54
Bonding strength (MPa) 0.2

7 4.10 44 1L 83| £ 5[18]

Resin SWNT
Young’s modulus (GPa) 33 641.1
Loss factor 0.015 -
Poisson’s ratio 0.35 0.3
Radius (nm) 20.352 2.544
Length (nm) - 1500
Volume fraction (%) - 0.5
Bonding strength (MPa) 18
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Z 4. 11 H# S 87 % 6[26]

Young’s modulus (GPa)
Loss factor

Poisson’s ratio

Radius (nm)

Length (nm)

Volume fraction (%)

Resin SWNT
4.2 1000
0.048 -
0.35 0.3
2.8 0.7
- 35-560
- 5
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Solid 45
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Solid 45
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(c)

Bl 4.1 8 E b %2 %F((a) model 1 (b) model 2 (c) model 3)
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(c)
Bl 4.2 ¢ AR BB U4 E %1 2 F Az % ((a) model 1 (b) model 2 (c)

model 3)
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3 FEM model

IS
| L

AL, (nm)

0 1 I l
0 50 100 150 200
Applied stress (MPa)
(a)
8 L Analytical model
[ <o FEM model
6k
e i
£ i
% 4k
- -
< i
ok
0k | | |
0 50 100 150 200

Applied stress (MPa)

(b)
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i Analytical model
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(a)
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Unit:MPa



Unit:MPa

/y

(b)
Bl 4.8 = FRAE HFT 7R AT El((@L=50nm (b) L=100nm)
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