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Molecular simulation of effects of carbon nanotubes size on mechanical properties of

eucommia ulmoides gum composites
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(1. School of Materials Science and Engineering, Shenyang Chemical University, Shenyang 110142, China;
2. Rubber Elastomer Key Laboratory of Liaoning Province, Shenyang 110142, China)

Abstract : Eucommia ulmoides gum (EUG) is an environmentally friendly bio-based material with unique rubber-plastic
duality, and shows considerable potentials for multi-industry applications. However, the mechanical properties and functional appli-
cations of EUG still need to be further developed. Carbon nanotubes (CNTs) have been widely used as efficient fillers to enhance the
performances of plastic composites due to their excellent mechanical properties. In order to explore the influence mechanism of
CNTs size on the mechanical properties of EUG, the molecular dynamics simulation method was used to establish the CNTs/EUG
composite model by changing the axial and radial dimensions of CNTs, and the mechanical properties at room temperature were
simulated and studied. The results show that the mechanical properties of the CNTs/EUG composites increase first and then
decrease with the increase of the diameter of CNTs, and increase with the increase of the length of CNTs. The CNTs with a diameter
of 8.14 A in the axial dimension and a length of 128 A in the radial dimension have better enhancement effects on the mechanical
properties of the CNTs/EUG composite, the modulus of elongation of the CNTs/EUG composite increase by 59.70% and 54.85%
compared to CNTs with a diameter of 2.71 A or a length of 68 A ,respectively.
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(e) D10.85-CNTs (f) D13.56-CNTs (g) D16.27-CNTs

(h) L68-CNTs

(i) L97-CNTs

(j) L128-CNTs
D2.71-CNTs,D5.42-CNTs, D8.14-CNTs, D10.85-CNTs, D13.56-CNTs,
D16.27-CNTs represent CNTs with diameters of 2.71,5.42,8.14,10.85,
13.56 A and 16.27 A, respectively; L68-CNTs, L97-CNTs, L128-CNTs
represent CNTs with lengths of 68,97, 128 A,respectively,the same

below.
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Fig.2 Schematic diagram of CNTs/EUG composite system with differ-

ent sizes after dynamically optimised equilibrium
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Fig. 3 Mechanical properties of CNTs/EUG composites reinforced by
CNTs with different diameters
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Fig. 4 Mechanical properties of CNTs/EUG composites reinforced by
CNTs with different diameters
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with different diameters

~N

N,
2:PEfE, TEER R 10.85 A [ CNTS/EUG & A 1kt
i BRI CNTs BLAZ Al BUG 23 F5EiE A CNTs
W, FECNTs SN A AR K, 4Tk iz she /)
B, AR R T2 M BRI ES 5 I A AR R 13.56 A
16.27 A ) CNTs/EUG & & M BHA R 1, i T CNTs
AR K, ik S E R FEH A2 ,CNTs 5 EUG 43
T 11 AL TR A B A, i 1) 5 T AH B AR FH BB A
a4 A T X3 1 PR AR S R T AT S AR R
I ER AR S 000 J AR
K] 8 S [ K B CNTs 3438 i) CNTS/EUG & 4
MRS A B RFU 4 B8 il AT, Bl CNTs K 1
Jin, CNTS/EUG & & A1 BHY H RN 80 R E T
B IR TRE CNTs K BRI, EUG 43 T4 5
[i1] 0 B 7E 25 A B R 1) CNTs 8] [T, S8 CNTs 22
6] J2 BUG 43 2 [R] (4 25 [l AT RE , A8 A H AR FR
WK, LR, Bl CNTs 4 2R i, FE2s ()40 BH 500
EUG 43 T4 75 CNTs J& [l i 7] T4 )7 HEF] , 2
0 CNTs Z (B A 4 10 23 R 3G C, oE— 238 A
16.4 - 128

16.2 -

16.0 -

Fractional free volume/%

68 97
154+

L L L L L L I}
60 70 80 90 100 110 120 130
Different lengths of CNTs/A

B8 AN CNTsH3R #9 CNTS/EUG & A R 1 i AR08
Fig. 8 Free volume fraction of CNTs/EUG systems reinforced by CNTs

with different lengths

AAARFR, R, CNTs K B N BERS 7 — B R 5%
i) EUG 438 FHEFN A3 A0, T80 A i ARFE .
2.3 Hiah

Y 6 B W TR T B S [R] 8 B E Bh
P8 SO ¢ B ZIDREF 5006 00 B S, A
(®)fF31,

M={lr@)-rO)") ®)

b M TR 5 (0) Fl r () 53 5 I -7
WIRETZIR ¢ B2 B i < >R KRG
AR

AN B AR A F K BE CNTs #58 iY CNTs/EUG
BAMBHE S R T A3 7 L RS AR AL ] 9 A E]
10 Fi7R , Y905 (60 4% 1R 3R WA 43 -4k 1) 12 3l e ) B
3. R 9 W4, B CNTs L% 934 fin , CNTs/EUG
A MR X O (RS Se N 5 R, SR N
CNTs ) EUG R R 7 i B ek, HROR AR 2.71
A ') CNTSs/EUG & & # Bl , H 4% 8.14 A iy CNTy/
EUG Z A MBI i B8 e /)N, R W1 8.14 A1) CNTs
5 EUG BEARZE G A X BT, fff EUG 4345 AH Xf 3

=
W
1

o
o
T

P
W

27 =TT —— NoCNTs
@ - - -D2.71-CNTs
. -- D5.42-CNTs

bed
o
T

—-— D8.14-CNTs

---- D10.85-CNTs

————— D13.56-CNTs
D16.27-CNTs

0 160 260 360 400 500
Time/ps
El9  RIF E AR CNTs HE3R1 CNTS/EUG &M EH K 7 1
Fig. 9 Mean square displacements of CNTs/EUG composites

—
W

Mean square displacement/A?

reinforced by CNTs with different diameters

6 L
< st W
54 ’/./7. =
5 4 LT T
= 7 -
= e
B 3+ G
e 7
E Ly - - - L68-CNTs
z I --- L97-CNTs
= | —-— L128-CNTs
g 1}
=

0 100 200 300 400 500

Time/ps
FE10  AEHEE CNTs B5R A CNTS/EUG & A b RHI )7 (385
Fig. 10 Mean square displacements of CNTs/EUG composites
reinforced by CNTs with different lengths



T, 55 BRARAE RO X RN S MRy 24 PERE S 23 T4 81

INESAE , 12 BhRE S 55 , At B A MR A 31 )
“EVERE , TN BRI CNTs X EUG B 1 S 5 2R
BOANABR . 7EEA R AR CNTS/EUG & & 41k
I (E 24 10.85,13.56, 16.27 A), &84 EUG 4 4%
ZxiE N CNTs N, 7] S8 CNTs K A TEAR , 3R
T R 2 AR DT R o) 1 XA A e Py 34 s R0 2R
RE51E S Gao M KBUHAF . HIE 10 7]
1, BB CNTs K BEHS /I, CNTS/EUG & &4 B 5
PR B IR/ , B KB CNTs B 3K 1 5 BUG 3t
AR fioh 1 2 TR, AT 38 0 4k 22 2 1T e B AH B
Al s I H A Y CNTs 25 )43 BH AR A, iX P 7
TR RER 22 BRI EUG 7 FHE iz ol Ninifem 2 &
MR 124 R
2.4 wEH¥R

[l 428 S oy -5 1 S AR B, o SR A F
B ERYS AR T BT O TR, T i A
(O)f5

Ri = i=1 Rgri (9)

Kb R, o FHEIREE A2 s n R o FHEN T
BIECH 5 m, N JE T v, R T 204 TR RO Y
B

Bl 11 R A6 H 42 CNTs B 3 EUG & 4 M R
Lg% . I 1L a] 0L Bl CNTs ELARIE I, CNTs/
EUG & & AR 1 55 AR (8 AT PTG, DA 4756
) AH ELAE B G K, HES A B B0 . Y ONTs B
0 8.14 A I}, CNTS/EUG ) 1] %% 2 42 F /)N 5 24
CNTs BLA&HET 8.14 AR}, ml ek X 5 H
BRI O (i RS ARtk g ie— 3. B 12 ARTR]
K CNTS/EUG & A MRk [ 242, i B 12 7]

28 —— NoCNTs  —— DI10.85-CNTs
—— D2.71-CNTs —— D13.56-CNTs
—— D5.42-CNTs —— D16.27-CNTs
26 —— D8.14-CNTs

—— " ————

24

Radius of gyration/A

22k

e———— e —
eee—— e

200 160 260 360 460 560
Time/ps
Bl ANTA) B A% CNTs B3R A9 CNTS/EUG & A b1RHI [ %245
Fig. 11 Radius of gyration of CNTs/EUG composites reinforced by
CNTs with different diameters
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Tab.1 Energy values of CNTs/EUG composite reinforced by CNTs

with different diameters

Diameters/A  E/(kcal'mol™)  E/(kcal*mol™") E /(kcal-mol™)
2.71 3411.026 —1812.020 5368.385
5.42 7411.841 —1 835.530 9 486.059
8.14 11 887.450 —1 804.600 14 013.020
10.85 16 264.420 —1740.030 18 563.390
13.56 20 749.040 -1690.010 23 140.600
16.27 25261.310 —1682.960 27759.570

Notes: E, is total energy of composite system; £, is energy of EUG
matrix; £_ is energy of CNTs.
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Tab.2 Binding energy of CNTs/EUG composites reinforced by
CNTs with different diameters

CNTs diameters/A E, /(kcal-mol™")
2.71 —145.337
5.42 —238.688
8.14 —320.965
10.85 —558.929
13.56 —701.552
16.27 —815.306

Note: £, is interaction energy between CNTs and EUG matrix.
®3 TEERZECNTHEEMN CNTSYEUG E &M RIS S sEMTME
Tab.3 Contribution value of the binding energy in CNTs/EUG

composite reinforced by CNTs with different diameters

CNTs diameters/A EN"“"’“““/,( ]kcal ' EEI"‘/(kjal ' EV"“/(lf?al '
mol ) mol ) mol )
2.71 —145.337 -0.816 —136.391
5.42 —238.688 -1.510 —221.068
8.14 —320.965 -1.974 —295.141
10.85 —558.929 -2.267 —524.962
13.56 —701.552 -2.397 -660.019
16.27 —815.306 —3.646 —765.207

Notes: Ey, yona> Evaw and Ey, . represent the non-bond energy, van
der Waals interaction energy and electrostatic energy of CNTs/EUG

composites , respectively.
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4y EUG 43 T4 #E A CNTs &8, fff CNTs 5 EUG 43
-4 A ELAE HRE RS N . K By A LA BE ATl
CNTs Ji A7 R 5 pb kAR T B R AR A2 H 4R
GBI 2 ERE 0 T, AT AIE CNTs X EUG &
BRSO . 1T UL CNTs A 45 R Rt R 1 o
CNTS/EUG & &R # P RE R R R 2

%% 3 FI% 4 ] 1, CNTS/EUG & & ¥ RHA &
ARHERE 7 AL, Hoh R STEOR A TSR AR
HAEFIGE, B A ELAR R JEARAE A AR R Re 4y
S R HOVE T RE 1Y 93.84%, 92.62%, 91.95%,

%4 FEKECNTsERH CNTS/EUG £ A M HIE S EEH STt E

Tab.4 Contribution value of the binding energy in CNTs/EUG
composite reinforced by CNTs with different lengths

CNTs lengths/A EN°"$Z:1/,(};°M ' E”m/(ﬂ(?; " Evr'n:)(lkff "
68 ~635.889 ~151878 ~586.411
97 ~934.863 ~1.145 48 ~865.022
128 ~1210.600 -3.173 31 ~1119.78

93.92%, 94.08%, 93.86%; Bifi & 1 &£ Ay 14, Y il 4
A AR A 4 ) 5 R A EOAE H RE A 92.22%,
92.53%,92.50%. WG GABHAH T AR 23R
P CNTs 5 EUG 43Rl FIAH B AR .

JUE H A2 M 10.85, 13.56, 16.27 A () CNTs 5
EUG A 2 [ A B AR FHREH & L (A & A AE AR
RESSHUIR CNTs H SIS ILEY TR G AR
() 1A PEREAS B . AL T, HAR N 8.14 A
CNTSHEAAE A B2 OL T , BERS G55 1)
EUG & A MR SR 124 RE

Y 2 5 13 6 45 1 A9 Al i 1 B3 45 (8 mT A B
CNTs K FEH N, H 5 EUG Sk 2 (7] 40 B AR FH BE
K, EUG $% BE AN o T4k iz o) 75 22580 0 5 1Y) R o
P2 BE KA X 15 CNTs 5 EUG B 454 5
B T LA RIS A R R
BT 44175 32 2 S 3V A O e o8 e e, B 1284
LU

£5 ATEKECNTsIERER CNTS/EUG £ & W HIHIsEE1E
Tab.5 Energy values of CNTs/EUG composite reinforced by CNTs

with different lengths
CNTs lengths/A ET"‘“‘/(lflcal. EEUG/(lflcal. ECNT‘/(I,(Ical.
mol ) mol ) mol )
68 27 868.500 —1 886.460 30390.850
97 42 733.800 —1838.250 45506.910
128 57 745.480 —1661.830 60 617.910

6 MREKE CNTs 2R CNTYEUG E GBI S EE
Tab. 6 Binding energy of CNTs/EUG composite reinforced by
CNTs with different lengths

CNTs lengths/A E, /(kcal-mol™")
68 —635.889
97 —934.863
128 —1210.600

3 #ig

()FEAN A EL A% CNTs/H5 58 1 CNTS/EUG & A 44
Hhef, Ty BERE CNTs B4R A3 K 5 TR R [
RS CNTs BARAE — & Yu B B FHse i &
OBHE) 122 PERE SR TR AR I CNTs 2 5 3
EUG 78 i#E A NI H 2 A A58 R 1 H A1
LR B S G MR T2 R N R, I
W, EARN 8.14 A 1Y CNTS/EUG & G MR J127 1k
REfm L. FHLLT CNTs HA2 4 2.71 A CNTS/EUG,
CNTs E1 124 8.14 A i) CNTs/EUG & & 1 R 7 {h
FPEBI AT T 59.70%,

Q)FEAN A CNTs/58 ) CNTS/EUG & 544
B, 12 PERERE CNTs K J3E (88 it B =2 42 71



T, 55 BRARAE RO X RN S MRy 24 PERE S 23 T4 83

Hir KBk 128 A 9 CNTS/EUG & & bR 80 1

CikSQibpikca

PERE . A HE T b 68 A 9 CNTs/

EUG & & kL, K Bk 128 A ) CNTS/EUG & & 41
B PRSP T T 54.85%
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