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Summary

Rubber materials show complicated deformation behavior depending on the inter-
nal network structurel] In this studyl cyclic deformation is applied on an amorphous
nano-block of cis-1,4 polybutadiene (PB) by molecular dynamics simulation. Con-
trary to polyethylene (PE) previously reported, the PB block originates the residual
tensile stress on the bond stretches of chains, despite of the sufficient relaxation of
initial structure. We have investigated the residual stress of bond stretch separately,
by considering the possible three-dimensional conformation of successive six methine
or methylene groups. It reveals that the bonds belong to the cis-1,4 conformation,
of which both ends has the conformation of “anticlinal” dihedral angle of CH,-CH
center, feel compressive stress while all the other bonds do tensile stress. We have re-
ferred to the configuration as “compression node”. As same as the PE caseld the bond
stretch and van der Waals dominate the hysteresis of the stress-strain curve of the PB
block; however, we have also find that compressive stress emerges on bending angles
during the tension, leading subtle “strain softening” in the stress-strain response. This
negative stress reversibly vanishes during the unloading process. On the hysteresis of
bond stretches, only the compression nodes show hysteresis while the other does al-
most constant tensile stress during the cyclic deformation. We have then visualized
the change in the chain structure under the cyclic loading, revealing that the compres-
sion nodes don’t distribute uniformly but aggregate. The structure show network-like
morphology under large elongation, since the aggregated compression nodes don’t fan
out but the other nodes are straightened and oriented between them. We have then,
doubled the average chain length in the amorphous block and performed same simu-
lationsJ However[ there is no remarkable differencel] between long and short chains
in the initial residual stressd stress-strain responsel and so onlJ We have also investi-
gated the change in the local density in the block under the tension] As the PE casel]
the distribution of local density branches into two peaks by the formation of network
structurel] however, the magnitude of the high density peak doesn’t change in the PBO
while that of PE shifts lower side. This support the observed fact that the aggregated

chains don’t dissolve.
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(O bond stretch DO 0000

Pps (r) =) ; {kr (r — 7«0)2}

Table 2.1 Potential Parameter for bond stretch.

70 k,
nm] | [kJ/ (mol - nm?)]
CH, - CH, | 0.154 | 2.650x 10°
CH, - CH | 0.150 3.075% 103
CH=CH |0.133 4.130 x 10°

150 —— CH2-CH2
—— CH2-CH
| —— CH=CH

100

D5 [GV]

50

Fig.2.1 Relationship between bond stretch potential ¢gg and bond length 7.
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O bending 000000

@BE (9) = Z ; {k’g (9 — 60)2}

Table 2.2 Potential Parameter for bending.

6o ko

[deg.] | [kJ/( mold rad?)]
C-CHy; -C| 1116 482
C-CH=C|124.0 374

150+
— -CH2-

— _CH=

100 -

¢BE [CV]

50k

1 . I .
0 90 180 270 360

@ [deg.]

Fig.2.2 Relationship between bending potential ¢gg and bending angle 6.
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O torsion 00O OO0

CH,-CH,
Pro (6) = X 5 U1+ cos) + k(1 +cos39)}
CH=CH
Pro (6) = X k(1 — cos29)
CH,-CH

Pro (@) = ;k4(1 — c0s 3¢)

Table 2.3 Potential Parameter for torsion.

ky ko ks k4
[kJ/mol] | [kJ/mol] | [kJ/mol] | [kJ/mol]
3.35 58.6 13.4 7.95

Table 2.4 Stable and metastable torsion angles of CH=CH, CH-CH,, CH5-CH,

center.
Stable Metastable
CH,-CH, | O 180° (trans) 67.5° O (gauche)
CH,-CH | O 0° 0 (cis) 120° O (anticlinal)
CH=CH | O 0°0 (cis) 180° O  (trans)
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¢T0 [eV]

90 180 270 360
Torsion angle, 4, [deg.]

Fig.2.3 Relationship between torsion potential &1 and torsion angle ¢.
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(O van der Waals 000000

<

oy (1) = 4 {(5)2 - (%))

Table 2.5 Potential Parameter for van der Waals.

€ Uo O
[kJ /mol] [nm]
CH, - CHy | 0.69 0.35
CH = CH 0.50 0.33

0.3

0.1+

¢vw [eV]

. . L . 1 .
0'10.2 0.4 0.6 0.8

¥ [nm]

Fig.2.4 Relationship between van der Waals potential @yw and internuclear

separation 7



020 0000000 12

2000000
r= ’fro‘ﬁ’
(p/
F* = —ﬂraﬂ (2.16)
T
FP=_F~ (2.17)
3oooooag
P . pBY
cosf) = ————
e | [ré7]
o' (0) 1 7oY. PP
F* = e, 2.18
s [ | [ {"“ e T (2.18)
o' (0) 1 P . B
F’ = U L 2.19
sing |rov||rf| {r |77 | " (2.19)
F'=_-F*—F"° (2.20)
4000000
oY L pN
o oy
A r |’r7’7\2 T
Bn . pm
A =r |r7’7]2 T
A AP
0s ¢ = S TAd
A%|| A7)
P’ 1 A~ AP
Fa - N <¢) {Aﬁ T T a2 a} (221)
sing | A°||A”| |A°|
qu)/((b) 1 a_Aa‘AB (222)
. —_— :
s @ |
Py P PN . e
Y o o B
F F |fr777|2 F |r7’7|2 F (2.23)
ay . pn BN .
Fr=—pf T e T s (2.24)

jro? ro?



g20 0000000

k

Fig.2.6 Three molecules 7, j, k and bendig angle

Fig.2.7 Four molecules i, j, k, [ and torsion angle ¢

13



020 0OOOoODOOooO 14

23 0O0O0OOO

O00NOOOODODOOOOOOO0000000000O01stepd Nx (N—=1)0
gbooboobooNbOobobobobooboobooboobuoobooboo
O00000000000000000000000000000 (0000000 )
gobobooooobbuoooobobboooobboooobboboooobobo
00000000000000Bo000000002800000000r. 000
gogobboobobbtdrO0Obb00oooooooobbbbood ~ggobbbobb
O0000000O0ONXx (r.,0000 «xN-1)O0OOOO0OOO0O0OOODODODOOO
gbobobud . 0ooogooooDbooobboboogbbbooobobog
O0000000000000000 (Nx(N—-1)ODOOO)oooooooooooo
gobbooggbobobuoooobbbuoooobbooooboboboooobon
gboboboooobbodd

Fig.2.8 Schematic of bookkeeping method.



g20 0O0o0doodo 15

0000000000000 00000000029(x) 0000000000000
ooboooboobobooobooooboboboooooooboboobooooDoo
oobooboboboooooboboboobooobooboboboobooboooDooon
O0000000000000000000000000000000 (0 29(M))00
O0b0oobooobooooooboobooooooobow=xbybooooooon
oobobooobooboobooooboboboboboNDbOoODOODbOoDbOoOoD
oobooboobooboooboooobobooboooooobobooboooooo
ooooon

O0000boob0oobdobOooboobOl bond stretchl bending[d torsion U [ 0
oobooobooboboooboobooboboboooooooboboobooooDoo
O0boooobooooboboobobobooboobobob0obbOlvan der Waals
ooooboobobobobooobooogoobooooboo40b0ob0obooboDooDoD
ooooooobooboboooooooboboboboboobooboooooDoo
Oooooboobooooogog

(a) Domain decomposition (b) Block serching

Fig.2.9 Schematic of domain decomposition method.



[ 30

Juoogdoogtdyn

3.1 OO0O0OoOooooon

03.1000000020nmx 20nmx 20nm 0000000000000 O0ODO0O
0000000000000 000O00boO00boOOoOobOooobODOOoOoDoOOoOon
000000000 32(:.)00000000000CH,-CH, 00000000 DODOO
00 ¢ =180°(trans0 ) 00 0 ¢ = +67.5°(gauche 1) 00D O O0O0CH,-CHOODOO
000000 ¢=0(cis0)000 ¢ = +120°(anticinal D) 00000000000
O0O00OCH=CHOOOOODOOOOO ¢=0(eis0)00000 cis-1,4000000
000000000000 000DO0000D000O0D0DbOO0bOOoO0ODOoOOooDOon
O000bO00O0o000o0O0ooD0ob0obOo0ooooOooDOobOoboobOobDOoDOoD
0 O0CH,-CH,OCH,-CHO OO OODODOOO transd gauche anticlinal O O £15° 0
O00o0ooobobooobobogoobooosouoboogsoobooobonoon
0000000000 o0oooooDdoooooooooooooooooooon
00000000000000 0.86g/cm*0000000 1000000000 300,792 0
O0000000000000000000000000000000 40ps(=4000001s)
0000000000000 0D0000O00bO0D000DO0 VerletOODOOOOO

oobooooboolisooooooosokbooooooooooboooooooo

16



20nm

U3l 0Obbouooobobbodo

Fig.3.1 Simulation cell

17



U3 ObOboooobbobodgd

n=bxa gauche frans
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’d -

CH gauche

(a) Conformation of CH2-CH2 center
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T n=bXxXa
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(b) Conformation of CH-CH2 center

CH, Q@ CH
O CH2

(c) Conformation of CH=CH center

Fig.3.2 Conformation of CHy-CH,[0 CHo-CH, CH=CH center dihedral angles.
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(a) Total (b) bond stretch, bending,torsion,

and van der Waals

Fig.3.3 Change in the potential energy and its components of bond stretch[
bending[] torsion[] and van der Waals.

0 10 20 30 40
Time, ¢, ps

Fig.3.4 Change in the stress during the initial relaxation.
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Fig.3.6 Change in the stresses generated on bond stretch, bending, torsion,
and van der Waals during the initial relaxation.
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Fig.3.7 Categorizing the bond stretch by its conformation.
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Fig.3.8 Change in the stress on each bond stretch categorized with its con-
formation (initial relaxation).
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Fig.3.9 Change in the stress on bond stretch separately evaluated by its com-

bination of successive three conformations.
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Fig.3.10 Schematic of local configurations that generate negative residual
stress on its bond.



30 bODoOoboooooobobodgdg 26

3.2.4 compression] 0000000000

goboboooobbbooooboboboooobbbuoooobobboooobobo
U compression 1 0 0000000000000 OO0OON compression O OO 1
gobobooooobbuoooobbboooobboooobbbboooobobo
0311(x)0(b)0 0000000000000 O0DODOODO0OODODODODODOOOOOO
compression U OO0 OOOO0OO0O0OOOOO0OOLOO0O0O0OO0O0OO0OOOO
OO0 CHODOO CH,ODODODODODOODOcompression000000O00OOODODO
0000000000000 000D00DbO0O0D00D000 compressiond OO0 bond
streecch 0000000000000 O0ODOO0OOO compression010O000O0O0ONO
goboboooobobbuoooobbboooobobooo

i W

other-node
(anticlinal)-(cis)-(anticlinal)

(a) compression-node rich (b) less compression-node

Fig.3.11 Example of molecular chain structure.



030 obooobobooooboooobo 27

3.3 0O

cis-1,4000000000000000O0DOO00DOO0OOOOODO0ODbO0ODbO
gobbooggbobobuoooobbbuoooobbooooboboboooobon
gbobboooobbobuoooobbboooobod

(1) 0000000000000 00O0O0O0OOOOD40MPa00ODODOOOOOO
goobobooobooboobooobobbo0obbboob0dbOn bond stretch

gboboboooobboood

(2) CH=CHOCH,-CH,O0CH-CH, 000 O0Q0OO0OO0OO0oOoOooooooooooogo
OO000 bondstretech 000000000000 0ODOOOOOOOOOODOOO
goboboogogboo

(3) DO0ODOD0ODDODOO bond strescch 000000 bond stresch 0000000
OO0 bondstretch0 0000 60000000000 0OO0OOOOOOOOOO
O0000w@s-1,4000000000000000000=CH-CH,-O00D00OO
anticlinal 00 OO00O0OO bond stretech D000 0OOOOOODOOOOOOONO

goo

(4) 000 ¢s-1,4000000000000000 anticinadl 000000000
compression 000000000 compression 1000000 OO0OOOO0O
O000000DO00O00O0O0oDO0ooD0o0o0o0ooDOobOOobOOooDODOoDOooDon
oogn



L] 4[]

Juoootdbobobotddbg

4.1 0OO0OO0O0OOOOOOO

gobbbuoooobbobooooobobooooobbbuoooub 0000
gbobboooobbbuoooobbbooon

g410000bbo00gobboootl mmddbbooooobbogoooon
gobbooogbobobuoooobbbuooobobbooooboboboooobon
0000 (:000)000000e€,,=1.000000000000000000000
000000000000 10600000000 Ae,,=1.0x10°00000000
00000000000000000000000 ¢&,,=1.0x10"°/s0000000
gboobobobooboobooboobooboboboboobooboobon
gboboodboodt linmOO0o0oooooogobooobbooobobooon
gobbbugogbbbboooobbbboooobobbbuoooobob 200
0000000 ((000000)0000000o0O0O000ooOoOOooDoooooOoO
gobobooogbobobuoooobbbuooobobbooooboboboooobon
gbobbooodgbbbuoooobbbuoodobbboooobbboooobobb
goobobobobbodd e .=100000000000o000ooooobboon
gbobobooogboo
gboobobobolgbobobob2000b00b0bobobooboboon
gbooboobobsokbboooboobobooboooboooboobooo

28



040 0O0OOO0bOOoOobDOoobooono 29

gbg3tbgbobobobogobobbobobobobobobobobooboobod
gbgobooobobooboobuoobooboobooboo

chuck

e

loading direction

20nm

<

Fig.4.1 Simulation cell and loading direction



040 O0O0OOOOOoODOOoboOOoboO 30

4.2 OJ0OO0O0O0OO0OOO0OO0O0O0O0

4.2.1 0O0O-00000

042000 z:000000-000000DO0O0O0ODO10O00O000O0O0ODOODOO 2
Uoooooboboboboboooibdbe,=00100000000000000
gobbooggbobobuogoobobbuoooobboooobboboooobon
gbboggbbuooobboobobbodobbloootobboogbbuooobn
gbl1gbooooobobobooobs21000000 bond stretch U 0O OO 40MPa
gboboooobobobobooboboobooolboobobg 7sMPall O
gbobbbooodgbbbuoooobbbuoodobbboooobbboooobbb
e..=0400000000000000000e,, =0600000000000000
gbbuogobbboooobbuodbbibde,=100000000000000
0000 (02000fs) 00 65MPad 00 45MPa0 00000000000 OOOOO
000000000000 ®ooo000000000000000ogoooo
gbboggbbuogbobboobboobbobboodbibe,=0300000
gobobooooobobuoooobbboooobboooobobobooooboo
UboooobooobooobioobbUdde,=000000000 55MPallnd
gbobbbooodgbbbuoooobbboodobbboooobbboooobobb
gobbooggob200ggbooo-gobboogilgobobooaobon
UbbbuodbbibUdle,=010001000000000000000000
gboobobiloboobobo-boboboobobbobobooobobooonn
gobbol1ugoobbboogdibbble,<0300000000 100000
gbobbooggbbbuoooobbbuoodobbboooobbboooobob
goooo



o., MPa

Stress,

040 0O0OOO0DOOO0ODOODOOD

100 -

o
|

S0+

—— lstcycle
— 2nd cycle |

I 1
0.5 1
Strain, &,

Fig.4.2 Stress-strain curves under cyclic deformation.
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Fig.4.5 Snapshots of molecular chains during the 1st cyclic deformation.
Green molecules indicate the “compression node”, or the cis-1,4 con-
formation with anticlinal dihedral angles of both ends =CH-CH,-[

while blue ones the other conformation.
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Fig.4.6 Snapshots of molecular chains during the 2nd cyclic deformation.
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Fig.5.4 Example of molecular chain involving less compression-node (long chain).
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