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Summary

In order to find atomistic insight on the cross-linking and reptation mechanisms in
amorphous polymers, we have performed various molecular dynamics simulations on
polyethylene (PE), polybutadiene (PB) and polyisoprene (PI) under cyclic deforma-
tion. First, we have performed cyclic tensile simulations up to the strain of £,, = 1.0 on
amorphous PEs, composed of 1000CH,x1002000CHx505000CH,x2 and 10000CH,x1
in a cubic periodic cell, respectively. Not only the stress-strain responses but also “rep-
tation distance”, i.e., the inner product of the migration vector of the focused CH,
particle and the “chain direction” vector connecting the forward and backward parti-
cles, are discussed. Here, we have also separated the reptation into the contribution of
the structural change and thermal fluctuation. It reveals that reptation by structural
change can be found only in the loading process. The PE of 5000CH,x2 shows drastic
stress increase and hysteresis loops both in the 1st and 2nd cycle. The reptation by
structural change in this PE occurs only in the early stage in the loading and it drasti-
cally decreases in the late stage of tension. On the other hand, the PE of 1000CH5x10
shows little stress increase in the 1st cycle and deforms like a fluid in the 2nd cycle. The
reptation in this PE always occurs whole in the loading process. We also directly ob-
served an end of chain sneaks out and change its morphology in the 1st cycle loading in
the PE of 1000CH5x10. Then, we have performed similar simulations on 1000CHyx10
and 10000CHyx1, randomly cross-linking the chains by introducing harmonic potential
as same as bond stretch potential. The cross-link enhances the stress increase in the
loading process. By adding 5 cross-links in the PE of 1000CH,x10, it shows stress
increase even in the 2nd cycle although it deforms like a liquid without cross-link as
previously mentioned. The PE of 10000CHsx1 with 5 cross-links shows drastic stress
increase, while the area of the hysteresis decreases. Detail observation of chain mor-
phology of this chain reveals that the free reptation is prevented by the cross-link, so
that chains are stretched between cross-link and chain entanglement during the 1st
loading, and they can’t be back to the original stable length even after the 1 cycle
loading. This irreversible change causes the decrease of the hysteresis loop. Finaly, we
have also performed same simulations on amorphous PB and PI represented by one
chain of length 10000 in a cubic periodic cell, considering the effect of the cross-link.
It reveals that reptation by structural change never occur in the PB. There is also
remarkable difference against PE, that is, PB shows a slight compressive stress and PI

does tensile stress on dihedral angles, while it is always zero in the PEs.
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By (r) = 3 3 (e (r o)}

Table 2.1 Potential Parameter for bond stretch.

To k’r
[nm] | [kJ/ (mol - nm?)]
CH, — CH, | 0.1533 1.373x 10°

100 T T

50

D s [GV]

) 1 .
0 0.2 0.4

¥ [nm]

Fig.2.1 Relationship between bond stretch potential @gg and bond length r.
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By (r) = 3 3 (s (r = o))

Table 2.2 Potential Parameter for bond stretch.

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

150 —— CH2-CH2

—— CH2-CH

| —— CH=CH
100 -

D [eV]

50F

0 0.1 0.2 03 04
7 [nm]

Fig.2.2 Relationship between bond stretch potential ¢gg and bond length r.
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dps (r) = Z {kr (r— 7’0)2}

Table 2.3 Potential parameters for bond stretch

ro k,
[nm] | [kJ/ (mol - nm?)]
CH, - CH, | 0.1533 1.373x 10°
CH; - CH | 0.1504 1.494 x 105
CHy, - C | 0.1514 1.436 x 10°
C=CH |0.1350 3.177x 10°
C - CH; | 0.1510 1.553 x 10°

200

D g [GV]

100

0 o1 02 03 04
7 [nm]

Fig.2.3 Relationship between bond stretch potential ®z¢ and bond length r



020 0OOoooooo 11
O bending 000000 (PE)

B (6) = 3 5 (ko (0 — 60)°)

Table 2.4 Potential Parameter for bending.

to ko
[deg.] | [kJ/( mold rad?)]
C-CH,; - C| 1133 374.7

100 . ,

50+ - Q\@@/Q

S~

1 .
0 180 360

0 [deg]

¢BE [GV]

Fig.2.4 Relationship between bending potential @gg and bending angle 6.
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O bending 000000 (PB)

B (6) = 3 5 (ko (0 — 60)°)

Table 2.5 Potential Parameter for bending.

6o ko

[deg.] | [kJ/( molO rad?)]
C-CHy, -C| 1116 482
C-CH=C|1240 374

150+
— -CH2-

— _CH=

100 -

Dse [GV]

50F

1 . I .
0 90 180 270 360

6 [deg.]

Fig.2.5 Relationship between bending potential ¢ and bending angle 6.
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O bending 000000 (PI)

P (0) =D {ko (0 — 00)°}

Table 2.6 Potential parameters for bending

6o ko
[deg.] | [kJ/( molO rad?)]
CH, - CHy; - Cx | 113.3 374.5
Cx-CH=C |1243 382.8
Cx-C=CH |123.0 305.9
CH; - C - CH, | 114.0 282.0

100 —————————————

CH,-CH,-Cx
C=CH,-Cx
CH=C-Cx
CH,-C-Cx

N

0 90 80 270 360
@ [deg]

[eV]

@B E

Fig.2.6 Relationship between bending potential ®zr and bending angle
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O torsion 000000 (PE)

Dro () = (Vicosd + Vacos2¢ + Vs cos 3¢ + Vi cos 6¢)

Table 2.7 Potential Parameter for torsion.

Vi Va Vs Vs
[kJ/mol] | [kJ/mol] | [kJ/mol] | [kJ/mol]
C-CHy -CHy; -C| 3935 2177 7.786 0.0

[eV]

Dro

-10 trans
. ] .
0 180 360

@ [deg]

14

Fig.2.7 Relationship between torsion potential 1o and torsion angle ¢.
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CH,-CH,4
Pro(6) = 3 5 Uha(1 +cosg) + k(1 + cos36)}
CH=CH
Pro (6) = 3 sha(1 — cos20)
CH,-CH

Pro (¢) = ;k4(1 — cos 3¢)

Table 2.8 Potential Parameter for torsion.

kl kg kg k4
[kJ/mol] | [kJ/mol] | [kJ/mol] | [kJ/mol]
3.35 58.6 13.4 7.95

Table 2.9 Stable and metastable torsion angles of CH=CH, CH-CH,, CH,-CHj,

center.
Stable Metastable
CH,-CH, | O 180° (trans) 67.5° O (gauche)
CHy-CH | O 0°0 (cis) 120° O (anticlinal)
CH=CH | O 0°0 (cis) 180° O  (trans)

15
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¢T0 [eV]

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

Fig.2.8 Relationship between torsion potential &1 and torsion angle ¢.
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O torsion DO O OO0 (PI)

Pro (@) =D {Vo+ Vicosd + Vacos2¢ + Vs cos 3¢ + Vi cos 4o}

Table 2.10 Potential parameters for torsion

Vo Vi Va Vs Vi
[kJ/mol] | [kJ/mol] | [kJ/mol] | [kJ/mol] | [kJ/mol]
CH - CH; - CH, C 9.540 3.933 2.176 7.782 0.000
C-C=CH-C 42.97 0.000 -00.21 0.000 7.238
CH=C-CH, - CHy | -4.268 -9.707 -0.628 2.259 -0.586
CHy - CHy, - C - CHs | 4.812 0.000 0.000 5.439 0.000
C=CH-CH,; - CHy | -1.297 -4.644 -2.427 -2.385 -0.418

Table 2.11 Stable torsion angle ¢ of each node

Stable angle Semistabe angle
CH - CHy - CHy, —C | O 180° (trans) 67.5° O (gauche)
C-C=CH-C O 0°0 (cis) 180° O (trans)
CH=C-CHy-CHy | O 0°0 (cis) 180° (trans)
CHy — CHy - C—CHs | O 180° (trans) 60° (gauche)
C=CH-CHy-CHy | O 0°0 (cis) 120° O (anticlinal)
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100

v

1 1 1 1 1 1
0 90 180 270 360
¢ [deg]

Fig.2.9 Relationship between torsion potential ®1o and torsion angle ¢
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O van der Waals 000000 (PE)

oy (1) = S ae { (D2 - (97}

<

Table 2.12 Potential Parameter for van der Waals.

A %
[kJ/ (mol - nm*'?)] | [kJ/ (mol - nm®)]
CHy - CHy | 2972 x 10" 6.907 x 10°

0.01
>
2
z
S

0 -
| 1 |
4 6 8
7 [nm]

Fig.2.10 Relationship between van der Waals potential @yw and internuclear

separation 7.
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O van der Waals 000000 (PB)

oy (1) = Y 4= {2 - (27}

<

Table 2.13 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

0.2

0.1+

Dyyy [CV]

. i : 1 :
_0'10.2 0.4 0.6 0.8

7 [nm]

Fig.2.11 Relationship between van der Waals potential @yw and internuclear
separation 7
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Syw (1) = 3 {AM ™ - C(r)°}

Table 2.14 Potential parameters for van der Waals

A oc O
[kJ/(mol0 nm'?)] | [kJ/(mol0 nm®)]
CH;  CHs | 2971x 109 10042 x 106
CH, - CH, 2.971x 10Y 6904 x 10°
CH - CH 1.464 x 10 5021 x 106
Cc-C 1.213x 10" 2929 x 10°

021

0.2 ' 0.4

7 [nm]

0.6

0.8

Fig.2.12 Relationship between ven der Waals potential ®y, and chain separation 7
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O inversion 000000

Brvy (0) = Y {K1 (6 = 0p) + K2 (6 — ©)° + K5 (0 — ©9)°} (2.15)

Table 2.15 Potential parameters for inversion

K Ky Ky
[kJ/(molO rad)] | [kJ/(molO rad)] | [kJ/(molO rad)]
C -237.7 0.00 0.00
T T T
0.02 .
>
L
>
z
;ST 0.01 .
O=0+0+0
1 | 1 | 1 1
0 90 180 270 360

O [deg]

Fig.2.13 Relationship between bending potential ®;yy and bending angle ©
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Fig.2.15 Three molecules i, 7, k£ and bendig angle 6.

Fig.2.16 Four molecules 7, 7, k,[ and torsion angle ¢.
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O0000D000000000Obond stretch,bending,torsion0 D OO0 OO0 OO O
Ovan der WaalsO O OO ODOOODOOOODODOOOOOOOOOODOO 200000
OO0O00O00ODObond strecch0 000200000000

1

For (') = 32 5 {kw (' = 1)’} (2.25)

oo00O0O0000000000000000000 k»,O0D00O0O0O0OOODO0O000
O0000000O0o0O00000000O0O0OOO00O00000O0O0OCOOOOOOO
00000 bond stretchD0 400 10000000 »;0 van der Waals O LJO O O
ooooobooooooooooooboooOboOobobboOoOooooo 2160000000

gbooob 2170000

Table 2.16 Potential Parameter for crosslink.

7’6 kr/
[nm] | [kJ/ (mol - nm?)]
CH, CH, | 0.45 | 3.474x 10°

200

Dy, [GV]

" | " 1 "
0 0.4 0.5 0.6
r' [nm]

Fig.2.17 Relationship between crosslink potential @cr, and length 7.



020 0000000 26

24 0O00O0OOO
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Fig.2.18 Schematic of bookkeeping method.
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(a) Domain decomposition (b) Block serching

Fig.2.19 Schematic of domain decomposition method.
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Table 3.1 Creating conditions of PE amorphous.

Chain length | Number of chains

10000CH4 1
5000CH, 2
2000CH, 5

1000CH, 10




g3 OoOobouooobbbooobbbboooooboboog 30

3.2 U0O00OOO0OOooOOooooonn

3.2.1 0O0OO0OOOOO

033000000 (a)lO00000(Mb)20000000O0-00000000. O
O0000ooooOoOonoops000OO0O0O0O0DOODOOO 50000stepstd O 5000£s01
gooooooboooooobobouoooouoouooobos40bobobobobon
000000000000000000000 (0000 ooOO)DoDoooooo
goboboddzbydz000000000000O0DOO0000O0OOOO0ODLODODO
00010000000 (a)0000000000000000 5000CH,x20000
guoogdgobbbooogbbbouoooobbbuoooobbboooaoboo
O0000DO0D0000000b0bDO0bObD0ob00O0b0ODbDOD10000CHx1 OO
O5000CHx20 00000000000 DLOO0DOO0DOO0bOOooboooboOoD
00000000000 0000O000DO000D0Db2000CHxp0O0DOOOODODO
O000D00OD00O0OD01000CHx10OD OO O0OD0obOoboboboooooobobooo
gbobbobuodoodgobbbbooodoobbbbde,=0600000000000
ggobooboboobobbbobbbbboooooooobbbbbblibbbbbobb
O000000o0o0o00OoDoooooooDooo (oo 200000000000
O0000OD00O0bB000CHx200 0000000000 e,,=1000000001
gobbobuogggoboobuooogobobboooobobobooooobob11on
ggobbbbbbobouodoooooobbblioooooooooobbobooobb
0 10000CHox1 00 0O 2000CHoxb DO OO OO OO10000CH,x1 O OO0 10000
O000000000000000002000CH,x0000 1000000 1/3000
OOboooboboooboOoloooCHx100 0 oooooboooooooooonooon
gobobbooooobobuoooobbbuoooobboooobbobooooboon
gbobboboogoobbi1ibooogbooboooobbobooo
g2000000000000b0o0bo0oboobooboobo0oboobbon
000000 35()0(d)000. 1000000000000 00OODOOODOOOO



30 bOobobuoooobbbuooobobobbooobboboog 31

0 bond stretcch OO0 00000 200MPa0 000000 OOODOONO van der Waals
gboooooo-200MPa0 000000000 DOOOOOOODOOOOODOODOOO
00000 10000CH,x10 5000CH.x20 2000CHox5 D O OO0 OO0 OOO OO bond
stretch, bending D O 0000000000 O0OO0OOOvan der WaalsO OO O OOOO
go0o0obdboboboooboobuoboobUoobobDooboDoobDooDbOon
O0000DO00D01w0ps0000000DOOODDOODODO0ODODOOODOOOO
0000000000000 00000000000002000CHxs0 0000000
0000 bond stretch 0 van der WaalsUO OO 0000000020 000000
000 (bond stretchd bendingd van der Waals) 0 10 0000000000000
O0001000CHx100 00000000 1000000000000 DO00O0bond
stre,ech 000000000000 0O0OOOOOO2000CHx500000000000
00O bond stretch 0 van der Waals 1 OO0 00 00020000000000000O

gobbooogbbbuoooobo



30 OoOobOuooobbbooobbbboooobbbodgo

T T T T T
6000 —o— 1000x10 - 6000 -
o} 2000x5
L —o— 5000x2
ch —O0— 10000x1 53
S 4000 - . S 4000
1§ 8
8 o)
73 @
% 2000 . % 2000
= =
n »n
0 6 - 0r
| 1 | | | |
0 0.5 1 0 0.5
Strain, &, Strain, &,
(a) 1st cycle (b) 2nd cycle

Fig.3.3 Change in the stress during cyclic deformation.
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Fig.3.5 Change in the stresses generated on bond stretch, bending, torsion,
and van der Waals during cyclic deformation.
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Fig.3.5 Change in the stresses generated on bond stretch, bending, torsion,

and van der Waals during cyclic deformation (continued).
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Fig.3.6 Evaluation of reptation.
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Fig.3.7 Change in the reptation distance.
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Fig.3.8 Change in the reptation distance of each orientation (1000CHx10).
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Fig.3.10 Snapshots of single molecular chain during the 1st cyclic deformation
(1000CHx10).
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Fig.3.11 Snapshots of single molecular chain during the 1st cyclic deformation
(5000CH2x2).
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Fig.4.1 Change in the stress during cyclic deformation.
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Fig.4.2 Change in the stresses generated on bond stretch, bending, torsion,

and van der Waals during cyclic deformation.
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Fig.4.2 Change in the stresses generated on bond stretch, bending, torsion,
and van der Waals during cyclic deformation (continued).
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Fig.4.3 Change in the stresses generated on bond stretch, bending, torsion,
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Fig.4.4 Change in the reptation distance.
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Fig.5.1 Change in the stress during cyclic deformation.
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mal fluctuation (Polyisoprene).



gs0d bODoboogoboodag 82

5.3 0O

0000000000000 000000oO0o0o0oo (PB)DOOOOODOODOO
00000000 (PHOODOOOOOOOOPECOCOOOOOOOOODOOOODOO
00000000 110000000000 100000 (1)0000(12)50000(3)500
O0000000000000000O0e,,=20(PE0De,,=1000000000
gobbooogbbobuoooobbbuooobobboooobboboooobon
goboon

(1) DO00D0O0O0 PBOOOOODOODOODOOOOODOODODOOOOOEe,=1.000
goooooooobobubobubobubdbdle,=14000000
googobbboogobobbide,=000000

(2) DO0O00O0O0PIDODODOOOOOOO0O0OOODODOOOOOOOOOODOO
gbogbobodgboouboobuoobobobbooboobobooboon
gooboboooooboo

(3) D00 s0000000UOoPBOPICOOODOOOOOODODOOOOODO
gooo

(4) 0005s000000000PBOOOOOOOOOOOOODODOODOOOOO
gbobobooobobobobgo pEOODOODODODOODODLOO
gboobobooboobbudPIdle,=080000000500000
gbobogobuogbobobbooobuogbbooboooobbooboon
gobobbobobbododle, =100000000000000000000
gboobg

(5) 00000000 COCOOOOOOOO0OUOODPBOOOPEODOOOOOOO
OO0 bond stretch D00 O0OOO0OO0OOOOOOOOOOOOOODOODOODO

00000000 bondstreecch0D 00000000 O0O0ODO e,,=100000



(6)

(8)

gs0d bOoboobogoobood 83

Ob0o0bD0O0Obendingd DOODOOODOODOOOOOODEe,, 010000000
gboboogobogbbuobdbboouoobbuoobbodbibdle,U 1.20
O0oboboooboobobooob0oboboboobPEODODO torsiond OO
gbbodbbogbbogbbobuoobboobboobbobuooogn
sobbuuuuddUtersiondggoodoobooonobbbobon
goboboooobobodd

PIOODOOOODOOOPEOOOD bond strecch DO OO ODOO 200MPa O
O00000Ovander WaalsOO DO OO OO-200MPa0000000OOOO0O
O00000000000 PEODPBOODOOOvander WaalsD OO O OO OO
O0000DO¢torsiond PBOODDODOOOODODOOODDOOODODOOODOOOO
0000000000000 000000D00O0O0O (0000000000 00)
O bond stretch 0 bending 0 0 O O O O torsion O van der Waals 00O 0O 00O
ooogo

O000000 reptation0 0 PBOPIODOO0OOOOO0OOODOOOOOOPB
gbl1goboogbobuogbboobbooboooboboboobooboon
gobbbbbuoooogoobbibibreptation 000000020000
O0b0D0ooodibbreptationddonoooooobooooooon
gbbuogobbogobbooobooobboobboo2000bb04an
Ubool1b0o00boboobodbiddreptation 00 00D0OO0OO0ODOOO
gbobobooogoobboooobobobboooooobooo

PIOOOPEODOOOOOOOODODODO (e,, = 02)000000 reptation O
gobbobbbouooooooobobbbboooooobobobboooogn
gbbbuoodobbbdoodobboooobbbooobbbooobbodao
gbobobooooboboooobboddreptation 00000000000
gboboobobopBODOODODODOOOODOODODOODODOO
goboboooobboood



Os50 ObOOoooboooboono &4

(9) PBOPIDOOOOOOOOOOOOOOO reptation 10000000000
gbogoboobuogbboobuoobbobbooboobobooboon
gbooboobo



[ 60

O

boogobboobbgdbUreptation 00 OO0OO0OOODOOOOOOODO
gobbooogbbobuoooobbbuooobobboooobboboooobon
0000000000000 (PE)OD0DDOOODOODODOOOOOOOOOOOOO
gobboooooboboooobbobod
gb20000000000bbo0b0000obboobooooooooboboon
gbobbbooodgbbbuoooobbbuoodobbboooobbboooobbb
gbooboboobooobooboboobboobobooboooboobobOoPED
OoooooOo(PB)OODOOODOOO(PHOODODOOOOOOOOOOOOOOO
gobobooooobbuoooobobboooobboooobboboooobobo
gobooboooogn
go3gbogbbobobobobobopPE0DODOO0ObLObDObDOOOOOOO
O000000000DDODOOO1000CH.x1002000CH2x505000CHx2010000CH x1
gboobodgbodbobogboboobobuooboubobuobbdle,=1.00
gobogobogb200b000b0o0boobbobbooooolobooboobo
O00001000CHx100 000000000 0DODOO000n0bDODbOOO 5000CH %2
O00DO0O00O1000CHx10 0 OO 10000Db000000ob0obooboobooon
O00DO0OD00O000o0o0000Db020000000 1000CHx100D00O0D0DO0ODO
od000bOb0O0OO00Ob0OobOoDO20b0b00000bODOnO2000CH xS
000 100000000000000000D000 5000CHex2 0 10000CHox1 O
2000CHxh 00000000 DOO0O0ODO0ODOOOODODOODOODOODODOODbDOODbDO

gbboobbuoodbbDUDlreptationd D O0O0O0OOO0ODOO0OOOOO0OODO

85



ged 0O O 86

gobbooggbobobuoogobobbuogoobboooobobooooboon
OO000O0OO reptation0 00000000 0ODOODOODOODONO 5000CHx2000O
0000000000000 reptation0 0000000O0O00D00OOO 1000CHyx10
gobobooggobobuoooobbbuoooobbooooboboboooobon
O0000D00O0001000CHx1000 1000000000 Db0ODOOO0O00O0OoOoD
0000000000000 0000Db000O0D0O0O0D00DbODbOODnOs’000CHx200O
10ogobogbuoobobooobooogbboobbobliboooboooobn
gobboooobbbooodobbbooodn
O0400000000000000D00D0OD0ODODODODO 10000CHx1 OO
0O 1000CHx100 00 00000DO000O00O 1 0ooobo ssooooboooooon
O0000DOO10000CHx101000CHx100 00000000000 OOOO0ODO
gobbbouogggoboobbuoooobbbbodgg2000bboboooaobon
1000CHx100 DO DODOO0O /Moo noooo200000b1000boooogon
gdooooooooobobobobbobbbobbbbbbbbbooooogoa
10000CHox1 DO DO OO0 00000 obooboboboboooooooooonoo
bond stretch D0 OO0 0OO0O0OO0O0O0OOOOOOOOOOOOOOOOOOO0OO
O00D00OD000000000 10000CHx1 O 500000000 Db0O0OoboooD
O00O0DbOobo0oooooOobooOosgbuobOonnd reptation D OO 10000CHox10
1000CHox100 00O 0000000 DO0000DO0O00000O0O010000CHx100O
gosbgbogbogbogboboobboboboobuooboobooboonn
OO0000000 gauches=-trans0 00000000000 000000000
gobbboogoooobooogoboobboloogoobobobooooobon
gobbobboooogbbobbouoooobbbooooobbobooooobobon
OO000O0 reptation 0 000000000000 O0OO0OO0O0OO00OO0O0OO bond
streecch 000000000 0OO00O0OOO0OO0OO0OOODOOODOOODOOOO
gbosbgbobobobobobuoooooobboobobob pBOODODOO
0000 PIODOODO 10000000000 1000000000O0DODOO0OGOOOO
i)h00000G)0 0000000000000, =2000000000000



gel 0O o &7

gboobobooooboobboobooooooopBObODbObObDOobDODOO
gboodbde,=10000000000000000PE0DOOODOODOO
Ub0000000e,,=1400000000000000e,,=00000000000
PilOD0DOOO0ODOO0ODLOOO0ODOODOODbDOOD PEOPBOOOODOODOODO
gboboobbbuoogobbbbuooobibbe,=00000000000 50
O0Oob00o0O pPBOPIDDODOODOOODOODOOODOODODOODOOOD 000
gboobobopBOOODOOODODODODODOODOODODODODOOO
gbobobobobobuoooobobobobuoboboobPIgdb e, 01000
gbbogbbuogobbooobogbbibbide,=1000000000000
gbobooboboboobobooboboobobopPELOODODOO PE
OO000O00 torsion 0 OPBOOOOOOOOOODOOOPIDOOOODOOODOODO
gobbobugggoboobuooogbobbbbuoooobbobuooooobon
gboboboboboboobouoboobOl reptation PBOPIODOODOOO
obooooboobobbooo pBOO1000DOODODOODODDOOOOODOOO
gbobobobobobuoooobdbe,=14000000000000000
0000 reptation 0 00000000020 00000000000 reptation
gobbbuogggbobboooouooobbbuooooonbobooooooboon
gbobbooogbbbuoggdbbe,=05000 10000000000 000
oooboobooboooobooboobooooboooooooboobooboPIODOPED
000000000000 (6,,=02)000000000000 reptation000 0
gobbbuoogoogbobbouooobbbuoooobbboooooboo
gobobooogobobuogoobobbuoooobboooobobobooooboon
gboobooooboobooboobboobooboboobobo pPEOODDOO
gbopBODOODOOODOODOOOODOODOODODOODODODOPBOPIOO
Ob0ob0b0OdOreptationd 0000000 0O0OOOO0OPEODODOOOOOODOOO
gbobboooobboboooobbobooooboo

gboobooboobgoboboobobbobbobbobbobbbooboo
gbogobobodgbobobobooboboobobobobuogboboobagn



ged 0O O 88

gobbooggbobobuoogobobbuogoobboooobobooooboon
gogpobbobbbououooooobbobbodoooobuoooooooboon
gbooboobon



O o O

Mullins, L., “Thixotropic Behavior of Carbon Black in Rubber”O Rubber Chem-
istry and Technologyd 12, (1987), 79-91.

Payne, A. R. and Whittaker, R. E., “Low strain dynamic properties of filled

rubbers” Rubber Chemistry and Technology, 44, (1971), 440-470.
Ferry, J. D., Viscoelastic Properties of Polymers, (1980), Wiley

Lapp, A., Daoud, M., Jannink, G. and Farago, B., “Dynamics of cross-linked
polymers”, Journal of Non-Crystalline Solids, 172, (1994), 862-867.

Kuhn, W., Colloid & Polymer Science, 76, (1936), 258-271.

Hubert, M. James. and Eugene Guth., “Theory of the Elastic Properties of Rub-

ber”, Journal of Chemical Physics, 11, (1943), 455-481.

Paul, J. Flory. and John, Rehner., “Statistical Mechanics of Cross-Linked Poly-
mer Networks I. Rubberlike Elasticity”, Journal of Chemical Physics, 11, (1943),

512-520.

Paul, J. Flory. and John, Rehner., “Statistical Mechanics of Cross-Linked Poly-
mer Networks I1. Swelling”, Journal of Chemical Physics, 11, (1943), 521-526.

Edwards, S. F. and Freed, K. F.,; “Cross linkage problems of polymers I. The
method of second quantization applied to the cross linkage problem of polymers”,

Journal of Physics C: Solid State Physics, 3, (1970), 739-749.

Edwards, S. F. and Freed, K. F.; “Cross linkage problems of polymers II. Dilute
cross linked systems of polymers”, Journal of Physics C: Solid State Physics, 3,
(1970), 750-759.

89



[11]

[12]

[13]

[14]

[15]

[16]

[18]

[19]

[20]

[21]

O oo 9

Edwards, S. F. and Freed, K. F., “Cross linkage problem of polymers III. Dense

cross linked system of polymers”, Polymer, 3, (1970), 760-768.

goooo“coboboobobobobobooooobouobooboboboobo

000000000000 37-424, (2001), 485-491.
Kuhn, W. and Grun, F., Kollooidzeitschrift, 101, (1942), 248-271

Tomita, Y., Adachi, T. and Tanaka, S., “Modelling and application of constitutive
equation for glassy polymer based on nonaffine network theory”, European journal

of mechanics. A. Solids, 16, (1997), 745-755.

Gennes, P. G., “Reptation of a Polymer Chain in the Presence of Fixed Obsta-
cles”, Journal of Chemical Physics, 55, (1971), 572-579.

Bergstrom, J. S. and Boyce, M. C., “Constitutive modeling of the large strain
time-dependent behavior of elastomers”, Journal of the Mechanics and Physics

of Solids, 46-5, (1998), 931-954.

oobooooobboob,“coboobobooboooobooobooon
O0000000O00oooooooo”,0ooooooog, A73-729, (2007),
958-566.

0000,000,000000000D000004,(1992), 00

Doi, M. and Edwards, S. F., The theory of polymer dynamics, (1986), Oxford

University Press

Cloizeaux, J. des, “Double Reptation vs. Simple Reptation in Polymer Melts”,
FEurophysics Letter, 5, (1988), 437-442.

Marruchi, G., “Dynamics of entanglements: A nonlinear model consistent with
the Cox-Merz rule”, Journal of Non-Newtonian Fluid Mechanics, 62, (1996),
279-289.



[22]

23]

[24]

[25]

[26]

[27]

[30]

[31]

googo 91

Larson, R. G., “Combinatorial Rheology of Branched Polymer Melts”, Macro-
molecules, 34, (2001), 4556-4571.

McLeish, T. C. B. and Larson, R. G., “Molecular constitutive equations for a
class of branched polymers: The pom-pom polymer”, Journal of Rheology, 42,
(1998), 81-110.

Ball, R.C., Doi, M., Edwards, S. F. and Warnes, M., “Elasticity of entangled
networks”, Journal of Physics C: Solid State Physics, 22, (1981), 1010-1018.

Hua, C. C. and Schieber, J., “Segment connectivity, chain-length breathing, seg-
mental stretch, and constraint release in reptation models. I. Theory and single-

step strain predictions”, Journal of Chemical Physics, 109, (1998), 10018-10027.

Alexei, E. Likhtman., “Cross linkage problem of polymers III. Dense cross linked

system of polymers”, Macromolecules, 14, (2005), 6128-6139.

Gao, J. and Weiner, J. H., “Computer Simulation of Viscoelasticity in Polymer

Melts”, Macromolecules, 25, (1992), 1348-1356.

Gao, J. and Weiner, J. H., “Contribution of covalent bond force to pressure in

polymer melts”, Journal of Chemical Physics, 91, (1989), 3168-3173.

Mckechnie, J. I., Haward, R. N., Brown, D. and Clarke, J. H. R., “Effects of
Chain Configurational Properties on the Stress-Strain Behavior of Glassy Linear

Polymers”, Macromolecules, 26, (1993), 198-202.

Clarke, J. H. R. and Brown, D., “Molecular Dynamics Modelling of Polymer

Materials”, Molecular Simulation, 3, (1989), 27-47.

Yamamoto, T., “Interphases and Mesophases in Polymer”, Crystallization III,

(Allegra, G., ed.), Advances in Polymer Science, 191, (2005), 37-85.



[32]

[36]

[39]

[40]

Oooogo 92

Takeuchi, H. and Roe, R. J., “Molecular dynamics simulation of local chain
motion in bulk amorphous polymers. [. Dynamics above the glass transition 7,

Journal of Chemical Physics, 94, (1991), 7958.

Monica, Bulacu., Molecular Dynamics Studies of Entangled Polymer Chains,

(2008), University Library of Groningen Press.

Ananyo, Bandyopadhyay, Pavan, K. Valavala, Thomas, C. Clancy, Kristopher, E.
Wise. and Gregory M. Odegard., “Molecular modeling of crosslinked epoxy poly-
mers: The effect of crosslink density on thermomechanical properties”, Polymer,

52, (2011), 2445-2452.

Ying, Li, Martin, Kroger. and Wing, Kam, Liu., “Primitive chain network
study on uncrosslinked and crosslinked cis-polyisoprene polymers”, Polymer, 52,

(2011), 5867-5878.

Hans Christian Ottinger., “Coarse-graining of wormlike polymer chains for sub-
stantiating reptation”, Journal of Non-Newtonian Fluid Mechanics, 120, (2004),

207-213.

gboob,boboo,0gbo,obgo,“0o0bobobuobooobobobo

O0000000ooOo”,000oooooo, A72, (2006), 277-284.

Yashiro, K., Naito, M., Minagawa, Y. and Tomita, Y., “On the Hysteresis of
Polyethylene and Polybutadiene: A Molecular Dynamics Study”, Proceeding of

ICCES2005, Advances in Computational and Experimental Engineering and Sci-
ence, CDROM

O000,0000D00000000000O00, (2011).

Lennard-Jones, J. E., Proceedings of the Royal Society, London, ser, A106,
(1924), 463.



godgo 93

[41] Morse, P. M., “Diatomic molecules according to the wave mechanics. II. Vibra-

sional laevels”, Physical Review, 34, (1929), 57-64.

[42] Rigby, D., Ree, R. J.,; “Molecular dynamics simulation of polymer liquid and
glass.I.Glass transition”, Journal of Chemical Physics, 87, (1987), 7285-7292.

43 OO O0O0OOODOOO0OOOOOOO0DOOOOMDOOOOOOODOOOOOOO
[Mooboo0boob40000000000D0 00D 0199400 53-56.

[44] Richard H. Gee, Richard H. Boyd, “Conformational dynamics in bulk polyethy-
lene: A molecular dynamics simulation study”, Journal of Chemical Physics,

101-1, (1994), 788-797.
[45] Kikuchi, H., Kuwajima, S., Fukuda, M. and Okui, N., JCPE.J, Vol.12, (2000)

[46) OO0, 000000000000000, (1990), 000O0O.



HREREREREEE

gooo

> 000000000000000000000000000000000000
0000000000 15000000000000000000000000
000 (2010.5)

> U0iddggobouogugbbuoobboobboobbogbobboobb
00000000 10000000000000000DO000DOOO0O (O 16
O000000000000) 0000000000000 0000(2011.5)

> 000000000000000000000000000000000000
00000000000000000024000000000CMD2011000
0000 (2011.10)

94



gboooog 95

goboboboooggn



gooooo 9

goboboboooggn



oooood 97

goboboboooggn



gooooo 98

goboboboooggn



gooood 99

goboboboooggn



gooboood 100

goboboboooggn



O

gobbobooogoboobbbbuooooboboboobbooogooon
gbobbooogbbbuoooobbbuoodobbboooobbbooooboo
gobgoobbobodgooobbouooobbbuooooboboboooooboon
0000000000000 000000000o0ooDoo0oo0ooo0 (DoOoogo
0000)0000000000000O0000DO00O0OO00OODOODOOODOO
000000000000 00O00O0000O00ooo0ooooOO0 (booooooo
O0)000C0OC0OO0O0OO0U0OOO0OOO0O0O0O0O00O00ODOCOOOOOOODOoOoOoOOO
gbobogoboooboooboobboobuoooboobboooooooboobo
gobbbuooogbobooooobboboooooooonbboooooboon
gbbuodgoboodbogubooobbuoobbuooobboobbuoooboo
gobbbogogbbobboooooooobbbooooobobbooooboon
gobbobooooobbboooobboboooobbbooooboboboooon

00240 20
goooo

101



