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Abstract

STUDY ON THE RUBBER MOLECULAR MOVEMENT
ABILITY UNDER STATIC PRESSURE BY MOLECULAR
DYNAMICS SIMULATION

ABSTRACT

The aging research and prediction of sealing rubber on long time
scales are very important in military and civil materials. Also the study on
the storage aging is of great scientific value. However the wildly-used
lifetime prediction methods are experimental formula model and
half-experimental formula, such as Arrhenius and WLF equations. In this
study, the modified Arrhenius equation was deduced as the prediction
model to calculate the rubber lifetime of NR and EPDM.The parameters
from the model were calculated by binary linear regression method.

To study the basic theory of the damping properties of rubber, a
modified Williams-Lendel-Ferry (WLF) equation which includes pressure
parameters has been proposed. According to the loss factor tgd from
DMTA experiments, the shift factors under different pressure can be
calculated. Then, the mast curve of loss factor versus frequency could be
plotted which the wide of frequency reached about ten orders of
magnitude. The result showed that the peak of tgd has been appeared after

the reference temperature. With the increasing of the pressure, the glass
11



Abstract

transition temperature moved towards higher frequenéy of about 1.5
orders of magnitude. This method offered a theoretical method to
quantitatively characterize the damping properties of rubber materials.

Molecular simulation is widely used in polymer science field. In this
paper, the effect of pressure on T, of NBR was simulated. The influences
of probe radius(R,) and pressure on free volume was studied. The results
indicated that 7, increased linearly with the pressure and the calculated
oTg

_BFOf NBR was about 2.09K/MPa. The free volume increased as the R,

and pressure decreased. Molecular dynamics simulation of gas
permeabilities in SBR was also investigated through Einstein equation. It
was concluded that the diffusion coefficient decrease as the styrene
content in SBR increased. This can be explained that the increasing
rigidity with the increasing styrene contents made the chain move
difficultly, so the small gas is hard to transport. This method offers a
quantitative way to study the relationship between the content of

copolymer rubber with the gas peameability.

KEY WORDS: pressure, rubber, molecular dynamics simulation, glass

transition temperature, gas permeabilities, free volume
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FE_EEKT Arrhenius BIEARBIBRBRE L F RN

2.1 BEFwMAMEE

E#% GB/T 20028-2005/ISO 11346:19971% (BiiALH e Bk #5845 Joe . Fi P B
RERBEESGNERFERRE) ST REEGHMNGE. &ZHEEELR
FREEFRINA Arrhenius A3 K(T)=A-exp(-ELRD)FHITRETEF 4 FHEILEE E,
ERMEEMMRBECEAAEY, BE5EELX. R, FTRERKOHALR
Bl Arrhenius ARFHIERTRFRE LAY SBEE X, W Arrhenius BIEAR
2-1):

K(T)= BT Re EtDIRT e, (2-1)
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F)=k(T) oo (2-2)
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FIRIG F1E Fu(z), TRUTARK (2-3):

FL(t) =K (Tt erevereveeneeemmrmireceeveenenesscnneens (2-3)
£ D ARAN 2D K, #
F,(t,)=BT* R EtD R e, (2-4)
X (2-4) RFUBNE. &HEHTFRX (2-5:
logt,=a,~b,, logT + / ............................ (2-5)
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BERERTEATREBERS S aps buis bnz B (2-5) AEIATHRIR—
BT AR A b e
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BT T Arrhenius B F 2RI Z AL T5 i TR

& WHBEHLZHAFEE (1), NR F EPDM HIEIELE 2-1 f1E 2-2.

# 2-1 NR R4k AL E40 0 R 1 508
Table 2-1 The date of compression set and aging time of NR
B A 50 (C) 60 (C) 70 (C)

(t/logt) £ I (%) € I (%) € 1-& (%)

0 0 1.00 0 1.00 0 1.00
24/1.38 0.0535 0.95 0.1187 0.88 0.3198 0.68
30/1.48 0.0728 0.93 0.1340 0.87 0.3443 0.66
38/1.58 0.0700 0.93 0.1677 0.83 0.3761 0.62
48/1.68 0.0886 0.91 0.1900 0.81 0.4053 0.59
60/1.78 0.0981 0.90 0.2099 0.79 0.4423 0.56
76/1.88 0.1090 0.89 0.2141 0.79 0.4701 0.53
96/1.98 0.1619 0.84 0.2509 0.75 0.4919 0.51
120/2.08 0.1923 0.81 0.2978 0.70 0.5001 0.50
151/2.18 0.2290 0.77 0.3449 0.66 0.5665 043
168/2.23 0.2489 0.75 0.3829 0.62 0.6001 0.40
214/2.33 0.2607 0.74 0.4389 0.56 0.6409 0.36
269/2.43 0.3056 0.69 0.4800 0.52
336/2.53 0.3499 0.65 0.5278 0.47
427/2.63 0.3840 0.62 0.6104 0.39
537/2.73 0.4011 0.60 0.6532 0.34

672/2.83 0.4409 0.56
851/2.93 0.4628 0.54
1072/3.03  0.4901 0.51
1344/3.13  0.5162 0.48

# 2-2 EPDM 4K AR5 ZL B A5
Table 2-2 The date of compression set and aging time of EPDM

(&) 70 (°C) 80 (°C) 90 (C)
(#/logt) € 1-¢ g l¢ g 1-¢
0 - 1.00 - 1.00 - 1.00
24/1.38 0.0545 0.95 0.0991 0.90 0.1045 0.90
48/1.68 0.0811 0.92 0.1311 0.88 0.1533 0.85
96/1.98 0.0892 0.91 0.1427 0.86 0.1818 0.82
120/2.08 0.1024 0.90 0.1736 0.83 0.2244 0.78
168/2.23 0.1182 0.88 0.2092 0.81 0.2572 0.74
336/2.53 0.1660 0.83 0.2421 0.76 0.3713 0.63
672/2.83 0.2217 0.78 0.3141 0.69 0.4534 0.55
851/2.93 0.2777 0.72 0.4005 0.60 0.5011 0.50
1344/3.13 0.3199 0.68 0.4541 0.55 0.5644 0.44
1698/3.23 0.3552 0.64 0.4749 0.53 0.5909 0.41
2138/3.33 0.4028 0.60 0.5174 0.48
2688/3.43 0.4107 0.59 0.5612 0.44
3388/3.53 0.4501 0.55
4266/3.63 0.4681 0.53
5370/3.73 0.4955 0.50
6761/3.83 0.5510 0.45

R 45 K AR TEAR F5 Z0 ZALR R K0 4 logt YEE, 4351733 NR 1l EPDM
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BB BT Arrhenius B1E 2 BRI :E L5 0y IR

ERRZHRE TSR, mE 2-1 FE 2-2 .

1.1
1.0
0.9
038 -
i -
0.7 ~aQ ‘.
L -
6| \ on O Sa 50°C
06 | A70°C 5 60°C" =,
B 0SS bA...... O B
I S R -
04 : Y
! Loty
03 | :
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Fig.2-1 The curve of retention compression set-logarithmic aging time of NR
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Fig.2-2 The curve of retention compression set-logarithmic aging time of EPDM

T 2-1 F1E 2-2 FAFZEE T #5038 KA Boltzmann 2% ik BT
4, Boltzmann FRE WX (2-6) Fis:

ﬂ__.{_Az

YT
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BB BT Arrhenius B AR &AL & U

AH: y iy EPDM B4R AZTRIEFR; x AZWEHEIXTE: 45 42 xos
dx HEBSH.
WA RIS HENE 2-3 Ik 24,

K2LINREARZUBEE THUSHERHESH
Table 2-3 The fitting functional parameters of NR at different aging temperature

ZHRE (C) 4 4, X0 dx
50 1.0006 0.39648 2.4122 0.41872
60 1.0138 -1.5415 3.4328 0.69733
70 1.4848 -7.6544 6.4477 2.5879

#& 24 EPDM AR RELERE TS MRS K
Table 2-4 The fitting functional parameters of EPDM at different aging temperature

ZWEE (C) A, A; X0 dx
70 0.99739 0.079821 3.5758 0.71624
80 1.0187 -3.1263 5.3868 1.0807
90 1.0112 0.053962 2.8566 0.69438

—AERT, PABRIGH BIEARLE] 50%1E A F T, CPBUESR KA ZR
Tl K 50%ANEFE. 7 HNEAFRKELBE TRE 2-3 B 24 PRSHAAN
X (2-6) F, HHHELEMELZMLRE, NR H EPDM EAKAZ L IR
S it AT [B] BT % 5 loge~ logtzs logss 9 5k 3.0721. 2.4708. 1.9772 F1 3.6966.
3.2852. 2.9513.

B =T EaE, RARKBURMEHTERTESE. M amd,, bu= by»
bmr= b, Ha‘,Q={\_:"l[1°g,,-(a__b,,logr,l+b%z)]zi3§U%/J~,ﬁ£lej‘zQé@% am +bmi >
bmy MR T, HLEMNETE, THIBANAERENER, BRERGTEAH
XXB=XY,

A logt, A
- logt .
X= l lo'gTz }4’2 ; Y= o:g *|; B=

logt, =

43 %1% NR A1 EPDM K920 B2 & FR BE T 38 2 i 5744 HE R A9 e (R X 35 logy
RN LR, RBCERME MATLAB &fH# ERGEA (AHH), BRSHER

13



B BT Arrhenius 1 1F 2 RIBRIBEE LAy T

BHXRE RWITEERE 2-5.

#® 25 HRIZHREMRAYOTEE

Table 2-5 The calculated value of model parameter and multiple correlation coefficient

~ A

e a, by, b R
NR - -581.128 -191.220 337208 0.9999
EPDM 492.737 -161.928 29465.6 0.9999

H13E 2-5 41 NR 1 EPDM Z R MR X REOYE R=0.9999, LML
FAHARINEEE 5 LR EERE R,

X EEE 23°CH 296.15K BRIEAR (2-5), FaIBEHKATRARRERIA
B FRMEN. X NRTTE, logr=4.93664, =8.6425x10°h=10 %F; T%t%t EPDM,
logt=6.58277, t=3.8262x10°h=437 £E.

23 KT

XN TEHERATS, 8BS 8A8, BIESTEREHE B . KB
AENENBETHLREIE, RASTMEETETREE—EmE; TN
K& AR =10 T logr b THREMALE, FEM/DKIRZERA TN R RR
KHNRE. HREAETESRETHEUERER, HERESHERE RS,
MNEWFFHBR+SFR: W, MFELAEEBLZLRABMERERARERE
REh 2~3%. ZLFR, AHAABIUTER:

(1) 44 Arrhenius BIEAR, EFHFTRANRES v 2R R TITH);
NR fl EPDM ZALE R B FAHX R EIDE S| R=0.9999, FIHL 53R EEUER
%, WIHHATH T,

14



B=% LBIF WLF HEBIUR AT NBR B2 HERE

PFZELUIEE WLF FEMREED{EAT NBR HEMEEE

3.1 TREH

LA TERKKAS R N230S, HA ISR AF4ERE, REBHESER 41%:;
H 2 [T 5 1 Ak ) R A R AE P29 AO-80 R —Fh i FIHTEM, ZEMLAE N —Fl
THEERIR I REBEAFALEERARATAFH N330 =8 HEBRE&FHN
BT % F .

32 TBKS
x3-1 TREH
Table 3-1 Main Formula
Lz HE((6)
TR 100
£ 027 5.0
W 2.0
{347 DM 0.5
{3 D 0.5
{27 TT 0.2
WE 2.0
AO-80 40
% 2 N330 30
33 BB FH

SERBRALHLE$Z 160Cx25MIN BHTHIM, B RIRXBRAT BB/ ZHEBE &
e, KA 1.5ecm SRR TIHI &K B A4 3emX 1.5em X 0.2cm FIFE & o

3.4 (LEFMAT %

A% DMTA, ¥:E 01dB-Metravib A & VISCOANALY SEUR
VA3000, 43 3I%t NBR £ (3cm X 1.5cm X 0.2cm)7E R X, T #H ATV B A HE A4
R, BEARE&HFUE 3-2 Fir.
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F=F LUEIE WLF T ERFIEN4ER T NBR BLEHAE

& 3-2 DMTA B R &4
Table3-2 Test condition of dynamic mechanical thermal analysis
TR LR ] M
KA 0.1% 0.1%
R 10Hz 1~70Hz
B -70~150C -50~60°C
FHEER 3°C/min 3°C /min
o=k Tensile Tensile
3SEAEATH WLF HEH#HS

351 EAERTHEBEETRENTL

ET B B AREIRTHES Doolittle 23K, RWPBLEZNSHERER, B
e PRAR ) 184 DKy 3 BOKG B B B

B
77=Aexp(—] .................................. (3-1)
f

KF, A5BHER, nhHiE, FHYEHERS . MREEBETFE X,
FHBET o GARBRE THREER X, AIRFA:
n
L U (3-2)
a, ”Tg
KM, A HRNEE TH T, TRRVIHE.
HE-DRATEAG-2), XEH:

1 1
A =€XP| Bl — = — || cererieriiiiririnrirerneennen. (3-3)
' "{ (f fﬁ

5 e =V Ve | p REEARBYNEEERNE, Y V, DHNEEY

i B B A BV B R B N R B AR
RIE A HERER, BRYATEASNBREARTRENEKEHS T
RIBEA AR KATLERN, BXTFHERRMOERK, EPKREE e
For: MEBEUEZRREU L, BhERTFRRETFEBEK, AEBEshRM
TLEME BTN, FNSTREFHBNERSHEMLT EBNER, KN
FrRBESHHEBRNEKRL, o tho K, FET N KR Y BRI 2R
B, T, HHE B AR R o R T, ETEEYWK RS, 0.
A=A, —A, =AA et (3-4)

r
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B=% BT WLF FEIFEN/EMT NBR BB A

BT H4E Flory i B AR E RS, BEYNAHERSI B /TER:
L= 4@ (T=T,) oo (3-5)

# (2-5) KA (23) R, HEE 2-6) R:

a, =exp| B —1———1— =exp| Bl _1______1_
f /1, feta, (T-T,) f,

I ( —a,(T-T,) J B( a,(T-T,) }
=exp| B =exp| - —| —L—~&—
|\ felfg re, (T-T,)] S\ Sera (T-T,)

(B
-ZKr-T,
(-2}e-n

—f—g—+(T—Tg)
a

L (3-6)

= exp|

X (3-6) AMURBHE, #&:

2_3—0§7(T_7;) C(T-T.)
loga, ~ 'f g =C‘ e L 2-7)
—g"l'(T—Tg) z+( _Tg)
a,
IEIH WLF FRRE K.

A2 B=1, TARME B BARER, JICERBER, £=0.025 HFA G-7
AE#:

C = "l 1744 s (38D
2.303f,
Ma, =48x107* K" BAHE:
c,=£=51.6 .............................. (39
a,

B A F DB R B A S F WA M WLF TEE LEA:
_-1744T-T,)

lea. =
B Si6+ (-1,

HEHEM, METERBESKEHERERER, BEEB 8 hERGEF
iR, PrOEMRIRERT, ZEHRREWH A ERSBLEETRAD.
R BB RS B AR B R R M BBLER R A B BRER f 152]0.025 R H)
B, NTTZEESERR R &Y IUR &R B AR H0AE] 0.025 /9
A, BBSTFRBASETEENTE. HFOHETORBLREY 1% Bk

17



=% LMEIE WLF 7BEIFUE 1R T NBR B2 68

MSECh f,, BIES) AP BT B BRSBTS % £,— kAP, K oW ER L.
75 10,08, ATAKERRSS B HABKRECH RS, T, XEH AL

aT
[—g) 2 e (3-11)
f

ERRA T, REENRE NS R ME W AR R . .

@ (TPg—T%) =HpAP..ouoeeeeiniirennne. (3-12)

MICHR A A 25 ) B — L) R B B AIR B PR E D R, IR T,
(CC)FI(OT/OP)(K/MPa)5} 3 H-72 M 0.24, T FIBIREIOT/0P) (K/MPayKZI7E
0.25 A1, Bt (3-12) RFTHEWT:

e B L (3-13)
352 EN{EMTHIEE WLF TRE#ES
REAR (3-7) HWEM WLF 58, X R GEEIRTRESVIIFE

MZ2ERE.
MBS TFHRTE, FEEFICEXA:

loga, =logt-logt, =lo Ly logr—r = log(%] = log”L/G— = loglr— ........ (3-14)
t, T 7] "y, /G fy,

t AR ABERNNERR, 6 A FBE BRI R, Mg ARFERRE
TRIRHER A E], oMo A RFBETHREE, ¢ HEE.
FIER 2SCHEERE, WA:

Ap =lp/ly et (3-15a)
Ar =t by eieiiiiiiiiiiieeieieiiii (2-15b)

A R(G-152)F(3-15b) A 5
A =tlta=(t/t,)t, /1) =ar /G eeeecieneaniieriraiinan, (3-15¢)

AP g AZRTHFBET, ar MHENEBLERER TR TBET, ar
AW RBE R BN FEE T
AKX (3-13) 52K 3-7), HNABEHNEMATH WLF 5EAR:



B=%F UL WLF FEFARJIfERA T NBR MR

-C(T-T?) -C(T-T;-0.25AP)
C,+(T-T?) C,+(T-T"-025AP)

loga, =

EHESZBEIEANER 25°C, NE-16)RZEH:

_=C,(273+ 25-T; —0.25AP)
"G, +(273+25-T" —0.25AP)

A (3-15¢) ABIAREE TTEREBNFBEF ars ERWTF:
ea. = -C,*C,*(T -298)
Sra [C, +(T ~T. —0.25AP)]*[C, + (298 - T} — 0.25AP)]

Xt (3-18) KBTI &, WIMENAP, MEATRRTRELERRE,
F RS R LR BB UERREMNAR R, % gs TRETAB3,
HIERERL R E* 2K, MHHRE E” hARRTRB3), 5RITERAMKES
ERTHAEETBARENERYE, MAK (3-18) NEHRT TEBRIEME
4T85 BHIHERTH E .

3.6 ZERITERIREDH

loga,

HTF®mRDEN. BRMHRE S E. SHERJLETRRERERZ ¥, DMTA
WEMB BN TRE T, TG WRE, B 3-1 3-70CE 150°C T BRI AR
¥k DMTA BERHIEE, AEPTm, JEEDTHRBLETREN, 27H#
B ALK, BaFEREERNEIHBIEES, MERIAETLEBAENER,
tgd B/, HFERAZABES. BEREAS, BERH, g5 HBER, RN
B AR, BEEGERE A-8.9C. HRERL EH, hTHBEHANE
TTEEE, ERS FEZENFERBRALER, SN EETBRES
THBAEHARELH, L BFTERESEE, IEREESHES, thEE
EEEBEFE—NFE.

A58 DMTA M BB TEEEERE 1~70Hz, B HABHB/HT 21 AR
BE TR ME 3-2 fin. HEFESHRELK WLF A28 KHZR 25
CTHFBEF, E07Ll%E 3-2 FUAE M EIE 5 H s+ thsk K 3-3,
EXFABEUAEBEHER, FRBEEAEN Cn C BRBEER—MHEEDT AR
IR T RSO 0 7 A R RS S



% =% LMEIE WLF 7205 JIfER T NBR BB ¥ fE [REA )

29 164
~ Tg=-89"C
1.2 o
I.-' "! — = — N230s/CB(100/30)
R
0.8 '-._.
J i
i 3
0.4 - ;j \\\
/ ‘h__‘_——
0.0 1

-50 0 50 100
Temperature °c

H 3-1-70'CE 150C T iR ah A K0S DMTA HLEEH RS &
Fig.3-1 Dynamic Mechanical Thermal Analysis (DMTA) of
NBR with the temperature scanning from -70°C to 150°C

Frequency(Hz) 0

B 3-2 | RS IR AE T e AR i
Fig.3-2 Loss factor tgd-frequency logm spectra of NBR under different temperature
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B=% VBT WLF FEBI7E AT NBR BB 88 [BAXF)

1.4

tgo 12
- Temperature shift factor

1.0
0.8

0.6

0.4

0.2

0.0

‘ master curve at 25 °C

-0.2

2 0 2 4 6 8 10 12 14 16 18
Frequency(Hz) logo

3-3 THEMUK DMTA S %18 (3% 1~70Hz, HAE40~40C)
Fig.3-3 Dynamic Mechanical Thermal Analysis(DMTA) of NBR
with the frequency scanning (Frequency1~70Hz, Temperature -40~40C)

A% BRI XS e, A SCEEL 0.5MPa, 1MPa, 2MPa, 4MPa, 8MPa,
15MPa, 30MPa, SOMPa ZEHHA (3-18) RBHTHE, KEBERFRLHTEE
MBETFBEF logar, MIBMNESNERE, KEBE THHESEE XML TS,
HTFASERESRERMERTEXM, g6 ME2VER, RIMLKEHE. B 3-4 1
AREAR (3-18) HHHMARESTEMBENREFERTFHE, sTLUF
H, YEENDTERN, FEETFIEE METERNFBREFAAME, R
BEEAMER, METEREN NEESS, FERFED, RERE
NEFBETFEKR. TUEH: EREME ESEEE 25 CH MM LR SRR
T, MESHRBEUT, BFERT tgo H£EAEZ): ESEREUL, HEATF
tgd T EHBE . HEHEEER C=17.44, C=51.6 HEIMERMHRRFHET,
BEwmAE 3-5s FrrEms, AP SEETHREHF I ER, ERBELETEREL
THRERK, MRBE, XRHYEE WLF FENYEEXRER, HA—KE
{EFHEE R T,< T<T+100. 7EREN, BREHCEHGS, Ry TFHETGE
Bz BT R A LR E /AT (BT, . WiEsh%). BHXX 5
RETRE, BUBEENREN, ¢ E&ABNBIIES.

21



= LUMETE WLF DS EEM T NBR HLEEAE

[(BEA L)

R I3 AFEED FENRE FEFEFRER T BUE
Table 3-3 The shift factor of frequency scanning of NBR under different pressure

T O0MPa SMPa 1MPa 2MPa 4MPa 8MPa 15MPa 30Mpa 50MPa
40 11.136  11.183 11.229 11.324 11.516 11918 12.676 14.590 17.983
-35 9.135 9.170 9205 9276 9421 9.721 10.284 11.681 14.077
-30 7.535 7562 7.588 7.643 7.753 7982 8409 9454 11.202
-25 6.226 6.247 6268 6310 6395 6572 6900 7.694  8.997
-20 5.136 5.152  5.168 5201 5267 5405 5658 6.267 7.252
-15 4.213 4226 4239 4264 4316 4423 4619 5088  5.837
-10 3.423 3433 3443 3462 3503 3585 3737 4.097 4.666
-5 2.738 2746 2753 2768 2799 2862 2979 3.253  3.682

0 2.139 2145 2,150 2162 2185 2232 2319 2524 2842
5 1.610 1.614 1.619 1627 1.644 1.678 1.741  1.889  2.118
10 1.141 1.143 1.146 1.152 1.164 1.187 1230 1331 1.486
15 0.720 0722 0.724 0727 0.734 0.749 0.775 0.837 0.931
20 0.342 0343 0344 0345 0349 0355 0368 0396 0439
25 0.000 0.000 0.000 0.000 0.000 0.000 0000 0.000 0.000
30 -0.311 -0.312 0312 -0.314 -0.317 -0.322 -0.333 -0.357 -0.394
35 -0.595 -0.596 -0.598 -0.600 -0.606 -0.616 -0.636 -0.682 -0.750
40 -0.855 -0.857 -0.859 -0.863 -0.870 -0.885 -0913 -0977 -1.073
45 -1.095 -1.097  -1.099 -1.104 -1.113 -1.132 -1.167 -1.247 -1.367
50 -1.316 -1.318  -1.321 -1.327 -1.338 -1.36 -1.401 -1.495 -1.637
55 -1.52 -1.523  -1.526 -1.533 -1.545 -1.571 -1.617 -1.724 -1.884
60 -1.71 -1.714  -1.717 -1.724 -1.738 -1.766 -1.818 -1.936 -2.112

20

*\\ _l_ 0MPa I
- o 0.5MPa
el
\ A —+— 1MPa
\\ \ Pressurized Rubber |—v— 2MPa |
X Temperature Shift Factor . 4MPpa |
W <~ 8MPa
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8y ~—15MPa
3 "&ox e 30Mpa
\\5\! | *- 50MPa
Py
R T
master cured at Tg=—8.9C “Hriogeg

-50 -40 -30 -20 -10 0 10 20 30 4'0 50 60 70
Temperature(-C)

A 34 TIERBBEARED T PR T-RAEREE (2HEE 7,--89C)

Fig.3-4 Shift factor — temperature spectra of NBR

under different pressure (master curve at T,=-8.9C)
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=7 LMEIE WLF 287 F NBR BBt fE

[BALT]

1.4

tgd
1.2

1.0
0.8
0.6 ]
0.4
0.2
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02

% . & T I T
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Frequency(Hz)
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logw

B 3-5 BLA R ) SRR R F SRR F-SREE(C), CWNEN )
Fig.3-5 Spectra of NBR fitting curve of loss factor tgd to frequency logw
under different pressure (both C,and C;using the universal constant)

tgd

&

£
[ Favs  CE10.C=T10
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50MPa
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B 3-6 | TR ) R RIS FE - i 1
Fig.3-6 Loss factor tgd-frequency logw spectra of NBR under different pressure

HiEALA (3-16), WAIBTHEREZRHGSE N =52, =872, W
B 3-3 firn. HXHXHANSE, BEME 3-6 AT BB ERRIES T #H
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B=% LMBIE WLF HHEMFEN{FAT NBR BB 88 [BA LF)

HEETFHHREXRIEE. G4FXTFBETHE 34 4T m: mRBFEEF tgd
EESEREZAHI, BEEEIMEMN, BAEEEAES); MRGERT tg
HESERELEHI, BEEEAREN, @ETEHBS. B 3-6 P, AELIFH
ZF 50MPa it tgd EEMB BT 1.5 MES, X5 FEABRERER
GR-F, RPENFERTHERRNEBEEZMEER.

5t B 3-6 SN[ E A7 il 28 K A 4 P “Origin™ $k F B 5T L& i 384T
8, Gaussian WX (3-19) FiiR:

=y + 4 expl - 2x(
YT (WXMJ [{

R y AT HEBRBBFEEF ol yok tgdB/ME: x HIE, x AiiFEE
SR 4 KEEH; w AR FWHM &R w;, w=w/sqrt(Ind).
PERHE RS TR 34,

X-X,
w

)2) (3-19)

F 34 THRBKEAERATHEHERSH
Table 3-4 The parameters of damping properties of NBR under pressure

APMPa)  Xp (Hz) FWHM (Hz) Height Area

Pressure Internal Half Width at The Height of Peak Arca
Friction Peak Half Maximum Internal Friction Peak

0 4.389 3.317 0.9345 3.299

0.5 4.399 3.328 0.9346 3.310

1 4.409 3.338 0.9347 3.322

2 4.429 3.359 0.9350 3.343

4 4.470 3.403 0.9355 3.403

8 4.555 3.494 0.9366 3.483

15 4.711 3.662 0.9380 3.657

30 5.084 4.070 0.9405 4.077

50 5.682 4.749 0.9427 4.766

WL 34 WTLUE N, BEENKEK, THRGEEREEARR, LB
BX BRI 1.5 MURR, HFEERYEETE FWHM B, B BN,
FHEHaEE RS,

3TEEMNG

(1) BEXTHERBHT T DMTA BEFHBAMER LGN, ARAATHERR
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B=% UBIE WLF TRV EMT NBR BB [BAIFE)

HB LR EE-89CEA.
() FARESNEHERTEIE WLF FEHEHIEEIREE D SE
BETFBETF, BETARENERTTEREEBEEF-HEEER M.
(3) WIMEHZE 50MPa, FELEE T, 38K, MEENFERAEIHKL 1.5 1M
B, AERMNHATFHRRESSEEATHEZERNEETHARE
EMBEREN. XEEBERX IR HAGE SRR SR LR R
i3, BEEMRNREAE —ElESER.
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SE EOERTTRREN 7, %8 hERE T E

EME EHEATTREEHN T, R B HNHE

41 3 FHHFHEMTHAZEREXRE

GHEHERRSTHNEFEHREARES, B4 s EEitHE3
BRCF AN FIR AT 86 BEFR A2 FIES L. FMRTHTZE ) ATE I A8 R 3
R HEITIHE .

F;=m,5;=m,.;:[ ................................... (4-1)

FEDFEIFEBTEL RS, B3 RAKE T RS A RES BUERR
S, BEBEAKRMEEER: Verlet Hik, K FHINEALE LR EIRIT
ﬁﬁﬂ:r Eﬂ:

r.,@+A)=r (@)+v,At+— (f “2)A +; a‘V;J N0/ (.Y 20 N UUST O (4-2)
HBAR (4-2) PRA BRI -AL, BIF
r(t-AD)=r()-v A+ (f)Az2 ;"23"+0(At) ................................ (4-3)
¥ 42 5 (4-3) M
ra=2r-r_ +(%)At2 FO(AL) e (4-4)

A H - At 5 AL BT E LUS e+ A NZIRLE . (HZEEHEARXR (4-5)

V, =

Tt Tt L OCAPY et (4-5)
20t

EHBRRARERPERBS RTWHE RS, WHTHE. REORER
HESBEFLSERNTEEE, EEEGEREIRE. A THIE Verlet HiE
BBk 2, Verlet & BB 5 —Fh 5 88 A Bk (Leap frog) ik, &R RXT{T Verlet &
HBREMG. ZAEETEE, BRekRtRs, Baces ZHEHA.

42 BRFRENLE

421 R FRHENEHHE

[FHHFERBGE R SERER T RS UL R0, —4
B N MR TFHBKIGLAR, BT RES)HFBE TR RE.
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B%E EAERMTT RN T, & HahRITE

4224 WEzh AR

B APUER R BT L EBRRTEN TR, EATEhEERNS, &
ESRBFWEH IR, ZEHHHERPRTH—RINB.

423 BRENZ*

HRESFEEDMETHENBERMRE L XA, B4 ZEA.
B EH KBRS A ESPKE, AERNMENT SAFELRKRBIR. FRE
LU Taylot R BB FFEF 1%, BEHAEFHSEARET R LR ENER
REIATER, MTOESL UMY S LR RMBREOTRA. &k —
FEBES M R EEANE R EEMNRERS, BEM2EMN, REfe, 2
RERR LB MBI BEN & 8% KHEMERESEKRBE)H KGR
BFHIES. #RAMEUTLEE OVerlet L), @Leap-frog®#i%; @Gear
™, @Velocity-Verlet& !,

424 BEY

PR AENIER K EE. BREOTANYERE LD RAHEAR
BRMX. BRREKS, MATRFMEREFTK, RFETRAERSZE. ¥
RERLIA TR, EHEAMARE, NRBYFREMBAPRNSERL. HR
HIORBELT T N AR Z A AHNE R, 4k 2 B H R0 B R 50 5 T 18] )
MEER, REFRAZEKER, BXELE, 2RFERAL, —AMRTFIOLE
HERSYWHERETRMEZAALER, BAASEHEERNEERRRR
ZRTHRRLEE

43 P FEHNFHRLR

4.3.1 fIEM RLZ(NVE)

MIEMRERICLK . RTFVORE, MMM REPRTHN. ARV, f
BE#AE. Wit HTEINRGEIKRES), FUBNMRENSBHNENF. £RE
s, RRGERZRTREERENERL. EEBMTATEN RS
HATHEE R, RAHEARRIETE,

43.2 IEMARLZ(NVT)

EEMRET, REKBTHN. ARV MERET HBRHFAZ. £EAT, R
ZRBREAE—ATIER, RAEEIAREREHR. RFEREHEESE,
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ST EHEMT TRREEK 7, & QBRI

BHEZROTERERE SR ORB LT ATFERS, ol B EE#T
H bR BEOR SEBUE 2 IR -

433 ERFEERLZ(NPT)

SRFERGEAHENBTHN. EERETIEEKESP. BEZHIM
PART—#F, XA —EARRLHR. MENNEY, WBEER. BTR
GMEN SHARRILGE, ZEiRTEHETUEEIFE R RN AR LR,

434 BREERL(NHP)

EREERGRERRAVBTEN. EHPHREHEAE. BN ERRE
EhSEAEEE A—EgE. BXk, IMRFELRNS T35
PR R
44 3 THNEFBR

441 S FRhH AP LRFH

WHAERAER NIRRT, GBS F R T DORBT R B R
Yitk. WA MR RREZEHEFIEF RN, U806, SMEF8
WEFR, M=HNFE26NMPERR. EREET, Bidmm i K ERHHE
A E R B R T AR ERBEES, WR-MRFEFENE, ANEN
ERETRMRT RHANXM, ZFEATHRTSETURFEA—HE. TH
S RITE R 77 R # A A R A R A RANER R, BB A RLRE 2 TR
B A%, EERMEN G WA B F &4, TREPTTRENHNS
161 T AASE A R S kAl 5 2 A

EVHEAERD, RS R A E AR R ST AT, EhrE—
B, REERMRERETREBIKKDTRRKENES), NEARIEKKK
FERKERNES), SB—EHEMNHR. Lo —hRAR, RANHEE
EAERER, NERANS, RROREREDMT6a (e @EEL , K
EHUHLERATERRKEAFTRIRE, B¥RRELERIGEARNE
HERFRS KA, BRENSRERARS M

442 3 FRhhFIERRLRA

FEREAAHERPIEAR %4, HEEDBERRETHAEN, BRLAES5
EERE, NS RESLETFERNRSE, T a2 ARkl 5%+,
HRRIN REHN—HHBNE, WMRENEREXHHELT, RiENAHE
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BOE EAHEATTREREDN T, X HaeR8itE

A& . AERNARYEGR &4, RINNEERE LT %4, i,
EH LR E B HER, FRERAU LN ARIHLREHHEENA, X
RERBEGLT %M. ERAMNAT, FRFEEDFINZMH KRIEE G ERIL
FEMHET,

45 gEER/MLEBRERR)

MHACH %, HEIFHENTE, WA TFHETE. AFBREEN
AERERBESK NG EL TERTRARNAE, BERIKNMEEA R
EHHE . FERBERMANIEANRER /ML, FIBMOHZTRALEARILAE.
AT IR R T E S TR 2 TREER/MUtLETRE R R
BME. T HEERA—IRKRIRMEE U E HBEERME. BB ER
B T R AR

(1) B TRk ik

B E g, RRPRRBENFAT X, WRMBE, WATHB3ET LR
KRBT F AR R MRS X,,,

S, == Bh e (4-6)
P
X =X, + M5y coveiviie eeeereeseeerreea 4-7)

R, g, WPBRERBIOBIE: S, WS MERRE: A PR, BE
BERETT M ANWIEAR, AR S AE R B AR/ ME

() PR

SEHEBRRE R A BT o X, MR v, B3 v, Wb X, B Sai—
Hiv, , FiEH, 8.

Vy =8y + Vi Vot eeenrrersearearnnessessaeseenen (4-8)
v A—YiE, HEA:
yk=é7g_’f.—. ................................ (4-9)
&i-r8ini
FELMBESMEHRETRXR, H:
€e 8rt =0 vt (4-10)
85V, =0t (4-11)

BT EER, BRATREHRBHRAME.
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SPUGTE s DAEI T T ke T B iR

Khrfe BT, HARPIBERARE—FrE, mRSMITE MY
o BAGIESE — A A AR B —E AR, B 5 — R R R R T
DA R PR A AT LU e B A TR A

4.6 BERGREFBUETERENITH

4.6.1 EERIRSTEITH B AR

H ARSI EEEENER, BFEREYNAHER
R, FTLAERELFMY BRE. FFFE R IER FERGFMEE (Positron
annihilation lifetime spectroscopy) & —Fi#Hi & (Ml E B hARAI AT, (82X
MR EAREAR, WE—MHLTERH, 270 HERZRMER
FEARIENE, BiXF LR %A WHF3h A kT LUl & fEa
AR AR 7 AR PR IX A ) U6,

AW LA g5H 0T LU 51 3) ) R TR i e S RAE. S
BB R B ER R ok i A R I A BB B itE . THE
R G i, JFRERE R AR, EdENM R,
B R R, RFEEER R — UL BRI T A I, WS T 5 X B
HIEH. Z)5E, ERT P OBABRRERNEE, ERETTHEAKRT FHET
ZE0E], W SGEE G HE o “ATHER . Mattice Z AN, SEAKE
PO 4 L HEAE M AR 00T, EIER TN, TR AR DR F
SERENHE S FZE T B AR FFV. E8A Ry M4 FHREENET
EERE B )R H Connolly RE®, WA 4-1 Fiur, @it cell P A ik
R LS A FUER £ FFV.

Connolly surface
>,  Probe radius

Van der Waals radius

5

A 4-1 Connolly i fIE X
Fig. 4-1 The definition of Connolly surface
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BWE KOFERATTRBER T, X0 hERRTE

462 BBUBRTEENRESF

BT, B, BWURE. kR, RO TEREREERE: BRI ot
WHTHRENERFEFR. #WOTEEEABRESNNTG). hERNFEMT
(DMA) I Z/R AR B IIEDSC). ZRHT (DTA) MIERF#EE RS ik (DSC)
EMENBUBEENEEFEZ—, L DSC Ak, BERENAR, EREWH
BB RRENIE, BaYS TRANMERITIRIZS), DSC MIZLHELS NI
IR S RRE, BERETHHRBLNFENERE. &9 FHErzIAME
BESMHT (DMA) B EZ AL TREY EHMIE X B R ARE S UM R
MBI EWN. EREIREY, BEARE, SFEsimk, RFHREETFS
e ETFRBEEMTFHERTFELETRERMHFUERFERE L REE:
N/N'=exp(-EKAT)), HRiELTHE. BIHBUKLTEE, T, HEENEERRX
IR, RIEX—IE, SRR, B amigLETRBER S WK
BILHETRE.

4.63 P FH N FHARBUETR

4.63.1 B LR EBBAETRE

BFEH BRI AR B R F M T R St AR ARRE
BRI, HARERBULRETIESRERE, BHARSEEHE,
&S wmIT, EKHABRNEXREAT, AXARERBUEZEE. F
BHRERHXF T ETERBRRR &G T OB EREE.

4632 BB THITHBEAETRE

BRI TRE T REBIRSE, 2 FHEMEEMT &S5 % I,
LUEBEYRARBUEREEN, BRIFGHIEIFIEE, REMA AR ke E,
A%, XN EGEREYNEEELSEERT, BREEERUNARS
BREHIR R AT LU e L S iE e 181831,

4.7 HFERS S

Material Studio 3% & Accelrys 22 8] JF RAEIL KA, |2 M TR REHE SUR
EAUERTFKELEMESR/EE. 3. BWE. 47/ BeWbe, i
THRYREM SRR ERXR. Materials Studio & — K A[B1TE PC LRI
Yk, B3 # Windows 98. 2000. NT. Unix B\ Linux ZZMEEFEE. Kif
L rh SR S S 8K 4 2 Material studio 4.3, FEFFIWT JLAE SR
(1) MS Visualizer #i#k: & Materials Studio /=& BRI, BETHESTF.
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FNE EAERTTHHUREN T, R BikRgit &

RERES THHEMBERMERNRT2B TR, TUARER. RIEILEER
AROBIEEE, WBENMTEWER, HRERGOERINENM T TR R
Materials Studio FI A= & .

(2) MS DISCOVER #&R: IR HE T ZHRA DR FRBTE, 8 ZNA
F&FFRHEL, £ Material Studio HITHHE 5%, RGBS EL. HH,

GZRAESTRE, ETUATHER>THEER, BMSE. BiERE &R
i, fERSTFEMRITHRRR. ZERUESHNGERERM, RAZMHIT
HENB %S, ERBTTERMHGEREBE., 2 TERRNGH RS %
7R

(3) MS COMPASS 1R iZHEHR R 5 — 4 R AT LA R AUAL 537 & Fp Ak
HRZBBEESBUHRIERMMNLE N, HENERSMERITRTFKE
Bl SEBTERAKHBERE. K7 AR E AL R ERBER AR &
FFHIGEH. R, B ERAWEER. RN COMPASS HiZR % —MELUE
SHEEOENS TFRENNGEEINT FRERHIBE—RDT NG.

COMPASS N EM MY FE5mAF, —LE&RET. EREUVERR.

ERBEENS TR, RARFRRGRRAANRERSRNEE %, B
BEEXHMER, HaTBRE—F&ERRRERL.

(4) MS Amorphous Cell #5R: AT ERMLERRERLARRENBEE,
S EEWRIATIRN. B MBERESHRIERZEMNRR, 7TUNGTFH—&
BEEWHFEEFRANT®, N E B FRH aWmEHRL T . "R
JFH: AEEEER(CED). REFEITH. BHEMULRREESFE.

(5) MS Forcite #55R: ZERE—FERMSTFHETR, TLHENTERLS
FE AR, A& %2 H K Universal. Dreiding %7737 LA & % Fh B 43 AL
Hik.

4.8 EEABH

43.1 BRRHRIBXSHRE

Accelrys Materials Studio 4.3: #3F MS-Visualizer. MS-Discover~ MS-Amorphous
Cell & MS-Forcite

713 Forcefield: COMPASS

dE4-44E A1 57 Non-Bond: vdW--—-Atom Based; Coulomb-—-Group Based

%% Ensemble: NPT (time step 1fs; dynamics time 300ps)
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SBUUEE FeOW{ER T T RSB T, B 8 AR

4382 BEIE

(a) WIS AT

(e) THLRE > FH (d) PrEEAL cell
B 42 THERE S gl iRl
Fig 4-2 Diagram of the model building process of the nitrile-butadiene rubber

BARmARERNT: HEMBEER L THBECANZ —/ (PB), H4
e 4-2(a). (b)FT7R, 231 BEF Charge group, FIM Discover fitixt EH #
JG PAN 1 PB ] 4o V- F B BESEAT ARAL,  RERRBC SR B0 1 U bRk A R T 2 I
B 1M F 0.1kal/mol-A, #RJEFIF Visualizer &£ i) Build polymers fir4 & 37
EOREA 100 fE 078, Ho PAN BTNk 41 4, H Discover HHx
SFHE AT FEMAEEHT REMML, HRREEERIRSCNE. BEREAR
M350 % FE, FIH Amorphous Cell SEER I FE HAE Cell HTT, 4 T wkA8EsR1EH,
HARAMRT (B42d) BERRE 4897, ALREEND 1.

433 LR
4831 FREHATHTHBEANEBLETREREXAN
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WONE ENERT TR T, K 8 th BRI i3

Forclte Analysis - Density

Profile ————  Rurning average

A 4-3 FRAA IS F TR MK RE
Fig.4-3 The correlation of density-temperature on the progress of the process of Relaxation
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44 RRENTTHRBBRL AR EHBURRR (R=1.08)
Fig.4-4 The correlation of specific volume-temperature of NBR at different temperature(R,=1.0A)

WL 1 AR R IE KR A ik BB W k42, KA Discover BEERH
Minimizer Xt B {8017 R B BA FEMGEERIL, EERREXTINNA, R
ALK Smart minimizer F¥. BERITIEHES T, EEEAHURKEERE

(NPT) M3 1% EHUE KALE, ARM 150K FFEH, $KH 50K, BEFHRE
350K, imET T HERICH) T,. BANRE TIEIT S0ps MIBh 1R K. RFHLL S0K
H—AMEK, BREE P EES 200K, WHERINK, ARELHTRETHEIK
e, BRIGHE TR, RISERE 400K FiE1T 500ps ) NPT 32414,
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SNE EAERTTHREN T, R 0 EERNTHE

HATEEAT. B ERELEHEMM 380K FHHEEZE 150K, BEMNIKHR
20K, 7EHANEE T BT 300ps B NPT 3%t E, F—BE T E NI
—EE T ENEHRNREHENES. B 4-3 REER I EPHEERERY
*ZAE, dRTLUE R 150ps HELAR TREFHMA, FLREGEMEE T
BHBSE 150ps FIBBMET 2. B 44 RAREADT TR AR REEE
%R, KBFRFRES 0.IMPa. 15MPa. 25MPa ! 30MPa FIIB LB RE
435k 228.8K. 256.2K. 275.0K 1 293.0K.

300
290

280 4

Pressure(MPa)

4-5 E AWM BB RRERRE (R=1.04)
Fig.4-5 The correlation of pressure-glass transition temperature (R,=1.0A)

PL T, X E SRR, STE 4-5 FERHE AT RD REHER S, REZKN

oy

#& >

=2.09K/MPa. WFFR KN Q%Eﬁﬁﬂﬂ%%ﬁ"—& 0.1-0.3K/MPa, HFf

Tnﬁmzm%%ﬁﬂﬁ@, Eﬁfm%mm%ﬁm, M 10 {55

HEFTRAOTILA: (1) HiERE—EHRLITHITEN 2 FAELEEERE
BESET RN, SR RE RAREI AR, FERBERBEHIERANE
REBRZ RIFAENEE, BTHRRKEMBERE, WRAEHEREFER
KA. (2) RAMEREUMANTRESR, A TREFRE I =T,
2T REsS, ERERYTEK.
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BT s HER T TR 7, R 8 hhRi it d

4.83.2 AREH 220K B REFE > B AEFRAORRE

21 . = 0.1MPa
: e 15MPa
g r ZSMPa‘
“op 25001 ' :
g .
= 20004
g
= 1500 "
> ]
S 1000 ,
= S
sm- 'Y
0 T T oy o T T T T
02 04 06 08 10 12 14

& 4-6 [ RN T HER 83T B AR X R (1=220K)
Fig.4-6 The correlation of probe radius-free volume at different pressure (7=220K)

B 4-7 FRZEE 2 B B BELH =) R A (P=0.1MPa; T=22K)
Fig. 4-7 Interface diagram of different probe radius vs. thefree volume (P=0.1MPa: T=22K)
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AT R AERT T RS 7, & AR

KA EERARETIE V5L B AR, BRET 12 R, EmWIR K. B 4-6 L T AN
JEJF0 220K TANE R, T AT B difAFR. iR 5T LU HBEE R, K1,
B AR A R BORE /b, BIEIEOR, B BN, B 47 2R
Jri £ B AR AE, HhEaRKEAREhER, NEFTLIRER
A BB R E RN K, B R RIES.

4833 REREHMEHERHEE

1550 - &
1500 - . = 240K
1 s 280K
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;"."1400'_ “m e
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o 4 5
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B 4-8 FE % O AR RE (R~1.0A)
Fig.4-8 The correlation of pressure-free volume (R,=1.04)

(b) 220K
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BE ERAERTT RSN 7, % QhERniE

(c) 240K (d) 260K

B 4-9 AERE F 08 B AEBRIHEE (P<0.1MPa: R,~1.0A)
Fig.4-9 The sectional view of the free volume at different temperature (P=0.1MPa; R,=1.0A)

4-10 ARES P A dAFFHEE (7=320K: R,~1.04)
Fig.4-10 The interface diagram of free volume at different pressure (7=320K; R,=1.0A)

B 4-9 /& 0.1MPa ARG TR H AR &, w7 LUE B A 7+ &,
B AR, XA hgRERRE 3. EhTHaE, REWH B BERRED .
Bl 4-8 & R=1.1A BHE o0t B AR R . MBI LUR , B E D AR,
AR B BN, IE 4-10 o7 DUE R A RS 2IBEE [E D i8R, AR B difk
A UNNFEE SN

4.9 KFE NG

(1) FHLETHRI 530 BT T BT SUR DA R AY T, fm, it
HLRRVIRAY T, SRR LR, (OT/0P)=2.09K/MPa, 44
SR — R, TS,

@) HTHHEHERD, ERNEDHRGRE LB R, BE TORES P
BKE, B R, AE S MK TTMA .

G) HFHIEHEEI, HEBBRE T, L LR TR AWK, EWREEE
T RAGEE, 5 H bR A .
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BHE 0, THETERKPHY BATH

FRTE O, TFETFEBREPHT BITH

5.1 Mt SHa0HH

5.1.1 ¥ AKMITH

BRIRAA THAUSRAMRT I ENEEFR, £E Green-Kubo A
A, BRAMACEFM AL, AIGER Einstein HEEAHHESET BREK
PRIT BRE.
1) Green-Kubo ¥

MAE TR A, BY 8RB CUE S R F 8 & E B AH X & $ (velocity

auto-correlation function)$k 75 .

XRR VR A B X R ECRIY RS Green-Kubo XRAP, K
P v)RBERET i 7€ BREEE
2) RRAATE

EA T N%EEMS, BB esiBitBARR S UMY BiBE
STEEMB SHEINRECCR, XHTHEIRRETBES TEAENRE
VIR T E “XRITHE” P, WY HAK D wiEE - FHRE, BT
BRI TR L% (MSD) BERE) () ZR{LAY Einstein 572 K 735638,

D :Wlimiia: [’:(‘)‘4(0)]2 ..................................... (5-2)
t—o dt i=1
£ D 5 BEAESG NRJERTHG [5(t) -7 (0)F HRTFHIHT7 G #(MSD).
BT MSD MECAMNTHETENETFEY, BILETR:

o a h MD HERI78 i MSD xt £ Btk i £ a1 088,

512 2[5 EM (radial distribution function, RDF)

BE—ABEEFR0R r oI R T A TR E 4 5 0 4 R 5.
HARGEXRHRFEE (local density) 5 FEE (bulk density) KILLE, YEEX
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BHRFE 0,7 TAT RGP NG HITA

Rezm oA isE 5-1.

dprr’dr

dN BR5Z%5FHOMEE R r >r+dr ZRIFRTFHE .

Bl 5-1 &2 2 fi s R A
Fig.5-1 The sketch of Radial distribution

52 &5 0, % SBR W #iTAH

5.2.1 HIEERE

ERMET mREZERk, H4hmEs-25R, AR/EH HDiscovertd
Pont AT RE R /ME,  FER WS A BThRdE A RS2 A IR A/ T
0.1kcal/mol. A. XHARK BEFafAE R B /MR T, BRI AFMAER
EIEBIBSONIE, EFAERAERES, K Smart Minimizer /7%, AL RERE
Mz )G, FHiPolymerizetih g B — e REEMHEST5, HHER Likge
BR/MUITR, RS-IREZHMBHSERR. RIELRAERMETNER, R
J& 3 F Theodorou-Suter J5 1% # 3L /& #itkCell #T.

Head Atom

Head Atom

\
Tall Atom
Taill Atomn

B5-2 ToR/ELBITALRDER At (pRRFERE)
Fig.5-2 The structure of the repeating units of butadiene and styrene (¢ is the phenyl group)
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BHE 0,5 TET R PHT BITH

# 5-1 SBR THLEY RIS K

Table 5-1 The parameters of the simulation systems of gas transportation

Number of

f astymle . Number Psim pbm, Cell
Syst DP N I
Y (mol%) awom my;’;’m ofoxygen (gem’) (glom®) lengths(A)
18% 18 50 1044 2 4 093 09300 2257
25% 25 50 1060 2 4 095 09503 2287
31% 31 S0 1068 2 4 096 09603 2301
39% 39 50 1084 2 4 098 09803 2327

522 A9 HEH

BEMFRERRT YRATEERTEE D THRESE, TRISETH
VIR RIS . FIAMS B MRDFITERER, SHEHE MR 2RM
Stk sg (), FEARKNEEERHZEREVREKEFTFYE, ATLERSE
t, BEr>45AE, THBBHI, RMES-357R.

18%

1 e

0 5 10 15 2
r/Angstrom

(a) BZIEEH 18%
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(b) XZIGEE 25%
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_Jdkﬁ
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r/Angstrom
(¢) XZIHETE31%
10
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6
T4
=
24 i&,
| &
0 s 10 15
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(D FZIEEE 3%

B5-3 ARFZE S BISBRICEARMZR M LM
Fig.5-3 Radial distribution function of SBR of with different content of styrene
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FHTE 0,0 T{E T RGP (98 BT A

523 ABHTAR

5.2.3.1 ¥ A RAERLS LB

BENDFEELIFEGEDIMNA18%, 25%, 31%, 39%MISBRIKBIL R 1
MSDBE 5 5 18] 254 (AL 45 B 4 S an B 5-4 P 7, TER) S REE R R, ST
FIMSDEEA Rt [ s &t K %R, X i Einstein A FEEABRIIE P KA, B
KRR 4.
5232 ¥HABITH

35
304
254
20 |
151

10

MSD of oxygen/Angstrom

‘5 T T T T T T T T T
20 0 20 40 60 80 100 120 140 160
Time/ps

Bs5-4 A0 FAEARFERZE S R KSBRIEED T FIMSDEERT a1 49 K A
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Table5-2 Simulated diffusion coefficients (cm?/s) of O; in different SBR

SYSTEM Dk 10° (cmlg-l} D X 10° (cmzs")
(wt%)
PS 18% 297
PS 25% 140 127
PS 31% 52
PS 39% 23

*Ref.*) Butadiene/styrene(wt:wt parts%) 77:23
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Table5-3 Calculated value of FFV in systems with different probe radius

System R,=0.10A R,=0.80A R,~1.40A
18% 0.382 0.239 0.084
25% 0.379 0.234 0.077
31% 0.372 0.228 0.072
39% 0.368 0218 0.069

(a) R=0.10A (b) R,=0.80A (¢) R,=1.40A
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Fig.5-5 Spatial morphology of the free-volume (The bule areas represent free-volume)
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