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.M B 3 AMEoni[9-14] 19789 Doi®t Edwards

dub o2 yat BAL FHEH AFel gle]
A A W 3 Luke FebA A (viscoelastic
response) &2 iehdct o] $
AAQ A7 A 7ke)EH
eng JHH o olo it
o] opurh IEA} FEE
TEZ FEAC delA] ol AL 2
2] o3 (entanglement) HAtel} oJ3) we
22 oA glei1-8]. AR o
B F=r} SIS weta 247
a} HoR MB $HFNE TR =

T3} (mutual uncrossability) & el
*&°14 ol sl vehi= EAH B4 F
TEA} HErt FAEFe] 345wl AY
3HA) 7kl w2 §H o] Hrked o (plateau region)
= dehlis A Fol sl elzd <3z dAt
gk AL 1930\t 2HE] o] FoR]7] A)atsto]
1 o]&3 sAjo] AALA ¥93H(continuum mecha-
nics) olv} 714 2% & (kinetic theory)el 7]uH-e 5
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*To whom all correspondence should be addressed

(DE)o] <oj3] #Fwdo)Z(tube model theory)
[15-18]°] AAI= o]F=Z olof thgt AF7} t&
7H&E )

YR B2, 2EA AEE olFE 24
Rouseo]Z[19]ol| 49} zro] bead®} springe & T
A" AH9323 Al<&(freely-jointed chain) 2 7}A
&lar, TEA ARz FH 24 Z Al odxle
Edwards®] ©}2[20-22]< 23t ¢4+ Aok = A
(topological constraints)9] 3efjel Frdz A
Al F UlFo) 2] A&ELEe de Gennes[23,
2419) AE(¥EE) ; reptation) 703 Ul it
(temporary or transient network)e] g w5
AR =dste] A3 fdA aEA FEA
g s bk A (rheological equation of
state) = constitutive equationd &%=k 7o)tk
& A U= AEA} AbEo] ML wkE o o}i)
HEAAE HA3] A8 dojves &5 F9 A
wF el whale] niz AMFo @ yehp=d], o) 3
AlZrd el A 2 Ak F2A1E wie} AbE RpA| 7}
139222 ksl Zolth o]zl H3ndo)
T2, 7H AelH-L ol ot A FTR] AAE o=



o2yt IEA FHA9 HFHEH A A =
AsHe Aoz QA= glon 1980 dH el SoiA
olol thgk ¥4 BA o|EFo] o] AU
=3 AFES B RS ookt Fee LEA
AA ) HLshe ATFE U] o]Foixa 3l
olate] o4 AT B AYPH FHE oHFL ‘il‘;
oje] M) FuA)H[24-29]5} 24 =+[5,7, 30-37]
< E8A ol@ MAEH AAHL 2EA FF
A EAFY ARAS olaE & itk

B EAAE YellA 2T FPRD|EE F
Aoz, pEA F5A L AL A= o
742 el thste] F2 At Al EefAal
Mo RE AA aEz BA4E el FA3
Aol gk T FA dolich olojA] THE
o) Eo HrH ez AR Mg, F Ak co-
nstraint release), AF&4241 2% (contour length
fluctuation), ¥3¥ 2719] 523} (short-time re-
laxation) 5¢ 7Wgs} ol wE Ee|A A
A% diste} mFata, FFEolZef olo] Al
A o]l& FojH 53 FEFUF Curtiss-Bird
(CB) 24384672 vlw ¥ #Frdo]EL 7]
22 3ty ¥R FHEAL A
BARRE ofy] mde 4 4sfgich =

1l

& BYw
dol2o By 4 wt duts) He zedgt
& oole Wl shiz, A4A e 9eA 2

A S0 A ol JxE sl chigl
2R 5EAG d@ olE ¥ A Asskel
ulize] BANE ol EHe] Ut we ARE
Fate] 2k Heldich

2. A 2 EEDo|ED 27191 Y

2.1. 942 &nl(Entanglement effects)

o+5-4kA (monodisperse) =& v F$& Exjsk
FEE 7t ddF A TEA SL vE B
FAFe] Zohatel] wel R EA Adde] &l
Wahed] ol AR ARETHE] dF 2R Q3 Al
4719 £50) Aok ) A e slole
olefg 4 FolA FASHOZ AR

ol
O
FEzEF Aol Felgk 2elE el A
JLRAL 89 9) zero-shear rate viscosity n,5 & -’F—
alc}. Fig. 1(a) o] £A13F vle} 7o) zero-shear rate

W3 Al4d A3, 1992
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Fig. 1. Zero-shear viscosity (a) and relaxation modu-
lus (b) plotted as functions of molecular wei-
ght for nearly monodisperse linear flexible
polymers.

viscosityr EAFF Mol thate] JA|EA=E M, o]
ol A= nyoc M, 2 o] A A E n, o0 M349) A
+ YeAoH47]. S A8 ddeMe guts
Hol] tf7F Rouse ©]&[19]9] Ao} FdsiAl v}
ehupm Al dQ(FE5E e S5AD A=
29 34% W3S u2A 5o} Zero-shear rate vi-
scosity 9]ol] ZAFAte] compliance J)= FEhE 9
ARAE Mg FHoE AEAG GedelA
Rouse 7&(Joec M), A Adelies <
E(J o M)E Yepdich

=3 Eajeke] Zlel wie) |7kl Wk kst

n\i rlr d f Pt

nqo



37 gl AW TEAA A fEeR ATH BAlole 3
(relaxation modulus) FA4ellA Hetgoje] Ex)  AEH o2 o] AFRAZAME HAF o] %A3
Akl Folvhe F4(Fig 1) % AHEe] 7ol HEPL o)FL YA Ealeke] 25, Ak )
g Aelzt & ¢ slvk HydAel ek ok Aol A AP A8 FHE A7 BAbE
382 Fek8(plateau modulus)olgt 3ted St 9] 3% v]H sl ZEA B2AY 97 AL
3} el A9 hEE AolE EAZE o] ®ck  oldt whaleZ Mysls o) vwlg ehA 9l
ol 4zt Fol AEAF AT TEAF 49E T AAARANGS 5610 A= waA v} Sich
ks EA4A, & ARAEF M, M, 958 G By el 7]2A 7HA[15 1612, A
$& A B whe mie ke shch —~6l THA el $50] B9 4 ol B
o2 e AFAZHE] FrE 5 e (e] o & FAA-& primitive chaine]z} gc}) pri-
74 dubA el AA, & JIGy= constantzR= %74] mitive chain Abs &#41& wtebA] Brown 5%

= F5Y 7 sk

ole{gh I Aol T A2 1930:3H 2 H-E]
3ty rtuAdgs JHe B T s
g o] g o2 HE] AlatEe] Al&o] JA Y=
& Ao s EAste kTR A7 H*“—’}
A Afxzes 7MY whe] o] 24 HN[48-
5117} iAol det. AFT-2E o]&3te] A9
97 AL M AdFE BalA, dgAE
BEA EE Fhgolel H45= Rouse A5
 HAE gFojxjel ghn odzle] wE ¢|AkshA
Az EAb 52 AHEe] dAA wjdo)
34 (configurational rearrangement) & 7]+
EE old sk EAEA Rdg 8 3
Haloh A EA; o Fof 7] Hxlel didt
sPEAE I Ete] RdEo] /s, «dE
£ Graessley[52]9] 413 A=tAdmd Shen 2
9 #AA 9F053] me Aee FATRe b

2ol G2 HT 254] Fol Ao
WA TR FEA] B4E UehiEdE B4
Bl 4] et sleh

2.2. AFS(Reptation)

Aol oA e AANAY AHEeES
Aishe 7Y F dudo)ie) 277} He 7
D24 1991 =9 B2)d4) $AAkel de Gennes
[23]9] AFs(x+= worm-like) mdlo] glth o170
Ae S T de sy mEa Als(nd
AFE D model chain)o] tE AlEET 9A U=
e AREe] B4 5 gle AR Aol E(fixed
obstacle) 2 “ellgic). AbEe %2 Ale9 3
FEel A AT AgH(defect) o] A& A9 4
AE wet 13" o2 shabshe whale 9o

TE=}

gehs etk AR 58 e B 9A
wE FH AFEEY A Adeln 1 A
73 Bdll Al WellA] oA = FE7ke] Hd e
aZ Aoslgled o] A ax mEA} AHA 2] RAe
Mell= #Hale] glovt oA e 83t Exle
Z ¢j7] BEx}ek(entanglement molecular weight)
Mol A &3} £33 Al AR dfsiA
= AR o Bbe] 99 % wEE Al )
3 7HAH 2 99 RE JIAEL AY §iAE9
34 ahe mErks 7HE FHgh el gl
Wae] th3led primitive chainite] BE Z3F
Aol 719& Azl g gle FeE uiFe
Rouse A}&3+= €] DE©)&9] primitive chain-g&
Z7)e AbEel oF BFuke] 7]9& AAsa(Ref.
169] Fig. 63tx) <H43] o] A& wfdellA] W
oful bAs] HelE wirew UAZ 3bA|7lo]
73 #3fodof g}

BRI 2eMEe AAA agl IPE A
AFEe] ol AbE FEe s o] FoiAwWA ¢
Ao Abs widde sl Al Al o, = ud
Abgol 2719 & sbAE whx W wztx]
A7+ disengagement time -2 A3ty 9l
APZE toll Al 2719 o] EAF FF(H (4))&
AAbstolek 2719 FE wAL = 77 Fig 2
(Graessley[32]) | 4] B u}e} 7t}

kel dFle o %5 dd9 M-S AYo
agste] A B4 AdYgske Age a5
A3} sl v §- Batsle] DEo| 2ol A= HojA)
IFERA o 2 RE 1w 9] 7153} slip-link(network)
2dg o] g3drk(Fig. 3%2). o, #yrds o
A7) A AFE wAs) Qg 9aketA
potential ™Al slip-link Zd o)l 4= Maxwell de-

i,

o
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Fig. 2. Reptative diffusion of a polymer molecule out
of its tube. For simplicity of visualization, the
tube is straightened out (from Graessley

[32).

mono| A& oFEe| 7HAFAQl F¥ Qg =}
A7 doke 7HA[16]0) F71E et Slip-link
2dS AHe3lH APRdoM F2 WG aks
slip-link7}e} A2l2 7154 4 gich RdabE k&
aeddl= sliplink ZdelA slip-linkes 94z3 &
A A R AMEEEY] AgzoR A4
bt Abzo] Al B9 e itk BdAlee
7]2&AH 22 beads} springl.2 TAE AHAAH
AbgolEz $4 olel tigk A HpE A
gt} & BEAlEL beadZte] Al A e
(mean square separation)d?, -8 WellA bead
izt Zhe wpEAS (AR AA 9] beads N,
JA dE HE9 F(sliplinks] A4 N, 97 A}
°]2] beads N, 2|3 A& &) AAZe)
L 5o ¥sE 2eda 7hesici15-18,57].
DE<] 33 »dllo] 2o]| 4] A} 2§} constitutive equa-

op

s Al49 A 15, 1992

Rl

entanglement

slip-link

®)

Fig. 3. Two equivalent models: (a) the tube model
and (b) slip-link model.

tiong step-shear deformation®l| ™3t 2293} (st-
ress relaxation) o Z el ofelle) 4
(D3 2H16,57]. &t 7)ol A R} Ajo)
H3-& W9kS o primitive chain®] 422 2 Z(tran-
sverse fluctuation)o] o] e W3A)7]x] @
==, & 59 24P (independent alignment
approximation ; [AA)-& #-8-§ Z3}o|t},

(8) =G, Qup(E) e (1) )
o 7] ol A
N,
G,,=3c( N—2>k3T=3cNkBT @

(E ll)a(E u)g> (3)

Qup(E) =



IA Y& AY ZEAA] A FESH ASH BAel

8 tp?
t)= - = €Y)
0= 3 el =)
2
o= — N ®)
n® N, kgT

7)ol A = ZEAFEE, kg Boltzmann A4,
TE €%, B 86 tig 71271 veblie 94
(deformation gradient tensor), ux 29 A&4H9]
gl o)e] whgkol] Tl gt 9] HE, as} e Y BF
ek (e woll WE EAIA HF(E% Gauss
EEXE AMEH & 2z Jepdch & #3A C=
Ay udo) 2o S eks} FAte] Doil57]2] Ukt
% 22393} o] Z(generalized stress relaxation) <l
8] process Co} EU4F #AZR o] Fo NE
process A ¥ BE3 vlwslr] s F713 Aolth

olare] Alelx] W, A7} to] 7] we} ¥
o) dA3g 23h8(relaxation modulus) G,
& (strain) o] & Fal Qu(E) 2 disengage-
ment time w7} EFE 93 FEIF O F
o 2 ehdr} o] constitutive equatione L E]
A Wy e} A12Hkr) 2H7) memory kernelol] 4]
914~3}% (factorizable) ©d+8, & BKZ3 (Ber-
nstein-Kearsley-Zapas) [ 58-60] constitutive equa-
tion?] AFo g Azt ¢ gleh. YA}l it
constitutive equation®] ¢]&13 Q<3 e zhe
AL AAZ o) to] TN Mo =77}
zt7] o EFAle)l pAolEdle] 1 o]F &
BE S3FAde] ddIZAdeR FHE 4 USE

9

£ 97HE wAVrle EE a8d 5 gleH
2o w3ol| haf 4l A3 23} (linear relaxation) &

A3 2do 4] disengagement N3-S o]8-3}]
TAE SH9E) g5 olAd HEEIYY LA
FEAe fasd A F 7FA] constitutive
equation[18, 61-69]5-& & wrEAIt) =3k #3
mdo]&e] Aol o]ojA| Doiol & -2 A7F
Fd& T3 SH A3} o] AuksH67], dou-
ble-step shear deformationel] &t 3-2¢+3} o)
AM[70], IAAE v} A8t primitive chain®] 9+3}e}
A o] ekslr} o] Fei2) = A F affine defor-

mation2 H43 A9 4[71-73]& 3=
o] o)Folzc) o]Atz} o] DERH oigt 4
FHal HAF m=e o]EA EAY At A7t
19801 3] Znbel| o] o]FojFEH], AHPHeE
obzte] e xpl= glovt olA7A AAR ILEA F
245 A9she ol FdAde /A e
ZeZ QAW it A& EH BY Algo] e
whziuzk o #27e] Frkske 7]l it 7AH
=2][74]2}EA] Graessley 1§54 383t shear U
QAx BEC €3 ik B Q[75-78], Osaki
5] 33 Ze]2~e]d(polystyrene) 2] B4 A
g4 917 79-83], Pearson 1§ 9 oscillatory shear
flow <1-7[84,85], 7€} HI74A] Fe}4-elr]l(po-
lybutadiene)[86], Ze]~€]=[87], ZejolAy-dl
(polyisobutylene)([88]¢] B4+ & %3 DE
o] Ex}e] w|wr} Pt Hr)

2.3. B AlZt dH o 22{23}(Short-time re-
laxation)

Doi[57]+= DEEH 9] $-H <3} A& g2 A1zt
BG7HA] gAsted A 7}A] 23E7] ol 2] 3t consti-
tutive equation2 A A|slsdc)t o] Al s}xle] £¥
stshe, B2 Az A RE ARbete] nAE JF
Atolel sl AbE ¥-#-9] 2k3}E Rouse Ab&el &
Aste EAAZ 72 AL (process A)e)
1A JAH AA I A FE EAATL 1
742 (process B) A3t o #EA<Ql process
Cx &3 mdo]Z4)49] disengagement 4L )
T8 Yo =2 AP} oo o}E constitutive
equation®]] glo1A] 5718 vkt 442, process A9}

= 22 ¥yl tiste] WP} kA7 F
7t A58k el A 94324 (linear relaxa-
tion curves) 22 yehd 4= ¢ler} process BE
HE et SR g7 BgHez 4o 9l
B= W]413 23} (nonlinear relaxation curves)
22 vepdth=s Aotk & Fig. 404 R ule}
Zro] wW3o] Frhgel| whel process B3 ol A<
Al T3 Ajo]E Heo|xw Qth o] YL
7t 377 A, B, CE 2% 23 39 consti-
tutive equation (2] (6))& one step shearo)| o3t
SHFoZE AXE Aol (2} 7Tl 4] AE A con-
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Fig. 4. Theoretical curves for Doi’s generalized rela-
xation process [55]. The curves are normali-
zed by G,=5G4’. The number of slip-links
in the model chain are assumed that N=
33.33. The values of t4/tc and tp/tc are 4.5X
10~% (=1/6N% and 1072 (=1/3N), respecti-
vely.

2x).

stitutive equation& Table 1&

o(t; E)=G,Qu(E)us(t)ps(t ; E) uc(t) (6)
o] 7] ol 4]

tp?
wm®=1+ exp(— —) )]

» Ta

__Ne
™7 Tont kT ®
il B)= Y {1+ (B~ exp~ )}
podd P o TB

9
‘CB—_—ZNZ Ta (10)
a(E)=<|E-ul), 11

ol4pe] skstzy A, B, Col W& gAY AF
(8916l slotA, B 7bx) wA@ $Ee glont ¥
Aggo] F4% w4 31 Ao N9 $FUFE

e, A4 A1E, 1992

1 Ta Ts' Te
10 T T | T
|
1
o l
10 L | ~
i\. | Process Ay
4 1 B~
T
}:_ | C! .
=l 10 i |
il o
B°
10 | .
-3
10 | -—
Y =0.01
. N=33.33
10 ] i 1 i
-8 - - - - .
100 10° 16* 16° 106? 10" 10° 10

t/Te

Fig. 5. Theoretical curves for individual processes
in Doi’s theory [55]. The A represents the
stress discrepancy between at the end of pro-
cess A and at the beginning of process B.
Refer to caption in Fig. 4.

shear M3jo|i1} AAIZ S 3t 4
£ e ¥Qlch v ®2 4
W& W E(strain) & 7S W 9‘1@]’3"}3 A9}l B
Ato)ol| 4] &2 9] xbeo](discrepancy ; A) 7} A Zch
(Fig.5 #=). olo] #s)x& Thirion[90]e] &
o2 AAZL F o] nA, FEIHE A%t A
%=o] A5 el sliplink 2d& o]-§3 vl
S sts} 791, 921 & ApA 9] M2 4] F
(93,9415 =9i3le] akE1%l A% constitutive
equatione] A% vl Qlck E3] Viovy[9419] A5
3bA A o)Fe] Yebhbe $HE, sliplink=
1} o] x]+= primitive segmental unit WA 8%
se bead”} 12 9] W9 beadst Z#=E= IS
Frpo|2A 0 2 #)A3te]d slip-link Alo) & wjzi2]%]
HA-g dstdx A2 4334 A'S B'E

&3l9dt}(Table 132,. &9 Lindl J3 duby
3 HerA] o] 2[95-99]7 L o] Fe i H U
=2[100-102]e) 4= BE A7 cddelAe] &
35 x3hsle] A A EAAE A X B,

2 7l AdAq A, 5

o :{o rlr

O

% line shape analy-




37 Qe A EAA A FARA A} BAole 7

Table 1. Stress relaxation models including the short-time relaxation processes

Time Doi [57] Voivy [94] Lin [95-99] Remarks
evolution .
t=+4+0 (Process A) (Process A) (Process A*) Tty
Gap= GSea(E)ua(t) Same as Doi’'s Process A N1 - P> g
e Fonl- %)
wm=1+ Zexp(— ——) ’
? Ta n2M,2
tAp ==K——
Gb°N;2 24N,sin?(pn/2N,)
t —
4 6nsT & N
T nksT M2
t=14 (Process B) (Process A') for tu<t<tp (Process X) “empirical” =1z
Gop = GoQup(E)ps(t, E) 6ap= Go{ Aop(E)a(E) + [Sep(E) 1 ¢ =t
FAa®a®N) | we=G[ 1+ e~ )]
8 X
we= Y ——{1+[a(B)—1] 1 & to?
vl P ¥=— > exp - =) ot =0.55 KMM,
th 2 N =1 B
exp( i )}
I‘B—ZNZ‘CA
t=1tx (Process B') for ta<t<tz (Processes B° and C°)
6ap= G,Acp(E)[ g(t)1*/a(E) G=G¥[B p’(t)+C )]
g®)="L[a(E)—1] ps'Ous"(t) +1 1
B=—«~, C=1-B
N
=~ o) VN
TB tp2
, 8 tp? W= 2 HeXp(_TB>
-3 Eeol- )
4 P 171 2
m T o~ 2 )
podd D T’
1
‘CBO = ?KM?’,
©’=KM*/[M/(1—-N-1)]?
t=1z (Process C) (Pfrocess C)
Gap= GoQup(E)pc(t) Same as Doi’s Process C
- _ W
= Zd o exp( « )
t=tc Tc=6N3t,
63 = GoQup(E)pa(t)us(t; E)uc(t) Combination of G(t)=Grua* Ou(t)B up(t)
individual processes +C pe)]

G,=3cNksT, Gy'= %Go

(E-u)o(E-u)g
|E-u]

(E-u)y(E-u)y

UE)=<|E-ul>,, Ses(E)=<(E-u)o(E-w)g>,, Agp(E)=< >, QuE)=< E-ul?
‘u

0

The Korean J. of Rheology, Vol. 4, No. 1, 1992



8 KAk i

sis§ &% v} Qleh old oj3hd ¢33y As} B
Atolel] A E2R- ksl X7t EAE 7 2lem o]
d$sE 93l FE AkEe] sliplinkE 533}
prlmltlve segmental unit7te] FHFL FAsk= A

o2 Aoty 31495, 96]. Ao Fy
o gt X9 &A=, Rouse AbERHE] 7|&S
Y31 primitive segmental unit7+e] ¥]5 3 zt428
T%2(driving force) 2.2 & 3}o] slip-link A}o]
£ vlneld S 4379 AlX|d ot o]

E£-o 2 F9o] 753103,104]= wE A v} gl
t} o] el A AHE 7 st HA A, X, B, CellA9]
A ksl zbe] Halek 9 oJF] HAlekel] o)Edi=
TAE olele} Zo] A 5 )
o o« N2 o M? (12)
wa NPNoe MM (13)
o NN o« M 14)
wox NMNoe MJ' M (15)

2.4. Al 22 25 (Contour length fluctua-
tion)

DES] #3xdo]&[15-17]15 A¥ Al Axpele]
zto]l 5 el 2 Fol| zero-shear rate visco-
sity®] #x13F o2& B/ FAVF 53] $AAE
22 vl ok & AgHoZ= oA ExEF M.
o] Abol| 4] zero-shear rate viscosity7} H#-=}eke] 34
ol w4718z whsle] FYRdol Rl =
A 35 wlEEsdch oo diF =o=
Graessley[ 73], Osaki®} Kurata[77])] &5 #]7]=
gk z2v} 1981w Doi[105]e] 93 olell i3k
EAo] Am=lo] AR F#HA AA7E LF3MEHA
T2 whA ke @375 Yoo E AX| sk
A 34% HAHE s o]&4 AA{106]F ¥

E3kdth
2 Fig 6041 3 uhs} o] 2} Apse] A
Fo2 Fe whd vhewl e el slelA,
Apgo] i) AubsEo g g E3}R] okola] I
o 47 ot vZIEI 74$(Fig 6(a)) e} AR
o] 422 F(transverse wriggling ; flu-
ctuath) 3 1 i}ﬂ“ 73-7(Fig. 6(b)) o] zt&

s #e] ol e e 93t B os

st A4 4135, 1902

BalA

time
evolution

0 —»

(b)

Fig. 6. Explanation of the acceleration of stress rela-
xation by contour length fluctuation (from Doi
[103]); (a) contour length is fixed at the
mean value while (b) the length fluctuate ra-
pidly with time. At time t, the length of the
deformed tube is shorter in (b) than in (a).

THREE Ao Z AYE 4 o) o)2d R EAIE
zero-shear rate viscosity®] H-2}2F o]&AJ(M,/
M)¥2 order AX9] ®A[105 1061 T2 344
Hr}) Ax" o2 §-%5E zero-shear rate visco-



4A de A¥

sity] $A% &S M210M.8 H 9o A

(M )3[1—\/@:]3 (16)

22 FAEY, oo wt2w AA{ EAlF G
M 2 55N0E X33 (16)4]0] eldAE 71y
2 o]4ke] Gl e3]8 BIRPo)|EY n,
Molzhs A7t oS AR Ao =97 AF
= At} 73, 106].

4 Lin®] A8 A=A o3 o) ¥zEHE
oj3] =5{95-97, 102, 107]e A& ol2igt A& &
A eFanE 439y Be} CE 2317 (coup-
ling) ¥eNol] TIAA FAsIHEH ApHoze
DE¢]| o9 EX%3}1A17F ¢ Aol M2 ¢ E
Eqlshe ¥ Jebyich

rﬁ=K%<1—\/%>z (17)

N
kT n® M2

Tla(M) oC

AAR Agzael woies ole}t % A
-85+ zero-shear rate viscosity7]- qR g B
2= °§°3.§ UtEA 7= 344 WAL =R oAutw

B

A oziel W wole

AZ=e Folrle shi 1'-9.‘ z?]% —Er b w9
e We PR EEE e 283 A d
e o] 7HA] o]&A P AdA &4[99, 108-
114]e] Al&= 3 9lc). o] Fell4 X £3] Rubinstein
[113]9] repton(AHEsle Al vjdEydoz 2

A7 ) de
N A Raehn

E313 o] &e] 345 WA

A&e FAY Bast vk

2.5. H[ekx=719| af|H|(Constraint release)2t 2t
9| x&4A(Tube renewal)

BYRH| Rl A Aol o] AFd] FE

qEge 3 HEE 3 Y9 Hiw Fa

e B FEuke 4327 giges Aztbal

gz HrbH el /S =qlste] & F30

9 He WHsE med F gled[115116],

SLEAA A A&

e AFH Faield 9

ol RHAREF A dA e FHAE F9
AF7E AHA 9] 3h-Fol 23] o] Ee =
dAtee] 5ol AlkE FA Qe B9 dRE
wald 4 gloks gl 93 Aelth & DExd
dlMe FH Aol RdAl&d] Wit $1ArsbH el
Aokl Hejal # Yoz WeHgY T A
€8] AF7} JFel A F=q o] FRolA9 Ao
&4 (constraint release) 522 wa}r] old] o<
e #9) diE WslE AA =k (tube renewal) =
Zeo|tk(Fig. 7 #x)). o]2id 73S DE9] #3m
ol Bo] AAE o]Fel tfFH F713 BA)Ee
st =9[32, 72, 117-119]% »} 9lov} ggo g
Klein[120,121]0)) 2Js}o] A|ekzAe] a7} <3}
A1t 9 gaAlgel] mlxe A} FAHeR A
= ik

Klein[120]2 2] Aofe] siAld wj7tx) Haje
SR T& RdAkEo] AFgoem 2 9443
whA Wrhed dEle A7 T(=tw) 9 ez A
Aste] oo} 7o) Yehigict

L2 n

Te=— =17 19
‘1D, 12 (19

7]ell A Doe Ux FAHEAS B2E AFE9)
EH4bA <= (reptational diffusion coefficient) o]t} =
gk Alekz70] A Hell wa} B¢ conformationo]
Watste] 3] APAHE wrix)e] EPAT T

) random jump of

! primitive path

Fig. 7. Release of a constraint on the primitive chain
by reptation of a neighboring chain. In this
figure, constraint release occurs at the enta-
nglement coupling point C and the thick cur-
ves denote the model chain. Tube renewal
process contributes to the overall tube length
parameter, e.g., tube radius increment.
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N2 T,

1= 3n?

(20)

o2 mes|oeh o149 F Aol4 Bl 2daiee]
P17 Ty} Bel AWA 12 T A= 54l
PAE §ARTL ek o] F oA B4 E
o $89 $HEHAZ T Klein[120]¢]
SEER

1 1

1
P (21)
T, T, T

s} 7o) uhehdeh & 97 o] oS B A

(N>l #e] AA Azbe] w9 A2z
(T>>T) F2H W3 F2 AR5l s Alte
S (TaTHE & & ok

A Graessley[32]& AF&ol gt FEEA2A
(stochastic) 2@ 44l bond-flip =H[122]e
Z|Zsle] AlekzA9Y sjA] #AE primitive path
Z d¥7} qJo) whgke g F38A zek(random local
jump)3h= 7178 A<k, ©)E siMstich & Al
Z270] A== fese  HFA7Haverage
waiting time) & T,2} & o] A3} A=z 37}
Al 7] Sy oz devhe A9 S

Eigadt

G() =Ghuc(HR(L) 22)
E FojA=d o] u R+
1 8t sin’*(pn/2N)
B G

oltt. ¢ A& DE®] g uddo) &3} nlwsle] B,
R(t)¢] Ag& N/ Y 2L 840 3 Rouse dy-
namicsE A8 Ao n g ARE A 245} 7H
drt w9 He AZAZ LA A o] FolAS
& o Utk webA] zero-shear rate viscosityo]
2beE g EA o)z dellMe AR Do)l ujsty
bzl Hol gl Z1[32]70] ®alch e ARE
W AekzA sAlel ik abASe] =3)[123]
o] A AFE AR Az} feo] A Ao ‘H
%]+ zero-shear rate viscosity= ARERRS] 7

He} 040 BER Jebd, F AlekzAe] siAe
zero-shear rate viscosity®] ZrAdh= & FH[35]E

ofo o

s Al44E A 1%, 1992

freshedl ol AT Feo] L AZeddd)A
SHest a9yt 299 glolth

oAl AN Fell uksle] H o EH AHE A7
[124]ell A= Akz719 Azt Nd2 Abgdl
o7t A2 A7} AkeA18] whak(lateral direc-
tion)oll w2 AlES-Fol o3l A )
Asledop ek F3E vie ook v AHukA
22 AxZY AL fHEA A wA=
S dolhes AT oAtelA dFe] & &
A (monodisperse) ITEAMA| oA BT} HA7 2
A=t EEE 7t o4 (polydisperse) ZEAMA|,
3] 24% EFA oA oS AAAE oF
o7} 2 olfis A A= BllAlEe] T
At FY3 BAE REER 7|9 Agd
ek AsA &t M2 A EZ] 42 dbde]
Raleko] ME o2 A7 73 o7 A=
Z}7]9) Sk3pA|7Ye] FEFE ApolE P EE o] &
8] 48}7] g-o]3}7] wfFolrt. ool tshAd = Klein]
blob Z[125]°] w4 T83 o] 222 rFojxx
e}, #YRde|2e &4 olAFH AT 2
Pxlo] AP Rdo] AL S FHFAQY AF
7} ZAEEE olvhs el J7ste] o]#jt o
AHAE w2 FE ko] A 53 el A xpAF] A=)

de B

3. Doi-Edwards 2E 3} Curtiss-Bird 2&l

3.1. Curtiss-Bird 2@l2] 7iR

Doi-Edwards =4[15-18]¢] bead-spring®.2&
AR AFAAY Aol f4EA AgzAd #
Well Al A3kt HH’E constitutive equationg
Fr=8F Zsdol ¥sted, Curtiss-Bird(CB) Zdof A
9] constitutive equation §-%=[38,39]% A" o2
A A3} Curtiss-Bird-Hassager 2] phase space kine-
tics[28, 126]2] #AHel| 4] Kramers?] bead-rod =}
FAd¥ Abselzte 7PEM127-129]014 Estel
th. 2l o AR gl e, 41 @ A= (link)
o MFREFTE HAY o A s A
& wreFA ol gk wpEA (2 242 A 4 (link te-
nsion coefficient) ¢ % Al&A) 2k 4>(chain const-
raint exponent) Bel &) Al&e] Falupzxrle] A
A=) weby HFHog FUF

&2 (homoge-



9A e AY ZEAA D WD FEHA AF} Bl 11

neous flow) o] A& 4= oA LukgA]7] £¢] con-

stitutive equation-&
1 ¢ ! ’
o=NnkBT[§8— f pes(t—t)Q (E)dt

e f;vcs(t—t')Y(E, K)dt'] (24)

o 2 FAEch orldA], FAHRIE, F9
719 8(memory function) 5-&

pes(s) =8 > exp(—n?p’s/A) (25)
}\ podd
6  _
VCB(S)=——2—Z p~Zexp(—n?p’s/A) (26)
TNp odd
w3 55 el v} depAe HYFFES
_ 1 [E-ul[E-u]
Q(E)—4ﬂ “[Eu:l [E-u] u @n
_ 1 ([E-u][E-u]E-u][E-u]
YE 0= x: ((E-u] [E-ul)?
(28)

A Aelx wiES (9} BE sl e B4
2327 AE

N3+Bca2

29
2kgT 29)

oleh. B3 dl4 k& $27]87]) W49 transpose,
% k=(Vp7olt}. DERH|HE o} ‘AME’
o gl st EEld A A@Hom
43 wbHe] CBE4o|49) constitutive equa-
tiond ZF-A A& A E bead-roddy AlezZ 3
gete] 2 Al £A98d Brown $50%
|3 Azfolet. wpeba o] wlo) AleTA 2
DERde]4 t#= Kuhn stepe] ohlal o3z
7o) A7l a e AMSEA 79 A ag #4A)
22

ft g oy

g Ao (rigid rod)2 TR Akl Wi
CB3l4-2 = constitutive equation Wol] DE
AN T} AL TET gk = A (24)
A HABHAF e7} 48 3¢ A9)sld DE9
constitutive equation¥} 722 2Jo] iU s}A =

)

°]

plateau modulus ztell 2ejA] 1/59} 4/59) factor
zZtol7b 9itH130]). o)A CBE:HY A4
DEx 4o 42} ZFe] bead-rod2] Brown -2%9¢] Ma-
rkoff processE WE£ ZOoE JIAslgoBE A}
T 72 AlERFo] o] FolA]7] wolc) welA
CBRHA Frlder aesie A8, F A&
A o) Aol jF e shA A8k Vel 4
(24)9] 3 A FET 4o g7sch
o3} 72 CBRY S constitutive equation
shearvt D% A4l 59 A 38 24
[40-42]3kAvt 714l £33 (material func-
tion) §& F:2[43]18 A#r} Aoz wuy
AL e]eA] chE-AtAl o 7hR) o] HA . X %[44-46]
H v} gJon} Awbdo g DERD ] v wwdA
W o] =29 tiA130-137] 2% t}FojA
th 53] HaAHAT e9] E2H sHo] B
TAZE AFHLE =95 gl old FHA=

ot A e,

3%

3.2. Curtiss-Bird 2lo| S
Curtiss-Bird 2] A|A][39,40] o]%ofl 247}
A o] FeiA ARA A} F At n PR} F5A
fisd A, 58] dial el aede] F5go

48-Ael I zero-shear rate viscosity 2

4> I8
>

%2} 3(normal stress difference func-
tion) ol &k A *|[63, 64, 74, 138-151]2}2] ®|
d-7{40-43] A3 CBEEL AAHA e o] 123} 5
ol HaiAE wl¢ sl ot wjxdatel o) A
% (transient behavior) Awel: v]E3t o] we
Ao® vepygrr z2|x w9 Balgk 586 s
A= CBRHEA #4[44]8 A28 v} glor} oq)
HelMe A3 AP A8E 3771 o5 e o
ol WAL A7k sl Al vl ok o) Aw} 7o wlw
A7l slelA CBER ] data fittingg 93+ wj7)
HMr2A F2 A8 A S Ag 9

ARHAST e2 F 71A] WP e AAe] 23
sto] AFA] 714 & sle A5 ddsis= w
Ao]qdr}. 312 DERd 3} CBRY-S ulwdl #e

Table 2¢l “Jehgict.

& Bernard®} Noolandi[130]% scaling® 0 &
CBRYES Z5sld+d Onogi S{152]9) A% A
S AgAAe vad of CBRAA 2] A
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Table 2. Comparison of Doi-Edwards and Curtiss-Bird theories [42].

Doi-Edwards

Curtiss-Bird

Model of
a macromolecule

(a) Freely-jointed chain of rigid links
(“primitive chain”), in derivation of
the equation for the single-link
distribution function (Ref. 17, Sec. 3).
(b) Gaussian chain with an equilibrium

_ force in the springs maintained by

Maxwell demons, in the stress tensor
expression (Ref. 16, p.1804; Ref. 18,
pp- 38-39).

Kramers freely-jointed bead-rod chain
used throughout (Fig.1 in Ref. 38).

Moel of
polymer melt

A collection of chains whose restricted
motion is described variously by a

cage model, a tube model, or a slip-link
network model (Ref. 16, Fig.1).

A collection of Kramers chains whose
interactions are described by the
introduction of a nonisotopic Stokes law
for the beads containing ¢ ¢, and B.
(Ref. 38, Egs. (5.1) and (5.2)).

Stress tensor
expression

Stress tensor from rubber elasticity
(Ref. 16, Eq.(1.1); Ref. 18, p. 38)

A rather general formula for interacting
bead-rod-springs of any connectivity
obtained by a phase-space treatment
(Ref. 39, Eq. (1.11)).

Reptation in a
flowing polymer melt

Described by a one-dimensional
diffusion process (Ref. 17, Sec.3)

Described by using a shifting operator
(Ref. 38, Sec.2).

Constitutive
equation

A single-integral expression which
can be rearranged to a special case
of BKZ equation (Ref. 18, Eq. (1.5))

The sum of two terms: The first is almost
identical with the DE results, and the
another is single-integral multiplied by €
(Ref. 39, Eq. (5.6)).

Characteristic time
(longest relaxation
time) in constitutive
equation

Disengagement time T, (=L%*Dn?
appearing in the equation for the sinlge-
link distribution fucntion

(Ref. 17, Eq. (3.12)).

A=N3*PLa?%/2kgT which appears auto-
matically in the equation for the single-
link distribution function as a result of
the nonisotropic Stokes law used

(Ref. 38, Eq. (6.18)).

Elongational
viscosity n (€)

7 inreases slightly with elongation rate,
then decreases as ¢! as é—>®
(Ref. 18, Fig. 12 corrected).

T-| approaches a constant value for
each nonzero e as é—
(Ref. 40, Fig. 3).

Steady-state shear
viscosity n(y)

1 decreases with y reaching a slope of
—1 at 1/Me=025 (Ref. 18, Eq. (3.11)).

n-curves for €#0 attain a slope of —1 for
lower values of n/mo (Ref. 39, Eq. (4.12)).

Stress growth and
stress relaxation in
transient shear flows

Overshoot for viscosity. No overshoot
for first normal stress difference. No
undershoot for second normal stress
difference (Ref. 18, Figs. 6-8).

Overshoot predicted for viscosity and first
normal stress difference. Undershoot for
second normal stress difference

(Ref. 41, Figs. 4-6).

sl A48 A1E, 1992
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A= Kramers A}42] bead-rod configuration 2
Fo] B&aps o 3% FZAHAT
9] & e=00]ofo gk FAFHACE ol 4
(24) 9] E3& A LE F8, é DE=Ed )| 4 €] cons-
titutive equation¥ FUg FAlgte] {FHI|lr)=
olmjolr}, 3t FAAHATIT 2 e F&
W3¢ (strain rate)ol] ©i§ & °] “}]—% o"?‘f
22 A& A o 583
AR I (dissipative effect) & Vepdic). °] 147}
A 28R ASole FHEA ] (stress-opti-
cal law)ol¢] ZHg-o] ojgirh= o] Ui 29].
CBRY-E $ol|A] ool B 7}A] Ao E1
sta o8] Jx] W o2 Jutsial e A7) A%
= gleh ol &9 Schieber F{44-46]
2% oAl FEARS #A dF F Ottinger L
Foll o7 AarmAbd d7{135-137] Fo] Stk
£3] HaARA gl = 0] A$ol A=
Aol FHFeo] AFIA Hrhd HAHAL w29
e Jhesivta FAEEcH4]. & HAA

Z= 25

=
4

o

4] & & 24 Schieber[132, 13317} A% B =5
No] AbgRde nAe 43 & 5 e, o
7H] FL5EA DERDE Nowel Age
Fhell 2 dx)sh=dl dbsle] CBRYS 33 ASS)
P2 9 PagAAse] 280<e<DE F3to
choRet Wl BAYSE ¥ EIT 5 glrhs

Zlolc}. o]k} ho] CBRY X £3] &

g Fie] AFAQ =99 thAte] =Hi gle
ol tiste] A FAHI = AFE F2 A
Abmab v o g XFHI gic)

3.3. A58 2= Rdl(Reptating rope model)

DExEH ] 7|23l Abg 7idellA] 2qkste] CB
2ol A Zzshe 'A< W7t aese 2
9] 2] FH2ol WEH Geurtse} Jongschaap]
AFed Z2Rd[153-156]& & gt} o] 24
AME TeA Abee d o B4 2=
(continuous flexible elastic rope) & 7}4slw 1
+3AE d2s # Wl AHsske WS A"
st gleh o] o] 7]&2] DERYH & A
2 2o 243h= Brownd&5ol 3lojA B W
< 2 Tl A7 JelAe] AE Wy
ohdzl &2 Azkdde] Al&g R 943 wAe

Az
A4

ZEAA ] A&

S AgH Eaole 13

A E£3gsta sdvke AHelth =3 CBREAe
FEA delAe #F Wl ¥z 2279 nt
FH7A] Bb A oAl s o2 |3y A e
EA2 = =059 Iz CBRAF YA|3h=
AIE 2 5 dvhs Aoldh wWEhA o] B4
X% constitutive equation wi-¢ Y& 3|7k
ddol thatd CBRH ] A3t Z& w]ZAAd
BFoY mE F714 55 Fo fEH Ass
o4 & A9 4 Qloh

o] Abgy mxudel viekgt AAS Udotre
ATFE A 71 E[155, 15619 v} s, T 24
2xel 'AHE HYE sk M &

inextensible

limitE w2jshd 229 $34d £ 7 B (seg-
ment)7t A7l #&4E CBRY} ZEAL=R
2 ef9] constitutive equation °é7ﬂ H=d)

o] Aellxw =} # Hwizte] ey 2ey
(hydrodynamic interaction)e] E&se] gloja] A
Aoz B £=053 CBEY-S 19 Yuksx]zl
Heli7b =} o7]elA] o] 4o fE+& DExdd)
Ao} frARE WS A Aolels Aol FE3
487} glom =3 DERdoA of= gy 23
9] FExFGTL ohd F BA7e BEIE [AAY
7 A AAE A& dE= YHEAR consti-

tutive equatione|gl=d] £ 2jv|7} gt
4. pYHAO|BS HABT MER AdZo|=

o] ol 4] gl ule} o] TEA “r—iﬂ]‘ﬂ]‘i-"’]
+F F 7P A Q] whalel ARgel Wigk A
Ay ndolZel F8x7]o Baumgartners} Blnder
25155,56] 23 Fel® u} glen o]ojA] pri-
mitive segmental unit Yol 4] 2] Rouse %o <3t

E7HA E3he AALRAPL v A wHo[157-
162] Rouse % % Abso] 714 efdA de 5
AQAagle] &=t 22} o] Rouse 5o
primitive chain%-2] segmental unit®£4]¢ %9l
Wbl AR5 primitive chain Aol gt $h3}
HARolunE M2 EgAql 434 B ghsjelod
7M. & AkeZo)d 2 %37k BT
(normal coordinate) & Fourier &8 A]7]™ ©t
B3 ddexE Rouse %, A}t ool
ARgel Zhzt A ]l b2 B-FE{160].

Kl o

«
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wg AFEshe EA ARl diR AARALE
E3le FiAS d ST Fo WeEe
A sHAl A= sich DEZE 9l Bt Sl cagend
[16]7} Rubinstein®] repton=@[113]S 583l
At ZolE WIS 10022 A4 Az g4l
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TE fAA71E A WA F 58 JHAIIE
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sz EAAQl FATFEE 37 AT
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aArk

o]z} o] Rouse 53 AbsS A 1e3dt
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L& shear rateol] W&k zero-shear rate viscosity'}
TAEH Y FAAE R 2 25| 2] 54 F
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5.2. 24E EEH=E(Binary blending law)

Al ME o F R4 nEAE T3
Ae s Aol B e 4 A 83}
A S i EA e gk FrR ALY 5 gl o)
2% EAY AL 7GR e A
Aol gog e A%, F 248 2
gt o] &3 A7} 19501 el Ninomiyal 174,
175] 28] A|2ks]o] DEXo] o]22) $adndz
e BAEA o] BUHAT 2ol o 2ei4
= GEAHl Y] ghslell A FeF dE8e sl #o
Ak A R B AYY )T 52 FAHeD
2dke d77HA] RaEm gloh o7)eME 5
DERZH o] AAH 248 E32e goks)
ool HPEW D yrldel Pphde =93
gele] E3y el dejols Aw,

Ninomiya[174, 17510l &J& AAH Eg2
Fa7)Ee s 7F Aol 7 mE et Feelinh
ol & 3t ~dERS] gow FAEW

ri’liﬂriiﬂ

o

H,(x) =viH;(x/A) +vHy(t/As) (30)
olth. o714 sHAA 13 2% 247) ARG A3}
DAY HEE ehle v P88, A Sl
ofsl 2 Adite) skshaERe) o) F sl Y(shift-
ing factor)o|t}. 12} o] EihHHe Wy A=
[176-178]o| = E-F8t3 Exjak B¥7) £& A

o= AAsx] Ei Qo2 w183, 184]= itk
Prest[190]+ Ninomiya2] £33 ele a9z

The Korean J. of Rheology, Vol. 4, No. 1, 1992



16

Table 3. Molecular weight characteristics of the bi-
nary blends of polystyrene fractions with which each

A -

has a.narrowly-distributed molecular weight*

My,® My wo?  (Mu)® (My/ measurement  ref.
%1073 X1073 X1073 M,),"

48 550 030 199  3.02 capillary rheometer 138
48 550  0.50 299 340

51 160 043 98 dynamic tests with 144,
51 411 013 98 Weissenber 190,
97 411 0.023 1044 1.10 rheogoniometer 191
97 411 0033 1076 112

97 411 0049 1125 116

97 411 0089 1251 125

97 411 0209 1627 146

97 411 0399 2223 166

105 400 010 168  1.55 creep recovery 175
105 400 030 284 220

105 400 050 400 250

105 400  0.70 516 246

105 170 0.50 146 115

170 400 050 436 181

200 400 050 520 195

59 581 0.50 dynamic tests 183
215 351 050

47 167  0.20

47 167 0.40

47 167  0.60

47 167 080

94 565  0.50 239  3.65 capiliary rheometer 187
192 1260 050 481 310

47 167  0.781 creep recovery 188
104 738 0877

137 294 0.686

125 267 017 149 1.15 stess relaxation 189
125 267 0333 173 1.21 techniques

125 267 050 196 123

125 267  0.66 219 121

125 267 083 243 117

86 500  0.50 292 2.28 dynamic tests with 193
86 500 075 189  1.98 Weissenberg

86 500 0875 138 1.63 rheogoniometer

86 500 09375 112 140

160 1800  0.50 980 creep recovery 194
200 1800  0.50 1000
411 860 0.25 523
411 860  0.50 636

35 400  0.05 53.35 Contraves-Kepes 196,
35 400  0.15 90.50 balance rheometer 197
110 200 0.15 123.5

110 200 030 137.0

110 200 070 1730

sl A4 A1E, 1992

%

N

Table 3. (continued)

110
110
110
110
110

20
20
20
20

70
130
285
130
130
130

23
38
23
38
72
23
38
72

120
120
120
120
120

91

97
97
97
97
97
97
401
97
97
97
97
173
173
173
173

400
400
400
400
400

592
592
592
592

130
797
797
285
285
285

427

427
1188
1188
1188
2812
2812
2812

970
970
970
970
970
460

528
528
528
1649
1649
1649
919
945
945
945
945
945
945
945
945

0.05
0.10
0.15
0.25
0.50

0.20
0.29
0.768
0.809

0.50
0.50
0.50
0.25
0.50
0.75

0.01-0.2
0.01-04
0.01-0.4
0.01-04
0.01-0.4
0.005-0.05
0.005-0.05
0.005-0.05

0.05
0.1
0.2
04
0.6
0.1-0.8

0.2
04
0.6
0.05
01
0.2
04
0.02
0.2
04
0.6
0.02
0.2
0.4
0.6

1245
139.0
153.5
1825
255.0

1244
185.9
459.0
482.6

1844
270.2
357.0
1742
251.8
406.9
607.4
1132
266.0
435.7
605.6
188.0
3270
482.0
636.0

5.02 creep recovery 198
6.69
5.93

5.27

dynamic viscometer 200
of concentric
cylinder type

dynamic tests with 203-
Autoviscometer L-3 207

1.3 dynamic tests with 209,
1.56 RMS-605 210
1.99
2.49
246

1.65 dynamic tests with 216-
1.96 RDS-7700 225
197
1.78
245
3.55
127
1.27
1.52
1.86
2.03
123
145
175
1.98

4QOnly for the case of Mye>M,1>»M,= 18000.

®Weight-average molecular weight of lower-molecular-weight
component.
¢Weight-average molecular weight of higher-molecular-weight
component.

4 Weight frction of higher-molecular-weight component in the bin-
ary blend.

¢Weight-average molecular weight of the binary blend.
fPolydispersity index of the binary blend.
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M,=185000). Symbols are from the data of
Struglinski [215]. Curves are identified by
some binary blending laws: (—) Kim and
Chung [218]; (-+-) Doi and Edwards [17];
(-—-) Schausberger et al. [200]; (-+*) Kurata
[202]; (-++-) Masuda et al. [201].
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