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Abstract— The objective of this study is to investigate the correlation between steady shear flow (nonlinear behavior) and
dynamic viscoelastic (linear behavior) properties for concentrated polymer solutions. Using both an Advanced Rheometic Ex-
pansion System (ARES) and a Rheometics Fluids Spectrometer (RFS II), the steady shear flow viscosity and the dynamic
viscoelastic properties of concentrated poly(ethylene oxide)(PEO), polyisobutylene(PIB), and polyacrylamide(PAAm) solu-
tions have been measured over a wide range of shear rates and angular frequencies. The validity of some previously pro-
posed relationships was compared with experimentally measured data. In addition, the effect of solution concentration on the
applicability of the Cox-Merz rule was examined by comparing the steady flow viscosity and the magnitude of the complex
viscosity. Finally, the applicability of the Cox-Merz rule was theoretically discussed by introducing a nonlinear strain meas-
ure. Main results obtained from this study can be summarized as follows: (1) Among the previously proposed relationships
dealt with in this study, the Cox-Merz rule implying the equivalence between the steady flow viscosity and the magnitude of
the complex viscosity has the best validity. (2) For polymer solutions with relatively lower concentration, the steady flow
viscosity is higher than the complex viscosity. However, such a relation between the two viscosities is reversed for highly
concentrated polymer solutions. (3) A nonlinear strain measure is decreased with increasing stran magnitude, after reaching
the maximum value in small strain range. This behavior is different from the theoretical prediction demonstrating the shape
of a damped oscillatory function. (4) The applicability of the Cox-Merz rule is influenced by the B value, which indicates the
slope of a nonlinear stain measure (namely, the degree of nonlinearity) at large shear deformations. The Cox-Merz rule
shows better applicability as the B value becomes smaller.
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Fig. 1. Theoretical nonlinear strain measure.
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Poly(ethylene oxide) 2x10° Distilled Water 1, 3, 5
(PEO) 4x10° (H0) 1,2 3,4
8% 10° 1,3
Polyisobutylene 47x10° Decalin 1,35
(PIB)

Polyacrylamide 5%x10° Distilled Water 1, 3, 5

(PAAm) H,0)

gl A1 108 Al 45, 1998

104 S—
10° | 3
102 | .
—
o 1
- 1
Sq00 L B
3
100 |k ® PEO/H20 SOLUTIONS
B PAAn/H20 SOLUTIONS
& PIB/DECALIN SOLUTIONS 1
101 -
104 108

10°
cMw [g/mol]
Fig. 2. Zero-shear viscosity vs. the product of molecular weight and
solution concentration for polymer solutions used in this
study.
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Fig. 3. Comparison of steady flow viscosity with dynamic viscosity
for PIB/Decalin solutions (Mw=4.7X 10°).
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Fig. 4. Comparison of measured steady flow viscosity with other pro-
posed relations for 3wt% PEO/H,0 solution (Mw=2x 10°).
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Fig. 5. Comparison of measured steady flow viscosity with various
relations for 3wt% PAAm/H,0 solution (Mw=5Xx 10%).
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Fig. 6. Comparison of steady flow viscosity with complex viscosity
for PEO/H,0 solutions (Mw=2x 10°).
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Fig. 7. Comparison of steady flow viscosity with complex viscosity
for PAAmM/H,O solutions (Mw=5x 10%.
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Fig. 8. Comparison of steady flow viscosity with complex viscosity

for PIB/Decalin solutions (Mw=4.7x 10°).
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Table 2. List of o values

Conc.

Mw
(g/mol) (W%) o value

Polymer solution

1 0.92
2x10° 0.96
1.12

0.89
0.92
1.09
1.25

PEO/H,0 106

0.98
1.24

8x10°

0.92
1.06
1.10

PIB/Decalin 4.7%x10°

0.90
0.94
1.26

PAAM/H,0 5% 10°

N W =W B W N =W
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Fig. 9. Nonlinear relaxation moduli for 3wt% PEO/H,O solution (Mw=
4% 109).
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Fig. 10. Damping functions for PEO/H,O solutions (Mw=4X 10°).
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Fig. 11. Nonlinear strain measure for 5wi% PIB/Decalin solution
(Mw=4.7x 10°).
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Fig. 12. Nonlinear strain measure for 5wi% PAAm/H,0 solution
(Mw=5x 10°).
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Table 3. Collection of some published nonlinear strain measures

Author(s) Nonlinear strain measure S,,(Ys) Sample
Y .

5 uE—— PIB solut
Zapas[57] L+ /97 solution
Phillips[58] yexp(—0.133 9 LDPE melt

1y Y .
Phillips[59 —_— PIB solution
ilips{39] 1+(0.188 7 v

Osaki et al. PS soluti
[60] 7[0.913 exp (— 0.368 1)+ 0.087 exp (~ 0.084 7)] solution
‘Wagner and
Laun[61] 7[0.57exp(~0.31 y)+0.43 exp (- 0.106 7)] LDPE melt
12\(1)1?12 nz[’gg] Y088 exp (0.7 y)+0.12 exp (~0.15 )] ABS melt
4 T T T
[ ® Zapas [57] v Osaki et al. {60}
O Phillips [58] = Wagner and Laun [61]
v Phillips [59] O Booij and Palmen [62]
3 i

S, (78)

15
4
Fig. 13. Nonlinear strain measures for various relations suggested in
Table 3.
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Fig. 14. Nonlinear strain measures for polymer solutions used in this
study.
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Table 4. List of § values

Mw
(g/mol)

2% 10°

Conc.
(Wt%)

Polymer solution B value

(%)

0.02

0.04
0.04
0.07

PEO/H,0 4% 10°

8x10° 0.05

0.03

4.7x10°
0.05

PIB/Decalin

0.03

5% 10°
0.06

PAAmM/H,0

N W WA WD

1.6 T T
3wt% PEO/M20 (Mw=2X10°%)
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.08 12

B

Fig. 15. o vs. B for polymer solutions used in this study.
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B;(t, t) : Finger tensor
c : concentration of polymer solution
G(t) : linear relaxation modulus
G(t, ) : nonlinear relaxation modulus
G'(w) : storage modulus
G"(w) : loss modulus
G*w) : complex modulus
h(,, I,) : damping function
h(y) : damping function in steady shear
H() : continuous relaxation spectrum
L,(By), L(B;) : scalar invariants of the Finger tensor
Jy(v) : Bessel function of the first kind of order
ZEero
J'(w) : loss compliance
m(t-t") : linear memory function
M](t-t"), I,, L,] : nonlinear memory function
M : molecular weight
s : time interval
Sit, 1) : nonlinear strain measure
S1(Ys) : nonlinear strain measure in steady shear
t : time
J2|A 2}
o : deviation from the Cox-Merz rule
B : absolute value of the slope of nonlinear strain
measure (=degree of nonlinearity)
v : strain magnitude
Yo : strain amplitude in oscillatory shear
Y : shear rate
d : phase angle
Mo : zero-shear viscosity
[m] : intrinsic viscosity
N : steady shear flow viscosity

N'(®) : dynamic viscosity

N*(®) : complex viscosity
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: relaxation time
shear stress

Ty(t) : extra stress tensor
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