
In earlier papers (10 to 12)  an approximate molecular 
theory was developed for the stresses in concentrated 
polymer solutions. The present objective is to verify some 
of the resulting predictions, and to indicate how this 
theory and others can be used as guides for correlating 
experimental data. 

MOLECULAR THEORY 

By a summation of forces between all polymer segments 
in solution, it is possible to arrive at a general expression 
for the total stress tensor P as displayed in Table 1. De- 
tails of the derivation, and important literature references, 
are cited in previous works. All dilute-solution theories 
(DST) make the approximation that interpolymer inter- 
actions are unimportant and the term preceded by n2 can 
be dropped. This is valid when the polymer molecule 
concentration n is small and when the spatially averaged 
forces VV between pairs of molecules are negligible. Dif- 
ferences between the different DST's lie in how the intra- 
molecular term preceded by n is evaluated. Retention of 
this term plus Po always leads to the prediction of a 
characteristic fluid relaxation time A of the type shown 
in Table 1. Variations from model to model cause Kdil to 
differ, but the dependence of A on M and c is always the 
same and fixed by the dilute-solution limitation. An im- 
portant consequence of this is the implication that visco- 
elastic properties, such as non-Newtonian viscosity and 
normal stress can be correlated over wide ranges of c, 
M ,  and shear rate y by certain reduced variables which 
incorporate c, M ,  and qo(c, M )  in a certain way. This 
has been verified experimentally (8, 9) even for cases 
wherein specific molecular models do not supply a satis- 
factory quantitative description of the shear dependency. 

The concentrated-solution theory (CST) is based on 
the assumption that, for some range of c and M ,  the intra- 
molecular term is negligible compared with the inter- 
molecular one. This might occur in part owing to an in- 
crease of n, but primarily because the average forces 
between molecules become dominant. In this case, a dif- 
ferent dependence of A on c, M ,  and qo(c, M )  appears; 
this is also shown in Table 1. Unfortunately, the arguments 
leading to this A rule out the determination of K,,,,. None- 
theless a significantly different set of reduced variables is 
implied for such materials. This indeed resolves a number 
of reports (11) wherein the DST predictions failed to 
correlate data. 

EXPERIMENTAL V A R l F l C A T l O N  

The older observations which tend to support the CST 
have already been reviewed (11) and need not be re- 
peated. These dealt separately with the factors of c and 
M for correlation purposes, but were complicated by the 
lack of polymer samples which were monodisperse or well 
characterized in molecular weight. Recently, such samples 
have become available and new work has been reported 
from various laboratories. These appear to give additional 
strong support for the CST predictions, and will be dis- 
cussed here. 
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Craessley and co-workers ( 2 )  obtained non-Newtonian 
viscosity data on monodisperse polystyrenes in n-butyl 
benzene, covering a range of concentration from 20 to 
55% and molecular weight from 97,200 to 2.4 x lo6. 
Plots of 7(y)/q0 vs. 7 were shifted along the y axis until 
all coincided on a master curve; each such shift deter- 
mined an experimental relaxation time for that fluid, Aexp. 
The superposition of these data was excellent, verifying 
that a single mechanism of molecular response was domi- 
nant. A critical test of the CST can now be made by com- 
puting Xexp/Xdi~, where Adil is chosen for convenience to 
be the Rouse value ( 2 ) .  This ratio should be constant 
over ranges of c and M if any DST applies, and equal to 
K / c M . F ( c )  = K / c M  if CST applies (see Table 1). A plot 
of Xexp/Xdil vs. cM is therefore presented in Figure 1, where 
it is seen to exhibit distinctly non DST behavior. The 
function is not quite hyperbolic, as suggested by CST, 
but is almost so. This shows that concentrated behavior 
is characteristic of a wide range of the parameter cM;  
dilute behavior may be extremely difficult to attain when 
M is large. 
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Fig. 1. Experimentally determined relaxation times )iexp, referred to 
calculated times hdil based on Rouse dilute-solution theory, shown 
as a function of cM. Here, c = polymer concentration in grams 
per cubic centimeter and M = polymer molecular weight. Data 

taken from reference (2) .  



It  has recently been noted that the parameter cM ap- 
pears to correlate a wide variety of data. Ferry and co- 
workers ( 5 )  in plotting G’(o) and G”(w) for concen- 
trated DNA and polystyrene solutions, found these two 
curves to intersect twice; this never occurs in dilute solu- 
tions. The spacing between intersections, A = log 01/02, 
was a function of c M  and vanished at a critical value 
( c M ) , .  Even for nominally dilute solutions, Holmes and 
Ferry ( 3 )  found that the dimensionless steady state shear 
compliance ( c R T / M )  J,, given by (2 hi2) / (2 hi) in every 
DST, have changed smoothly from the Zimm value to the 
Rouse value as a function of c M .  

It  is most interesting that O’Reilly and co-workers have 
obtained rheological correlations for polymer melts, poly- 
dimethyl siloxane (7), and polystyrene (6) ,  that resemble 
Graessley’s in their dependence on M .  This is surely not 
coincidental; it has long been known that mechanical 
properties of melts and concentrated solutions are qual- 
itatively similar. Indeed, the general expression for P in 
Table 1 also applies to melts, and it is quite likely that 
an appropriate evaluation of the n2 term would lead to 
results which resemble the CST predictions of h( M )  . 
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Fig. 2. General shape of G(7)  function, as suggested by shear-’ 
dependent stress data on a variety of polymer solutions. 
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TABLE 1. STRESS APPROXIMATIONS 

STRESS- RAT I0 CO RR E L A 1  I ON S 

A failing of the CST in its present form is its inability 
to describe accurately the dependence of P on c, M ,  and 
shear rate y. The latter weakness is shared by nearly all 
molecular models. 

Experimental evidence, however, shows that certain 
stress ratios are relatively insensitive to shear; one such 
ratio is G(y ) = (shear stress)2/( normal stress). A variety 
of literature data suggest that the general shape of the 
G(7)  curve resembles Figure 2. The limit Go which rep- 
resents second-order fluid behavior, is difficult to achieve 
experimentally, and characterizes a sheir range of little 
significance in processing applications. Most available data 
would suggest that G ( y )  is an increasing function of 7, 
but this appears to represent a transition region between 
Go and a hi her lateau GI. This second plateau is rarely 

dustrial importance. Apparently G1 can be about one 
order larger than Go, but in general G(7)  undergoes 
changes of magnitude far less than the components P i j ( 7 ) .  
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Fig. 3. Shear-dependent stress functions for a 1.53% aqueous 
solution of polyethylene oxide, from reference 13. The normal stress 
represents the slope of the logarithmic radial stress profile in 

cone-and-plate device, PII + P22 - 2833. 

The plateau GI can be reached easily for some mate- 
rials. Data published earlier (13) on polyethylene oxide 
solutions are reworked iin Figure 3. The stresses clearly 
represent high-order behavior, so the G(y)  function is 
not Go but rather GI. In passing, it should be noted that 
the stresses are not power law in character; such a feature 
is not essential for G ( y )  to be independent of shear. 

Since G ( y )  is found to be such a convenient parameter 
for correlating shear dependent stress data, the next ob- 
jective is to predict its dependence on c and M .  The DST 
predicts Go - c / M  and the CST suggests Go r- 3. Kotaka 
and co-workers ( 4 )  exlrapolated their data on concen- 
trated polydisperse polystyrene solutions to show Go - c2, 
independent of m. OReilly and co-workers (6, 7) ob- 
tained analogous results for polymer melts: J ,  (propor- 
tional to l/Go) was independent of for polydisperse 
silicones and monodisperse polystyrene. 
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This success of CST with Go(c ,  M )  motivates use of the 
c2 factor also with GI. As shown in Figure 4 this works 
very well with GI for polyethylene oxide solutions ( 1 3 ) .  
GI also seems to have some M dependence which is not 
predicted by any existing theories. Based on fragmentary 
data (4 ,  13) it appears that G1/c2nn may correlate c and 
M effects for linear polymers at high shear. 

Because Go is independent of M ,  and G1 is not strongly 
sensitive to M ,  one is prompted to speculate that the 
magnitude of G/c2 is characteristic of molecular structure. 
A survey of the literature indicates that, other things being 
nearly equal, G(  y )  / c 2  is larger for solutions of polymers 
whose molecular structure would be termed stif or rigid. 
That is, all cellulosics have values of G/c2 higher than all 
polystyrenes. This is an interpretation which meshes sur- 
prisingly well with the usage of G as a modulus of rigidity 
for liquids, in the continuum mechanics. 

Factors of polymer-solvent interaction are also signifi- 
cant but very complex. Some limited data suggest that 
G (7) increases with solvent viscosity T~ (roughly linearly) . 
This effect is entirely unexpected on the basis of DST, 
which can be used to show that J ,  should be independent 
of solvent viscosity. Furthermore, there are experimental 
data on J, showing it to be independent of 7, (1); this 
may, however, reflect a state of insufficient concentration. 
The role of the solvent, involving both 7, and the thermo- 
dynamics of good vs. poor solvents, is under continuing 
investigation. 
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N O T A T I O N  

c = polymer concentration, g./cc. 
F ( G) = thermodynamic function in CST 
G = (shear stress)2/(normal stress) as measured in 

steady laminar shear flow, dynes/sq.cm. 
Go, GI = low and high shear plateau values of G, dynes/ 

sq.cm. 
J ,  = steady state shear compliance, sq.cm./dyne 

Krone = coefficients in relaxation times, sec.2mole/ 
g. sq.cm. and sec.2/g./cm.5, respectively 

M ,  gn = molecular weight and number-average molecular 

n = concentration of polymer molecules, cm.73 
P, P,j = total stress tensor and its ii component, dynes/ 

Po = contribution of solvent and isotropic external pres- 

r = vector position between polymer centers of mass, 

R = vector separation of segments in a single polymer 

V U  = force between polymer segments, gradient of in- 

VV = force between polymer molecules, gradient of 

K = Kconc/Kdil 

weight, g./mole 

sq.cm. 

sures to P, dynes/sq.cm. 

referred to molecular center, cm. 

molecule, cm. 

tramolecular potential, dynes 

intermolecular potential, dynes 

Greek Letters 

y = shear rate in steady laminar shear flow, set.-' 
A = logarithmic spacing, along frequency axis, be- 

tween two intersections of G', G" curves 
7, qo, r), = non-Newtonian viscosity, its low-shear limit, 

and solvent viscosity, g./cm. sec. 
A = relaxation times; sec. 
Aexp, kdil, Aconc = times determined by experiment, by 

w = radian frequency of an oscillatory shear experi- 
DST, and by CST, respectively, sec. 

ment, sec.-l 
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