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Summary

The linear viscoelastic and viscometric functions
have been determined for solutions of well-
characterized monodisperse linear and star-branched
polystyrenes and for commercial, polydisperse
polystyrene. The value of the product cM,, for these
solutions was large and was obtained by using both
high and low M,

The effect of structure on the rheological
properties was determined by examining how para-
meters in a modified Carreau viscosity equation (used
to fit the data) varied with ¢, M,,, and branching. No
enhancement effects on the rheological properties
were observed because of branching.

The Cox-Merz rule was observed to describe the
similarities between the viscosity and complex vis-
cosity for most of the monodisperse samples studied.
The broad molecular weight distribution polystyrene
solutions did not follow this empiricism.

Zusammenfassung

Fiirr Losungen wohldefinierter monodisperser line-
arer und sternférmiger Polystyrole sowie kommer-
zieller polydisperser Polystyrole werden sowohl die
linear-viskoelastischen als auch die viskosimetrischen
Funktionen bestimmt. Der Wert des Produkts cM,,
fir diese Losungen ist grof3, er wird gleicherweise fiir
Proben mit niedrigem und hohem M, erhalten.

Der EinfluB3 der Struktur auf die rheologischen Ei-
genschaften ist in der Weise erfalit, dafl die Variation
der Parameter der zur Anpassung der MeBBwerte ver-
wendeten modifizierten Viskositatsgleichung nach
Carreau mit ¢, M,, und dem Verzweigungsgrad unter-
sucht wird. Es werden keine Verstarkungswirkungen
bei den rheologischen Eigenschaften infolge der Ver-
zweigungen beobachtet.

Es wird gefunden, daB die Cox-Merz-Regel die
Ahnlichkeit zwischen stationdrer und komplexer Vis-
kositdt bei den meisten untersuchten monodispersen
Proben gut wiedergibt. Dagegen gehorchen die Poly-
styrollésungen mit breiter Molgewichtsverteilung die-
ser empirischen Gleichung nicht.
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1. Introduction

In this paper we present results on the rheo-
logical properties of well-characterized poly-
styrene solutions in shearing flows. The struc-
tural parameters that we have varied include
concentration, molecular weight, molecular
weight distribution, and branching. We have
characterized the frequency-dependent be-
havior of these materials in small-amplitude os-
cillatory shearing flow by means of the
customary complex viscosity #* = ' — in”
(or complex modulus G* = G’ + iG" =
iwn*). The nonlinear shearing behavior is
given by the viscosity # and first normal-stress
coefficient ¥, determined in steady shear flow.
It is a significant part of this study that we
have measured in each of these flows the vis-
cous or dissipative property (', n) and also the
“elastic” or energy storage property (n'’, ¥)).

There are several motives for undertaking
this study. First it is of intrinsic interest to
understand the influence of molecular architec-
ture and solution concentration on both linear
viscoelastic and large amplitude steady shearing
properties. Secondly, availability of both the
linear and non-linear properties on the same
well-characterized samples would provide a
useful tool in evaluating constitutive equations.
Thirdly, there have long been known to exist
striking similarities in the shapes of #' and #,
and to a lesser extent '’ and 1y ¥,. Prior to
this study, quantitative evaluation of this pair
of “analogies” has been frustrated by lack of
data on all four properties for the same mate-
rials. One of our objectives has thus been to
evaluate the predictive success of these
analogies and to determine the effect of
structure on this success.
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There have been numerous previous studies of the
linear viscoelastic and steady shear behavior of
undiluted polymers and polymer solutions. It is not
possible from these results to draw the kinds of
structure-property inferences that we seek. For
example, many of those studies report either linear
viscoelastic or viscometric (steady shear flow)
properties alone (1, 2, 3). Among those studies
containing both linear viscoelastic and viscometric
properties, many do not have both ¥, and G’ data (4,
5). Also high shear rate data on # and ¥, are scarce
(2, 6) and sometimes questionable.

Commercial polymers with broad molecular weight
distributions have been characterized rheologically in
the molten state. However, we are not aware of
published data on these materials which contain both
viscometric and linear viscoelastic properties. For this
reason we have included commercial, undiluted poly-
styrene in our experimental program.

For constructing structure-property relationships it
is preferable to use narrow molecular weight distribu-
tion polystyrene. Because of the small quantities of
polymer available, it is most practical to study these
in solution and to infer melt behavior from these
results. Several studies (5, 7—9) have presented both
linear viscoelastic and viscometric properties of
moderately concentrated, well characterized poly-
styrene solutions. In these studies the product of con-
centration ¢ and molecular weight M, has been
chosen to be approximately the same as for commer-
cial polystyrene solutions and melts. These large
values of cM,, were obtained with M, (8.6 - 10°—5.5 -
10% higher than for commerical polystyrene (10°) and
concentrations that are low (0.07—-0.22 g/ml). The
experimental motivation for this choice of ¢ and M,,
is that in cone and plate rheometry, steady shear flow
measurements at fixed, large c¢M,, are possible to
higher shear rates with low ¢ and high M, as compar-
ed to high ¢ and low M. We think that this is a signif-
icant limitation of the earlier studies, since there is no
guarantee that the rheological behavior should be a
function only of the product cM,, for concentrated
solutions and melts.

In the present study we have used a wide
range of molecular weights and large concen-
trations to examine rheological behavior over a
wide range of c and M,,. To circumvent the high
shear rate instabilities in cone and plate flow in-
herent in this range of ¢ and M, we have used a
capillary viscometer. This allowed us to cover
the same wide shear rate range as in other
studies (2, 6) with large ¢ and low M,

We have also examined the effects of long
chain branching on both linear viscoelastic and
viscometric properties; anionically polymeriz-
ed, star-branched polysytrenes have been used
as models to study long chain branching. It has
been found that in dilute solutions, properties
of star-branched polymers can be correlated to

those of linear polymers by correcting for size
shrinkage due to branching; this is done by
means of the ratio g of the radius of gyration of
the branched polymer to that of the linear
polymer (10)

<S2>branched 1
A5 Joranched [1]

(s >linear

For star polymers with f branches each of the
same molecular weight it has been shown that

an

g =

2]

Concentrated solutions and melts of star-
branched polymers have been observed to show
“enhancement” effects (12), that is, abnormally
high steady shear flow properties as compared
to their linear counterparts, even after molec-
ular size has been corrected with g. In particular
the zero-shear-rate viscosity #, of branched
polymers is found to increase more rapidly than
M fv"‘ as is observed for linear polymers. Of par-
ticular interest in this study is the effect of
branching on similarities between linear visco-
elastic and viscometric properties. No data are
available in the literature for assessing the
impact of branching on these similarities
although several studies have been published on
either the viscometric (2, 6, 12, 13) or linear
viscoelastic (3, 14, 15, 16) properties of star-
shaped polystyrene, polybutadiene, hydro-
genated polybutadiene, and polyisoprene.

2. Experimental materials and methods

2.1. Materials

The three groups of samples used in this
study were: (1) linear, narrow molecular weight
distribution polystyrenes (Pressure Chemical
Co.), (2) star-branched polystyrenes with narrow
molecular weight distribution (Dr. P. Rempp,
CNRS, Strasbourg), and (3) commercial poly-
styrene with broad molecular weight distri-
bution (Dow Chemical Co., Styron). These are
listed in table 1 along with pertinent structural
information. Table 2 lists the solutions pre-
pared from these samples that were used in this
study. In table 2 we have also listed some linear
polystyrene solutions studied by Ashare (17)
which we include in our data analysis. More
detail on these samples and solution prepara-
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Table 1. Polystyrene sample characteristics
Mw Mw/Mn f (Mw)b g ng [723 [77]?-5CN

Linear?) ml/g
2 - 10° 1.30 2 440
3.9-10° 1.10 2 125
1.1 - 10° 1.06 2 50
3.7 - 10¢ 1.06 2 22
1.75 - 10*  1.06 2 16

Commercial:

Styron?) 3.69 - 10°  3.45 2

Star

branched?) 7.9 - 10° 1.25 8 1.05 - 10° 0.344 272 - 10° 0.219 98
6.05-10° 1.18 7 8.80 - 10° 0.388 2.35-10° 0.252 88
2.06 - 10° 1.0 64 3210 0.420 8.65 - 10* 0.219 41
1.25-10°  1.12 8 1.56 - 10* 0.344  4.30 - 10* 0.277 24

f number of arms

(M.,), = Molecular weight of each arm

g = size correction factor for radius of gyration (eq. [1])

I = size correction factor for steady state compliance (eq. [21])
[7]¥en = intrinsic viscosity at 35°C in 1-chloronaphthalene

1y Pressure Chemical Co.
2) Dow Chemical Co.
3) Dr. P. Rempp of CNRS, Strasbourg

tion and testing methods ére given by Yasuda
(18). :

2.2. Methods

The linear viscoelastic properties were
measured in the eccentric rotating disk mode of
the Rheometrics Mechanical Spectrometer. Asa
check on these results we also tested several of
the samples in the forced-oscillation cone-and-
plate mode on the same instrument.

The steady shear flow measurements were
performed primarily with the cone-and-plate
mode of the Mechanical Spectrometer. In order
to check the low shear rate limits we obtained
with these data and the time-temperature super-
position principle, we also used an Instron
Rotary Rheometer (Model 3250) with a sensitive
transducer to measure directly the zero-shear-
rate values in the cone-and-plate mode. In order
to make high shear-rate measurements of
viscosity to test our use of time-temperature
superposition we used a capillary rheometer
(Instron Model 3211) with special capillaries
(L/D = 125 and 212). Details of these instru-
ments and the relative advantages and disad-
vantages of each can be found elsewhere (18).

As mentioned above, in order to extend the
effective frequency or shear rate range of a

given instrument, we have used the principle of
time-temperature superposition (10). Measure-
ments were thus made on the Mechanical
Spectrometer at temperatures ranging from
—5°Cto 40°C. At each temperature as large a
variation as possible in shear rate or frequency
was covered.

3. Results

Figure 1 presents typical steady shear flow
data obtained on the Mechanical Spectrometer
in the cone-and-plate mode. The expected
shear-rate dependence of the viscosity, #, is
clearly revealed over the range of shear rates
covered as well as the strong dependence of the
zero-shear-rate viscosity on temperature. The
shear-rate and temperature dependence of the
primary normal-stress coefficient, ¥, are also
apparent, although the low shear rate limiting
values ¥ o are not as clearly defined as the
corresponding zero-shear-rate viscosities 7,.

For all of the solutions studied (see table 2)
we found that it was possible to describe the
temperature dependence of the nonlinear visco-
metric functions by a system of reduced varia-
bles similar to that commonly employed for
linear viscoelastic data (cf. 10, Ch. 11). For
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Table 2. Samples used in rheological measurements

Sample gM,, ¢ gcM, cln,] Solvent*) Symbol
identi- (g/mole) (g/ml) (g?/mole - mi) (-) used in
fication figures
Linear polystyrene solutions:

Al 2 - 108 0.30 6.0 - 10° 132 1-CN

A2 2. 10° 0.15 3.0-10° 66 1-CN ¢

A3 2. 10° 0.088 1.76 - 10° 34.7 1-CN

B1 3.9.10° 0.45 1.76 - 10° 56.3 1-CN

B2 3.9-10° 0.30 1.17 - 10° 37.5 1-CN &

B3 3.9 -10° 0.344 1.34 - 10° 43 DMP

Ci1 1.1 -10° 0.52 5.72 - 10¢ 26 1-CN

C2 1.1 -10° 0.45 4,95 - 10* 22.5 1-CN [
C3 1.1 - 10° 0.344 3.78 - 10* 17.2 1-CN

D1 3.7 - 10* 0.62 2.29 - 10* 13.6 1-CN

D2 3.7 - 10* 0.45 1.67 - 10* 9.9 1-CN L4

D3 3.7 - 10¢ 0.344 1.27 - 10* 7.6 DMP

El 1.75 - 10° 0.62 1.09 - 10* 9.9 1-CN ]

E2 1.75 - 10 0.45 7.88 - 10° 7.2 1-CN »
Samples 1.8 - 10° A
from 8.6 - 10° Ny
ref. 15 411 - 108 AN
Star branched polystyrene solutions:

F1 2.72 - 10° 0.45 1.22 - 10° 44.0 1-CN z e
F2 2.72 - 10° 0.30 8.6 - 10 26.3 1-CN

G1 2.35 - 10° 0.45 1.06 - 10° 394 1-CN | §
H1 8.65 - 10¢ 0.45 3.89 - 10* 18.5 1-CN J |

J1 4.30 - 10* 0.45 1.94 - 10* 10.9 1-CN ) |
Styron

K1 3.69 - 10° 0.473 1.75 - 10° 1-CN

K2 3.69 - 10° 0.420 1.55 - 10° 1-CN 5

K3 3.69 - 10° 0.368 1.36 - 10° 1-CN

K4 3.69 - 10° 0.315 1.16 - 10° 1-CN

K5 3.69 - 10° 0.368 1.36 - 10° DMP }

K6 3.69 - 10° 0.263 9.71 - 10* ~ DMP o
K7 3.69 - 10° 0.315 1.16 - 10° DBP Q

K8 3.69 - 10° 0.315 1.16 - 10° KMC-A -0

4) Solvent designation: 1-CN = 1-Chloronaphthalene; KMC-A = Alkylnaphthalene (mixture); DBP =

Dibutylphthalate; DMP = Dimethylphthalate

each sample, logarithms of the values of zero-
shear-rate-viscosity, log #,, obtained in each of
several isothermal experiments (generally 5 or
more) were plotted against 1/7, and excellent
straight-line fits were obtained in all cases. The
apparent activation energies 4 H, defined by:

aH

R

no(T) e
1o(Ty)
were determined from the slopes of these plots

and are presented in figure 2 as a function of
sample concentration; there is a clear trend of

3]

increasing activation energy with increasing
concentration, and no systematic effect of
molecular weight or molecular structure is seen.
Shift factors, a;, for time-temperature super-
position, were calculated from the activation
energies by:

T no(T)
T 1o(Tp)

™) =

(4]

and were applied to the isothermal measure-
ments to compute reduced viscometric func-
tions as follows:
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Fig. 1. Viscosity and primary normal-stress coeffi-
cient as functions of shear rate at five temperatures

T T
1o(To) =p.20

nr(}}r) =n- ’ [5]
no(T) arT
v, ,(,) = ¥+ 0 [6]
ar
)}r = aT)} . [7]

The appearance of the (7,/T) factor in eq. [6]
arises from assuming that all components of

T I I I I I
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»
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Fig. 2. Activation energy for flow as given by the
temperature dependence of the zero-shear-rate
viscosity (eq. [3]). Symbols are defined in table 2

stress are reduced in the same manner as the
shear stress.

The success of the method is indicated in
figure 3 where “master curves” are shown for
the viscosity and primary normal-stress differ-
ence (N; = ¥;7?). The reference temperature
T, on this plot (and all subsequent plots) is
25°C, and thus the master curves represent the
expected isothermal behavior at this tempera-
ture. In this figure and in subsequent figures
and discussion we will delete the subscript “r”
on the reduced rheological functions. As can be
seen in this figure, only about one decade in
shear rate is gained by using temperature reduc-

’» i I i I T T
To=25°C

_ M=2x105 6
© 41 ¢=0.50g/cm® 60 1
,(t & -sec
S 3l o sec _
=z Q_ I5°¢C
~ 25°C
g ﬁ 35°C
< 2F ® CAPILLARY
< 25°C
- %a
w é
e 'r ¢ 1
&= LINEAR MONODISPERSE *
2 o POLYSTYRENE b =
= IN 1-CN .

L1 ! | | I |

Fig. 3. Master curves for viscosity and
primary normal-stress difference at 25°C
obtained by time-temperature superposi-
N tion of the results in figure 1. High shear

1
-2 -l 0 I 2 3 4
)

logyrar- (s”

rate data taken in a capillary viscometer
(®) at 25°C were not shifted
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Fig. 4. Master curves for viscosity and the primary
normal-stress difference at 25°C for typical linear,
monodisperse polystyrene/1-CN solutions examined
in this study. The molecular weight for each sample is
given beside the respective curve; the concenttration
is in parentheses

tion over the range —5°C to 40°C. Viscosities
at higher shear rates were measured at 25°Cina
capillary viscometer, and these data are shown
in figure 3 as filled circles. The agreement
between the capillary data and cone-and-plate
data in the overlapping shear rate region is
typical of all samples tested.

Figures 4—6 show various selected master
curves which represent the typical trends shown
by the steady shear flow data obtained in this
investigation. In figure 4 the effect of concen-
tration on the viscosity and the primary normal-
stress difference is shown for two narrow distri-
bution linear polystyrenes of differing molec-
ular weights. Note that the viscosity master
curves cover a much wider range of shear rates
than those for N, owing to the availability of
capillary data at high shear rates for this

branched, monodisperse polystyrenes in 1-CN. All
solutions have concentration 0.45 g/cm’®. The
molecular weight is given beside each curve along
with the number of arms in the star (in parentheses)

material function and to large experimental un-
certainty in the normal-stress measurements at
very low shear rates. Figure 5 presents some of
the # and N; master curves obtained for the
star-branched polystyrenes. In this figure all
curves represent data obtained at a fixed con-
centration of 0.450 g/cm?; differences in the
material behavior shown here reflect differences
in molecular weight and degree of branching in
the various polystyrene samples. Figure 6 shows
the steady shear behavior of various solutions
of the broad molecular weight distribution
commercial polymer, Styron.

Linear viscoelastic data were treated in an
analogous manner. Isothermal data for the
storage and loss moduli, G’ and G, were
obtained and subjected to the usual tempera-
ture-frequency reduction (10)

Gec Do
4 T

8]
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Fig. 6. Master curves for viscosity and the
first normal-stress coefficient at 25°C for
broad molecular weight distribution poly-
styrene (STYRON) solutions. The concen-
trations and solvents are given for each

curve
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Fig. 7. Master curves for storage and loss moduli at
25°C for the linear, monodisperse polystyrene solu-
tion in figure 1. The data from the three different
temperatures shown were shifted using the same shift
factors as for the viscosity

r 7" T
G!'=G" -2, [9]

w,=wdy. [10]

log wrap -(rad-s™)

Fig. 8. Same as figure 4 but for the storage and loss
moduli

An important feature of this temperature reduc-
tion is the fact that for each of the solutions
listed in table 2, satisfactory reduction of the
linear viscoelastic data was obtained using the
same shift factors employed for reduction of
the nonlinear steady shear flow material func-
tions. An example of the linear viscoelastic
master curves is shown in figure 7. Thus, we
have observed that the activation energies ob-
tained from the temperature dependence of the
zero-shear-rate viscosity for each sample (fig. 2)
and the a, shift factors derived from these (eq.
[4]) were suitable for describing the temperature
dependence of all four material functions dis-
cussed in this paper. This temperature reduction
scheme did not apply, however, to the viscome-
tric data (18) obtained over the temperature
range 160°C to 240°C for the undiluted Styron

.sample. For this polymer melt, the shift factors

calculated from the temperature dependence of
1o yielded successful reduction of the linear
viscoelastic data; however, the viscosity data
showed a systematic lack of superposition in the
shear-rate-dependent region. Similar reduction
anomalies for undiluted narrow molecular
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Fig. 9. Same as figure 5 but for the storage and loss
moduli

weight distribution polystyrenes have been
reported by Penwell et al. (2).

Figures 8 — 10 show linear viscoelastic master
curves of the dynamic viscosity #' = G"/w
and the storage modulus G'. These curves give
the behavior of the same samples described in
figures 4 — 6.

4. Discussion

From the results shown in the last section it is
clear that with a cone-and-plate instrument it is
possible to cover a much wider frequency range
for G* (#*) than can be covered in shear rate for
the corresponding #' properties. Here we have
introduced a complex viscometric function #:

7' = n() - i%—y‘%(y‘) [11]

as a convenient short-hand notation.

Generally the frequency range we could cover
was fixed at the lower end by transducer
sensitivity and instrument noise and at the
upper end by the largest rotation rate for the
drive. For the viscometric properties we were
similarly limited at low shear rates but we
seldom could achieve the highest shear rates
possible for the Mechanical Spectrometer
because of the development of flow instabilities
which we refer to as “shear fracture”. Shear
fracture is a failure in the sample parallel to the
plates which begins at the free surface and then
spreads inward toward the axis of rotation. The
onset of shear fracture in our results is indicated
by the maximum shear rate at which N, is given;
n is reported to higher shear rates by virtue of
the capillary experiments.

Hutton (9) has suggested that shear fracture
will occur for sufficiently large values of the
dimensionless group Ny R 8,/¢ in which R is the
plate radius, 8, is the cone angle and o is the
surface tension. It can be seen in figures 4—6
that shear fracture started when N, was approx-
imately 10%. For fixed cM,, this value is
obtained at higher y when c is low and M,, is
high as is seen in figure 4; see also (18). As a
result, previous studies have investigated the
rheology of highly concentrated solutions by
using low concentrations in combination with
high molecular weights. This combination of ¢
and M,, allows a more complete picture of the
viscosity to be obtained (zero-shear-rate region
through power-law region), but is does not
fajthfully model typical ¢ and M,, values used
industrially. In this investigation we wanted to
study a wide range of cM,, behavior by varying
both ¢ and MW separately; and in order to
achieve the same wide shear rate range for vis-
cosity as we obtained in frequency for n* (par-
ticularly for high c and low M) it was essential
to have capillary viscometer results available.
Unfortunately we could not obtain N, in the
same manner, and thus we are not able to draw
as many conclusions below about the elastic
behavior of these polymer solutions as for the
viscous behavior. Because of this limitation on
easy measurement of 7 at large y but not on #*
at large o, it would clearly be useful to
understand quantitatively under what condi-
tions the linear data could be used to infer the
viscometric data. More will be said about this
below.
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Table 3. Modified Carreau equation parameters (see eq. [12])

Fig. 10. Same as figure 6 but for the storage
and loss moduli

Sample #,(Pa-s) y,(s7 ) wy(s™1) AS) A(8) d d a a’
Al 73,000 4.55-1072 3.51 - 10-2 22.0 28.5 0.861 1.075

A2 1,400 6.25 - 107! 4.20 - 101 1.60 2.38 0.800 0.997 1.25 1.25
A3 90 2.64 2.56 3.79 - 101 0.391 0.735 0.930 0.98 0.997
B1 8.080 9.02 - 101 8.85-10! 1.109 1.13 0.696 1.018 2 1.91
B2 135 27.7 24.8 . 3.61 - 1072 4,03 -10°2 0.695 0973 2 2
C1 1.180 10.8 10.6 924 -10"%2 943102 0.559 0.826 2 2
C2 166 57.8 55.3 1.73 - 1072 1.81 - 102 0.462 02813 2 2.5
D1 3.930 10 7.04 101 0.142 0.783 0.366 2 2
D2 15 1.65 - 10° 2.22 - 10° 6.06 - 10° 4.50 - 10~ 2

E1 680 25.4 1.98 . 10? 3.93-10"2 5.05-10-3 0.279 2

E2 4.03 5-10° 2.0-10* 2

F1 1,850 3.72 4.51 2.69 - 10! 0.222 0.676 0.939 2 2.7
F2 33 97.14 1.05 - 10? 1.03 - 102 9.52 - 1073 0.639 0.848 1.53

Gl 1,050 11.3 8.62 8.86 - 10-2 0.116 0.668 0.958 2

H1 67 1.15 - 102 2.43 - 10? 8.70 - 10-3  4.27 - 10?3 0.510 0.724 2

J1 14 10° 2.06 - 103 10-3 4.85 104 0.447 0.754 2

K1 4089 1.0 0.752 1.0 1.329 0.614 0.75 1.21 0.90
K2 800 3.36 1.94 2.98 - 101 0.515 0.602 0.71 1.01 1.12
K3 200 10.4 7.30 9.64 - 10-2 0.137 0.586 0.137 1.23 1.14
K4 58 35.7 17.5 2.80-10-2 573 -10"2 0.550 0.68 0.90 1.16
K35 2400 6.41 - 1071 1.56 0.522 0.69

K6 88 12.7 7.85 102 0.444

K7 410 2.60 2.5 3.84 - 101 0.400 0.422 0.67 1.2 1.00
K8 375 2.07 3.15 4,83 - 10! 0.317 0.352 0.70 1.16
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Table 4. Zero-shear-rate and frequency elastic properties

Sample QG'/w?), JR Y0 JEB

(Pa - §%) (from #*, eq. [17])  (Pa - s?) (from 51, eq. [17])
A1l 5.0-10° 1.68 - 10!
A2 7.0 - 10° 3.19 - 107!
A3 1.32 - 102 8.54 - 10! 1.2 - 107 7.77 - 10°¢
B1 8.7 - 10° 1.83 - 10! 9.2 - 10° 1.94 - 10!
B2 541 2.57 - 1071 7.7 3.87 - 101
C1 1.05 - 102 425101 1.1 - 102 4.45 - 10!
C2 2.2 3.89 - 10! 3.5 6.19 - 101
D1 5-10% 6.46 - 101 3.5 102 4.52 - 101
D2 7.5-10-3 4.83 - 107! 7.5-1073 4.83 - 10!
E1 10 9.13 - 10! 25 2.28 - 10°
E2 2.6 -10-3 4.91 - 10° 2.0.102 3.77 - 10+!
F1 4.3 - 107 3.89- 107! 6.3 - 10? 5.70 - 10!
F2 4.6 - 10! 8.73 - 10! 421071 7.97 - 107!
G1 1.7 - 10? 5.42 - 107! 2.2 - 10? 7.02 - 101
H1 2.4-10°1 5.02 - 1071 3.4 - 1071 7.11 - 101
J1 4.0-1073 4,00 - 101 1.05 - 1072 1.05 - 10°
K1 10* 3.0 10
K2 834 1.77 8.9 -10% 1.88
K3 63.5 1.89 32.6 0.97
K4 6.5 1.97 43 1.30
K7 3.6 1.91 3.8-10% 2.30
K8 320 2.3 2.9 - 10? 2.10

4.1. Effect of polymer structure and
concentration on linear viscoelastic
and viscometric properties

In order to assess quantitatively the effects of
concentration, molecular weight, molecular
weight distribution, and star-branching on the
rheological properties, we fit the viscosity to a
modified Carreau viscosity equation (18):

7= nolt + (Ay)1~%.

The parameters which we fit were 75, A — a
characteristic time for the fluid, ¢ — the
negative of the power-law slope, and a. The
parameter @, which is taken to be 2 'in the
Carreau equation (19), adjusts the breadth of
the transition region between the zero-shear-
rate viscosity and the power-law regions. A
similar equation was used to describe #'(w)
with the corresponding dynamic parameters
denoted with primes.

In table 3 the parameters defined by eq. [12]
and its dynamic viscosity analog are listed for
the solutions tested. In these tables we also list a
critical shear rate y, (or critical frequency w,) at
which # begins to decrease with shear rate; its
value is simply 1/4. We do not give similar
tables for 2G'/w? and ¥, because we did not

[12]

have enough data to justify fits to anything but
their limiting values at zero frequency and shear
rate, respectively; these are given as G’/ wz)o
and ¥, o in table 4, columns 2 and 4, respec-
tively.

We now discuss the effects of structure and
concentration on #,, y, and wy, d and d’, and
QG"/w*)yand ¥ .

4.1.1. Zero-shear-rate viscosity

At low cM,, the zero-shear-rate viscosity of a
star polymer solution is lower than that of a
linear polymer solution of the same cM,,
because the radius of gyration of the star poly-
mer is smaller. This can be allowed for by g in
eq. [2]. Thus we found that the best correlation
between ¢, M,,, and 7, is

o = 0.85 cK§ (g M,y [13]
where |
K, = 6.31 .10,
y = {1.0 cgl\:/lw <M,
3.4 cgM,, > M,
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Fig. 11. Concentration and molecular weight depen-
dence of the zero-shear-rate viscosity #, for mono-
disperse star and linear polystyrenes. The constant K
is equal to 6.31 - 10', and the factor g defined by egs.
[11 and [2] allows for size differences between star
and linear polystyrenes of the same molecular weight
at infinite dilution. Symbols are defined in table 2

in which M, is the critical molecular weight for
polymer-polymer interactions to affect #,. In
eq. [13], ¢ and M, are to have units g/cm® and
g/mole, respectively in order to give the visco-
sity in Pa - s. Note that this correlation shown in
figure 11 works equally well for both star-
branched and linear polymers as long as g/, is
used in place of M,,. We saw no “enhancement”
of n, by the star-branched polymers for all our
samples (cgM,, < 10°).

4.1.2. Critical shear rate and critical frequency

In order to examine the concentration and
molecular weight dependence of y, and w, we
have used the following expression (18) for p,
suggested by Graessley (10, p. 545; 20; 21)

anT< c + c? >
6 \nM  pynmM,

in which p, is the solute density. A similar
expression is given for w,. For low and high

Yo = [14]

¢
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Fig. 12. Concentration and molecular weight dependence of the reduced critical shear rates and frequencies at
which decreases from #, in # and #' are observed. Symbols are defined in table 2
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concentrations the following dimensionless crit-
ical shear rates are obtained from eq. [14]:

— noM

cM, < p,M: Bo= 7o CORT’ [15]
Y . R _ .. P2oM,

CMW > pch. '})0 = yo—?k—f . [16]

Eq. [14] implies that both S, and ¥& should be
equal to a constant, namely 7%/6 at low and
high c¢M,, respectively. Identical definitions
can be given for limiting values of reduced
critical frequencies, 8§ and w§.

Figure 12 compares our results with Graess-
ley’s predictions. For polystyrene, p, = 1.05
and M, = 38,000 (10, p. 409) so that log p, M is
equal to 4.60. Though we do not have data for
log ¢M,, too much less than 4.6 it appears that
By and B both approach constant limiting
values at low cM,,. Although there is a fair
amount of scatter in the data, the comstant
value appears to be somewhat less than 7%/6.
For cM,, > p,M_both y¥ and w¥ are seen to
approach constant values; again the prediction
of 7%/ 6 overestimates the data.

For all of the narrow distribution polystyrene
samples it is found that the critical shear rate p,
and critical frequency wy are the same. For the
broad distribution polystyrene samples, on the
other hand, we find that y,is greater than w,. It
might be hoped that for the narrow distribution
samples, since B, and B}, and y§ and w&
successfully reduce different concentration and
molecular weight data, that it might be possible
to construct unified “master curves” for both
n(, M,, c, T) and ' (w, M,, c, T). This is not
possible for these polystyrene samples primarily
because the power-law slopes also depend on
molecular weight and concentration.

4.1.3. Power-law slopes: d and d'

It is well-known that the power-law slopes for
viscosity and dynamic viscosity, d and d’,
depend on concentration and molecular weight.
It has furthermore been shown that 4 and d’
can be correlated with the coil overlap para-
meter c[n,] (20, p. 132). In figures 13 and 14 we
show d and d’ as functions of ¢[r,]. In figure
13 we have used Ashare’s data (17) on narrow
distribution polystyrene solutions in Aroclor to
supplement the moderate c[#;] range. Although

T —
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é /
£ o8- R I —
o w
8 07~ ~
- o4
2 06 A -
ST
L
3 05 / .
3051 4
© O4“/A/ ’ -
031 -
I B R L
I0 20 30 40 50 60

]

Fig. 13. Dependence of the power-law slope of visco-
sity on the product of concentration and zero-shear-
rate intrinsic viscosity. Symbols are defined in table 2
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Fig. 14. Same as figure 13 but for the dynamic visco-
sity '

there is some scatter, the data are reasonably
well correlated in this manner. No effect of star-
branching is observed; it is not necessary to use
g to correct for molecular size in this figure, as
this correction is inherently contained in {#,]. It
is clear that though they have the same qualita-
tive shapes, d and d’ are different functions of
c[nel. At large c{nyl, d' is seen to exceed unity
which, of course, is not physically possible for
d. We are not sure if a limiting value for d had
been reached at the highest values of cfny] we
were able to reach. It appears that d is still
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increasing at c{ny] = 70 and that its maximum
value is in excess of 0.9.

4.1.4. Steady state compliance

We have already noted that our data do not
allow conclusions to be drawn about the shear-
rate dependence of ¥,. Since we have already
given the effects of ¢ and M,, on 7y, we describe
structure and concentration effects on ¥ o by
means of the steady state compliance JU:

[17]

It is not difficult to show from the Rouse model
(22) that

2 M
5 ¢RT '

J? [18]

This suggests that a reduced steady-state com-
pliance defined by
JR = JSeRT/M [19]
should be a constant, namely 2/5. A modifica-

tion to the Rouse theory for star-branched
polymers by Ham (11) gives

Jo= % g, M/cRT [20]

where g, is a size correction factor (different
from g) given by

157 14

= —————(3f o [21]

9

Thus if we define a reduced steady state
compliance for stars as in eq. [19] except that
gM replaces M, then we should get the same
value as for the linear polystyrenes. Our data
reduced in this way are given in table 4. In
agreement with the above predictions we found
no difference between JX for narrow dis-
tribution star and linear polystyrenes. The
values for JR scattered about 0.4 for cM,,
between 10° and 10°. For the broad distribution
samples, JX was found to be slightly larger,
about 1.0. It is significant that we see no en-
hancement in the size corrected JX as a result of

branching up to cif, = 10% similar findings
were reported by Masuda et al. (14).

4.2. Similarities between n* and nt

Figures 15—17 compare the shapes of the
master curves for the viscometric and linear
viscoelastic properties of typical linear, star-
branched and broad molecular weight distribu-
tion polystyrene samples. In these figures direct
comparisons can be made between the
“viscous” material response #'(w) and n(y) as
well as the “elastic” parts G' and N,/2. In addi-
tion we have included the magnitude of the
complex viscosity which according to the well-
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Fig. 15. Graphical comparisons between the viscous
properties #(y) and 7' (w) and the elastic properties
N,(y)/2 and G'(w) for a linear, monodisperse poly-
styrene (M,, = 2 - 105) in 1-CN. Also shown is the
magnitude of the complex viscosity | #* | which should
equal # according to the Cox-Merz rule (eq. [22])
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Fig. 16. Same as figure 15 but for a star-branched
polystyrene solution (Sample F1)
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) T T l T 1 rene solution, # > |#*| > 5’ at high shear
g ' rates/frequencies. At moderate y and w, (N/2)
§ 4k 7 s slightly larger than G'.
Z The findings on all other samples are sum-
253k - marized below. In every case the low shear-rate
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Fig. 17. Same as figure 15 but for a broad molecular
weight distribution polystyrene solution (Sample K2)

known Cox-Merz rule (23) should numerically
equal the viscosity when the shear rate and fre-
quency are equal:

7Y = |1* (@) |pey = ’7'2+’7”2~w=y- [22]

Similar comparisons for all other samples we
studied can be found elsewhere (18). Note that
master curves obtained by time-temperature su-
perposition can justifiably be used for these
comparisons because we used the same shift
factors ay for both #* and n ' data; as a result
any conclusions reached from these master
curves will not be temperature specific. In some
previous studies different shift factors were
used for linear viscoelastic and viscometric
properties, so that any differences or similari-
ties between the material functions may be
functions of temperature.

In figure 15, the Cox-Merz rule is seen to
describe accurately the data for a narrow distri-
bution, linear polystyrene solution over the
entire range of the two master curves. The
dynamic viscosity is much smaller than the
viscosity at high shear rates, and the storage
modulus is much smaller than (V;/2) at high
shear rates..In figure 16, the Cox-Merz rule is
also seen to be in good agreement for a star-
branched polystyrene solution except at high y
and w. Again 7' is well below # at high y and
w. No corresponding statements about (Vy/2)
and G’ are possible for this sample because the
cone-and-plate flow became unstable before
high shear rates were reached. Finally, figure 17
shows that for a broad distribution polysty-

y—0 w—0
At moderate to high shear rates (y > 1/1) most
samples obeyed the Cox-Merz rule within ex-
perimental error. In this connection we note
that had we used cone-and-plate data for this
comparison we would have incorrectly con-
cluded in many cases that |#*| > #; more
reliable data from the capillary viscometer gave
|#* | = 5. The erroneously low viscosity from
the cone-and-plate measurements at high shear
rates is due to shear fracture.

Two types of exceptions to the Cox-Merz rule
were observed at high shear rates:

1.|n*| > n# > n’. This was seen in sample Al
which is a high molecular weight, linear,
narrow_ distribution polystyrene solution
with ¢M,, = 6 - 10°. Osaki et al. (5) found
similar abnormalities in narrow distribution,
linear polystyrene solutions in diethylphtha-
late when cM,, > 6.6 - 10°.

2.7 >|n*| > n'. At the highest shear rates and
frequencies we used, | 7* | was 20 — 50% lower
than # for all of the broad distribution poly-
styrene solutions. A similar deviation was
found by Harris (20, 24) for a narrow distri-
bution polystyrene solution in PCB with cM,,

= 6 - 10* (high M,, and low ¢) and with high
solvent viscosity. Within experimental error
our data obtained on solutions of narrow
molecular weight distribution polystyrenes
did not show this deviation.

It is interesting that all solutions of star-
branched polystyrene show good agreement
with the Cox-Merz rule, although the visco-
metric properties of these solutions were diffi-
cult to obtain and show large amounts of
scatter.
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Because of shear fracture, the ranges of shear
rates covered for N; were severely limited.
Where we could obtain high shear rate data,
(N{/2) was greater than G' for all samples.
Because shear fracture will result in lower N
readings than the true values, the differences in

(N/2) and G’ are probably even larger than we

have shown in figures 15—17.

Outside of the low frequency regions for each
of the samples (w < 1/A) where egs. [23] and
[24] are known to hold, G’ is much larger than
G''. As a result the value of | #* | is dominated
by the “elastic” contribution

!

=9 @ >, [25]
w

It seems very curious to us that in view of eq.
[25] the Cox-Merz rule should be so successful.
The implication is that the “elastic” response to
a small amplitude shearing oscillation gives a
good measure of the viscous response in high-
shear-rate steady shear flow.

5. Conclusions

One of the principal results of this study is the
acquisition of both linear viscoelastic and visco-
metric material functions on the same set of
well-defined polymer solutions. Narrow-distri-
bution linear and star-branched polystyrenes
were used as well as broad-distribution com-
mercial polystyrene. In addition a wide range of
cM,, was covered by using both high concentra-
tions with low molecular weight and vice versa.

The following effects of polymer structure,
concentration, and molecular weight were ob-
served for the rheological properties:

1. The zero-shear-rate viscosity for solutions
of narrow distribution polystyrenes is given by

Ho _ (gA:lw) Cng < MC
0.085¢(6.31 - 10"y ( (gM,)** cgM, > M,

The same relation applies equally to star branched
as well as linear polystyrene as long as the size
corrected molecular weight, g]\_lm, is used as
shown. This result is limited to cM,, < 6 - 10°,
which is the largest cM,, we studied (for linear
polymers). For the star-branched polymers all our
data is for cgM,, < 1.22 - 10°. It is possible that
above this value enhancement would be observed.

2. The critical frequency and shear rate were
found to correlate with cM,, as suggested by
Graessley.

3. The power-law slopes of # and #' correlated
with c[#n,]. As c[#,] approaches 100, the power-
law slope of #' exceeds unity whereas the power-
law slope for # is between 0.9 and 1.0 but does not
appear to have quite reached a limiting value. The
correlations with c[#,] apply equally-well to all of
the narrow distribution samples, independent of
structure.

4., The reduced steady-state compliance J& (eq.
[19)) is fairly constant over the range of conditions
we studied and no enhancement is observed for
the star-branched polystyrenes.

The Cox-Merz rule

n@ = |1*(@) |-y

was found to apply over a wide range of shear
rates and frequencies for both linear and star-
branched, narrow distribution polystyrene solu-
tions. The exceptions to the application of this
rule are

1. for cM,, > 5 - 10°,|#*| > 7 at high 7,

2. for broad molecular weight distribution poly-

styrenes, y, > wyand # > |#*|at large y.

Our data coupled with other data in the
literature show then that unless cM,, is extremely
high or the system is polydisperse, the Cox-Merz
rule can be used up to high frequencies where the
infinite frequency dynamic viscosity is approach-
ed.

There seem to be no close similarities between
Ny/2 and G’ outside of the zero-frequency/
zero-shear-rate regions. We are unaware of a
simple empiricism for relating these material
functions which works as well as the Cox-Merz
rule.
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