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Synopsis

A model that relates to the molecular weight distribution (MWD) of high-density polyethylene
to the steady-state shear melt viscosity has been applied to polystyrene melts. Relations are de-
veloped for predicting the rheological flow curve from the molecular weight distribution. Rela-
tionships are also developed to predict the MWD from the flow curve, although practical limitations
to this procedure are given. From a consideration of predictions of the model and experimental
data, it is concluded that the transition for a given molecular species from Newtonian to non-New-
tonian flow is sharp. Additionally, the calculated empirical parameter that partitions the MWD
into molecules that act in a Newtonian fashion and those that do not is shown to be equivalent to
the largest molecular weight homolog that can still undergo Newtonian flow at a given shear rate
for monodisperse fractions. The temperature dependence of the relaxation times is found to be
somewhat higher than that predicted by the Rouse theory. An activation energy of 30 kcal/mole
for no was used to fit the experimental viscosity data adequately at 190° and 225°C. The terminal
relaxation spectrum for a narrow-MWD polystyrene standard is calculated and found to agree well
for long relaxation times with that reported in the literature.

INTRODUCTION

A model relating the non-Newtonian steady-shear melt viscosity, relaxation
spectrum, and elastic properties of high-density polyethylene to the molecular
weight distribution, MWD, has been described in earlier publications.1:2 The
model is based upon the concept that viscoelastic functions at zero shear rate
are valid at nonzero shear rates if the shear-dependent contributions of the
molecular components are individually taken into account. The model can
best be described in terms of four major assumptions about the effect of shear
rate on the spectrum of relaxation times. First, it is assumed that the spectrum
of relaxation times is cut off at a maximum allowed relaxation time, 7,,(%).
Second, it is assumed that the 7, is a function of shear rate such that 7,,, « 1/4.
The third assumption is that, in addition to the longest relaxation time for a given
molecule, the molecular chain undergoes relaxations characteristic of all mo-
lecular weight molecules less than its own molecular weight. Lastly, it is assumed
that the relaxation times associated with a given molecular species are inde-
pendent of communal properties in a polydisperse sample. This last assumption
is restricted to entangled systems.
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The first assumption given above suggests that the general relation? for the
zero shear viscosity to the relaxation spectrum may be modified to

n(4) = fo " H(r)dr (1)

The effect of shear rate on the relaxation spectra for two monodisperse species
of differing molecular weight is schematically shown in Figure 1. The third as-
sumption implies that, for relaxation times less than or equal to the longest re-
laxation time of the smaller molecular weight species M in Figure 1, the relax-
ation spectra of the two samples of differing molecular weight are identical.
Furthermore, the behavior depicted in the figure indicates that the effective
(operative) relaxation spectra will be the same at any shear rate where both
samples are undergoing non-Newtonian flow. However, from eq. (1), this implies
that both samples will have identical viscosities (equivalent to that of a sample
of molecular weight M., which has as its longest relaxation time 7,,). In other
words, at a given shear rate, all molecular weight species larger than M, act as
though they were of molecular weight M., and species having molecular weights
less than M, act as they do at zero shear. M, can be thought of as the largest
molecular weight homolog that can be undergoing Newtonian flow at a given
shear rate.

The above argument also suggests that the onset of non-Newtonian flow is due
to the rendering inoperative of the longest relaxation time associated with the
sample. Similar ideas have been expressed by Vinogradov® in explaining the
effects of blending of narrow-MWD polybutadienes on the land fracture phe-
nomenon. Vinogradov suggests that each component of the mixture acts in-
dependently and that each component either contributes to the viscous losses
as it does in the Newtonian region or acts with diminished effect in the high elastic
state.

In order to calculate the steady-state shear viscosity at any shear rate for
broad-MWD polymers, the relation between zero shear viscosity and molecular
weight was assumed to be known. An empirical relationship for polyethylene
at 190°C reported in the literature? was used:

log 7o = —12.296 + 3.36 log M,, + 0.51 log (M,/M,,) (2)

The steady shear melt viscosity at any shear rate was assumed to be related to
the MWD through the relation

log (%) = —12.296 + 3.36 log M,,* + 0.51 log [M,*/M,,*]

where

Mw* = =CZ Mc l w;

Mr="3% w,M2+M22w,/ b3 wiM M, Y 3
i= i=c
and w; is the weight fraction of the ith component. For high-density polyeth-
ylene, the relation between M. and ¥ was found to be

M, = 540,000 (y~0-300) (4)
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Fig. 1. (a) Schematic view of the relaxation spectra at zero shear rate of two monodisperse samples
having molecular weights M; and M2, where M2 > M;. (b) Postulated effect of shear rate on the
relaxation spectra of the two samples in (a). In the case depicted, both samples would be undergoing
non-Newtonian flow.

In spite of the model’s success in accounting for the variation of viscosity and
first normal stress difference as a function of shear rate, a number of important
questions remain unanswered. The most pressing question involves the defi-
nition of M,. Inour model, the empirically determined relation of M, to shear
rate for polydisperse samples is assumed to be the variation of the onset of
non-Newtonian flow for monodisperse samples of varying molecular weight with
shear rate. Unfortunately, no essentially monodisperse samples of HDPE are
readily available to test the above assumption. At this point, M, (as calculated
from a broad-MWD sample) must be regarded as an empirical parameter whose
exact meaning remains to be defined. This is one of the goals of this publication.
We shall attempt to give meaning to M, by generating a M.-versus-shear rate
relationship similar to eq. (4) for a broad MWD and comparing this relationship
with the onset of non-Newtonian behavior in very narrow-MWD samples.

Polystyrene is an ideal polymer with which to test the definition of M, since
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quite narrow-MWD anionically polymerized polystyrene materials are readily
available. Using these materials, the model’s assumption of a sharp transition
from Newtonian to non-Newtonian flow can also be tested. Further, the gen-
erality of the “partition” model can be assessed, and inversion of the model to
predict the MWD from rheological data will be demonstrated. In a manner
similar to that used for HDPE,? the terminal relaxation spectrum for a narrow-
MWD polystyrene standard will also be shown to be predictable from the par-
ameteric relations as obtained from a broad-MWD sample.

EXPERIMENTAL

The sample labeled PS-350 is a commerecial crystal polystyrene. The poly-
styrene standards were anionically polymerized materials obtained from ArRo
Laboratories.

Rheological data were obtained at 190° and 225°C using an Instron rheometer
with a capillary having an L/D of 33:1. Rabinowitsch corrections were applied
to the data.

Molecular weight data were obtained on a Waters Model 200 GPC at 135°C
using 1,2,4-trichlorobenzene as a solvent and four Styrogel columns of porosities
106, 105, 104, and 103 A. Polystyrene standards polymerized by Pressure
Chemical and characterized by ArRo Laboratories were used for calibration.
Spreading corrections® were applied to the molecular weight distribution data
for the anionically polymerized standards used in this study to obtain the poly-
dispersities as given by ArRo Laboratories.

RESULTS AND DISCUSSION

Calculation of the Relation Between M, and Shear Rate for
Polystyrene

In order to calculate the relation between M, and shear rate, the relationship
between zero shear viscosity and molecular weight must be known. The rela-
tionship given by Zosel® was chosen as

log no = —12.8 + 3.4log M, at 190°C (5)

To find the relation at 225°C, an activation energy of 30 kcal/mole as given by
various authors’? was used to give

log 7o = —13.8 + 3.4 log M,, at 225°C (6)

Log-log plots of 5 versus ¥ for sample PS-350 at 190 and 225°C are given in
Figure 2, where the points represent experimental data from the capillary
rheometer. The MWD data for this sample are given in Table I. The value of
M, was determined at each shear rate and temperature by means of an interval
halving computer program and the equation

log (%) = log K + 3.4 log M,,* )

where M, * = 21 w;M; + M. 22, w;, w; is the weight fraction of the ith com-
ponent from the MWD curve, and K is the constant in the zero shear viscosity
relationship (i.e., log K = —12.8 and —13.8 at 190° and 225°C, respectively). The
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Fig. 2. Apparent viscosity n as a function of shear rate for the polystyrene sample PS-350. Solid
(4) and open triangles (A) are experimental data at 225° and 190°C, respectively. The curves are
the calculated relations b_ased on egs. {7), (8), and (9).

results of the calculations are plotted in Figure 3. The equations relating M,
and shear rate at 190° and 225°C, respectively, are given by

M, = 330,000 (50-2602) (8)
and

M, = 640,000 (50-2602) ©)

Comparison with High-Density Polyethylene

Figure 3 shows that, at 190°C and a given shear rate, the M, value for poly-
ethylene is slightly larger than that of polystyrene. Because M, has previously
been defined as the largest molecule that can still relax at a given shear rate, it
may be concluded that, at 190°C and at a given shear rate, a larger molecular
weight molecule of polyethylene may more fully relax than that of polystyrene.
However, because the activation energies for polyethylene and polystyrene are
so different (i.e., approximately 6.3 kcal for polyethylene vs approximately 30
kcal for polystyrene), the relative M, values change substantially with temper-
ature.

The relations of log M, vs log ¥ for polystyrene at 190° and 225°C have the

TABLE I
Molecular Weight Distribution Data for the Polystyrene Samples
Sample M, M, M, M,,/M,
PS-350 72,000 290,000 580,000 5.4
PS-1 158,0002 179,0002 113
PS-2 375,0002 411,00072 1.10
PS-3 735,0002 852,0002 1.16

2 Average values given by ArRo Laboratories.
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Fig. 3. Relation between partitioning molecular weight M, and shear rate. Solid black and open
circles are calculated points from polystyrene sample PS-350 at 225° and 190°C, respectively.
Triangles are points based on the narrow-MWD Pressure Chemical polystyrene standards of M,
= 411,000 and M, = 160,000. These points were obtained from the data of Graessley and Penwell.1!
Squares were calculated from the data of Chee and Rudin. Heavy solid line is that obtained earlier
for high-density polyethylene.?

same slope. Calculating! the limiting power law relation between viscosity and
shear rate for polystyrene as 3.4 X slope, we obtain a value of —0.88, which is
higher than the —0.818 as predicted by Graessley!? and somewhat lower than
the value of —1.0 predicted from the model presented for polyethylene! of
-1.0.

Prediction of the Flow Curve for “Essentially Monodisperse Samples”

The model assumes that M. is a unique (for a given polymer structure) func-
tion of shear rate and that there is a sharp transition from Newtonian to non-
Newtonian flow for either a monodisperse sample or a homolog in a polydisperse
sample. These assumptions can be tested by applying the M, -versus-shear-rate
relationship as obtained on a broad-MWD polystyrene sample to essentially
monodisperse, anionically polymerized polystyrene standards of known mo-
lecular weight.

Experimental data for a Pressure Chemical standard of M,, = 411,000 from
Graessley’s!! cone-and-plate rheometer and our Instron rheometer at 190°C are
given in Figure 4. The data of Graessley are those obtained at 193.5°C. The
data have been shifted both vertically and horizontally to correspond to 190°C
data assuming an E, of 30 kcal/mole for no. The solid curve is that predicted
on the basis of molecular weight distribution data corrected for spreading® so
as to yield M,,/M,, = 1.1 and M,, = 411,000. The agreement is quite good.
Because the predictions are based on a sharp transition from Newtonian to
non-Newtonian behavior for each homolog in the very narrow-MWD sample,
the assumption of a sharp transition is reinforced. Furthermore, the generality
of the M,-versus-shear-rate relation is demonstrated. Additionally, the
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Fig. 4. Aparent viscosity n and steady shear elastic compliance J, at 190°C for the Pressure
Chemical standard having M,, = 411,000 and M,,/M,, = 1.1. Solid circles are experimental viscosity
data from Graessley!! obtained on the cone-and-plate viscometer. Triangles are experimental data
obtained on the capillary rheometer.

agreement obtained here on the Pressure Chemical sample having M,, = 411,000
should be general for the other narrow-MWD standards, since at equivalent
polydispersities the shapes of the viscosity—shear-rate curves can be quantita-
tively superimposed.!

Comparison of Partitioning Molecular Weight M, (as Calculated from
a Polydisperse Sample) with Onset of non-Newtonian Flow Observed
for Essentially Monodisperse Samples

Ideally, it would be desirable to obtain the shear rate at which flow changes
from Newtonian to non-Newtonian for a group of monodisperse polystyrene
samples of different molecular weights in order to verify that M, (as calculated
from a broad-MWD sample) is the same as the onset of non-Newtonian flow for
a monodisperse sample of molecular weight M.. However, narrow-MWD
polystyrene samples of M,,/M,, ~ 1.1 do not suit this type of analysis since even
this small amount of polydispersity leads to a fairly broad transition from
Newtonian flow to power law behavior. In principle, the shear rate at which
non-Newtonian behavior just begins could be used to calculate the corresponding
M., and the result could be compared with the largest molecular weight observed
by GPC. However, neither the shear rate for the onset of non-Newtoninan flow
nor the largest molecular weight homolog in the sample can be accurately de-
termined.

As a result of the difficulties, a better approach is to use M,,, which is pre-
sumably more accurately known. A log normal MWD will be assumed. It is
shown in the Appendix that the melt viscosity for samples of M,/M, =1.10and
1.16 and having log normal MWD’s will drop to 65% and 57%, respectively, of
the viscosity at zero shear when the shear rate is reached such that M, = M,,,.
Consequently, since M, is known and the 4 at which 5/79 = 0.65 (or 0.57 for
M, /M, = 1.16) can be measured, a point is independently determined that can
be compared to the relationship obtained for the broad-MWD sample in Figure
3.
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Using the criterion that M, = M,, when 5/n9 = 0.65 (or 0.57 for M,,/M,, = 1.16),
the shear rate at which n/no = 0.65 vs M,, is plotted in Figure 3 for three poly-
styrene standards at 190° and 225°C. The 190°C data on PS-1 and PS-2 were
interpolated from the data of Graessley.!! The 225°C data were obtained from
an extrapolation of Graessley’s!! data and are not as accurate as those at 190°C.
The data at 190° and 225°C for PS-3 were calculated from the data of Chee and
Rudin.?2 As can be seen in Figure 3, these points as determined for the three
narrow-MWD standards agree well with the log M, -vs-log ¥ relations established
from the broad-MWD sample PS-350. It, therefore, may be concluded that M,
is well defined as the largest molecular weight species that acts in a Newtonian
fashion at a given shear rate.

Relaxation Times

As shown in an earlier publication? on the prediction of elastic properties from
MWD, the steady shear elastic compliance can be calculated in terms of the
unknown parameter 8, which represents the proportionality constant in the
assumed relation between the maximum allowed relaxation time 7, and 1/5.
(The onset of non-Newtonian flow is interpreted as the disappearance of a re-
laxation time proportional to 1/4.) Using the experimental results of Mieras
and Rijn,!3 we found 8 to be 1.65. Consequently, for polystyrene,

Tm = 1.65/% (10)
and from eq. (8),
7 =1.0 X 10~21 pf3-84 (11)

The constant of 1.65 for polystyrene at 190°C in eq. (10) is almost identical
to that of 1.7 obtained for polyethylene at 190°C. While the agreement between
these two constants suggests a unique value for §, which is independent of
polymer type, the sensitivity of this constant to the choice of zero shear relations
for the two different polymer systems and the sensitivity of this constant to the
various calculations made in obtaining it make the agreement seem fortui-
tous.

The temperature dependence of the relaxation times can be calculated from
eqs. (8) and (9). From the assumed proportionality between the maximum al-
lowed relaxation time and 1/4 for a given molecular weight M., the effect of
temperature can be represented as

7T190°C _ (640,000> 1/0.2602 _
330,000

Temperature independence of the proportionality constant between the maxi-
mum allowed relaxation time and 1/4 is assumed. For an E, = 30 kcal/mole,
the temperature variation of 7 = o/pT from the Rouse theory is

12.75

7225°C

P225°C _

T190°¢ _ (10)190°C %X
Toosec  (mo)ezsec 463 prgoec

The temperature effect of the density p used here was that given by Chee and
Rudin.'4 Although the effect of temperature in the Rouse theory is somewhat
less than predicted here, the predictions of the two models are in substantial

11.1
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Fig. 5. Relaxation spectra for polystyrene samples PS-350 and M,, = 411,000 Pressure Chemical
standard as a funetion of relaxation time 7 and partitioning molecular weight M.. Calculated spectra
for the PS-350 and Pressure Chemical standard at 190°C are given by dashed and solid line, re-
spectively. Experimental data of Prest!? at 192°C for the Pressure Chemical material are given
by circles.

agreement. The larger “shift factor” than predicted by the Rouse theory!® agrees
well with the results of Graessley and Penwell!! on the temperature behavior
of narrow-MWD polystyrenes.

By use of the proportionality constant between relaxation time and molecular
weight, «, the relaxation spectrum may be calculated (2). A similar relation to
that given earlier for polyethylene is obtained as

dn _ 34K (M,*)>4,

Hirm) = ™ = 5 gt (M) (12)

where

— c-1_ © _ w
Mw* = Z hiMi +Mc Z hi andAz = Z hi
i=1 i=C i=C
The calculated relaxation spectra for the broad-MWD PS-350 and the 411,000
narrow-MWD samples are compared in Figure 5. Narrowing of the MWD cuts
off the long relaxation times, and the terminal spectrum approaches that of a
“box” as used in the theory of Maruyama et al.16 to relate the steady flow viscosity
and the dynamic viscosity. The experimental data of Prestl7 at 192°C are in-
cluded for comparison with the calculated relaxation spectrum of the 411,000
polystyrene standard at 190°C. This agreement at the terminal end of the
spectrum supports the interpretation of the shear rate for the onset of non-
Newtonian behavior as the disappearance of a particular relaxation mechanism
at a given shear rate. This concept is embodied in the “thixotropy theory” of
Leonov and Vinogradov!® and the “network rupture theory” of Tanner.1®
Furthermore, Staverman et al.2° conclude that this feature is consistent with
dynamic experiments superimposed on steady shearing flow.
As demonstrated for polyethylene,? the steady shear elastic compliance J,(¥)
can be calculated once « is known. J.(¥) as calculated is shown in Figure 4 to
be a slowly varying function of 4. This small shear rate dependence is consistent
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with those reported?22 for polystyrene solutions and poly(vinyl acetate) samples.
However, in contrast to the predicted decrease of J, (v) with v, /. () was reported
by Graessley and Segal?! to increase slightly. Endo, Fujimoto, and Nagasawa2?
present data on poly(a-methylstyrene) consistent with the theory of Tanaka,
Yamamoto, and Takino?4 describing the shear dependence of the shear depen-
dent elastic compliance. Like Graessley’s data, J,(¥) was found by Nagasawa
et al. to increase with shear rate for very narrow-MWD samples.

Speculation Regarding Entanglements

In view of the “partition” model’s success in describing the elastic properties
and non-Newtonian viscosity behavior of both polyethylene and polystyrene
melts, some discussion of the model’s implications in terms of entanglements
seem in order.

Although entanglements are generally accepted as the cause of the strong
dependence of the zero shear viscosity on molecular weight, the origin of the
non-Newtonian behavior is not so clear. If entanglements are accepted as the
dominant contribution (i.e., intermolecular interactions predominate over in-
tramolecular interactions), then the non-Newtonian behavior of high molecular
weight polymers can be qualitatively accounted for in three general ways: (1)
the number of entanglements vary with shear rate when a critical shear rate is
exceeded; (2) the number remains the same but their effectiveness changes with
shear rate; or (3) some combination of the number and effectiveness of the en-
tanglements changes with shear rate.

If the first possibility is accepted, non-Newtonian flow implies a reduced
number of couples for molecules at increased shear rates. However, in terms
of the basic assumption of the partition model, the validity of application of
characteristics of monodisperse to polydisperse samples, molecules in a poly-
disperse sample that are not undergoing non-Newtonian flow participate in the
same number of couples that they do at zero shear. Therefore, we have a para-
doxical situation where the number of entanglements in a presumably homo-
geneous sample are changed for some molecules and not for others, but they
would have to participate in mutual couples for the sample to be homogeneous.
As a result, one must conclude that either the concept of variation of entangle-
ment density with shear rate is inconsistent with the assumptions of the partition
model, or else homogeneity does not exist in the non-Newtonian region. The
third possibility can be ruled out on the same basis.

As a result, it is concluded that the partition model appears to be consistent
with an entanglement concept only for constant entanglement density and re-
duced entanglement effectiveness as the mechanism for non-Newtonian flow.

Calculation of the MWD from Rheological Data

The calculation of the MWD from rheological data has been reported by
various authors. Locata et al.25 use intrinsic viscosity and the zero shear melt
viscosity to obtain estimates of M,, and M,/M,. However, the method is re-
stricted to log-normal MWD’s and polymer systems in which 5o has a dependence
on polydispersity (not just M,,). Menefee26 uses stress relaxation data and a
modified Rouse based model to calculate the MWD.
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1t should be possible by inversion of eq. (7) to predict the MWD from data on
the steady shear melt viscosity. The inversion of eq. (7) may be effected as fol-
lows: Let the index ¢ in eq. (7) be shear-rate dependent. Then, for a specific
shear-rate, the viscosity n(¥) may be expressed as

c—1 ®© 3.4
n¥e) =K[ S wiM; + M, 3 wi] = 1, (13)
i=1 i=c
or
Ne+1 1/3.4 Ne 1/3.4] @
R - { = = MC —MC i 14
[ - () = - b0 3 a9
or
[<n0+1 1/3.4 Ne 1/3.4
- K ) - (E) ]
w; = (15)
i=§r1 M1 — M,

As c increases, 4. decreases. By definition, 3% .., w; is the relative weight per-
cent of the sample above the molecular weight M.41. In order to reconstruct
the MWD, the w; values corresponding to each molecular weight species are
needed. This can be accomplished by noting that

w; — i w; = we (16)

¢ i=c+1

™

12

and, therefore,

1\ 1/34 (ﬂc)1/3‘4 - (770—1)1/3'4 (770+1)1/3'4 - (77(:)1/3'4]
We = <K> [ M, - M, M- M,

where 7.1, 7., and n.+1 represent the viscosities at closely spaced shear-rate
intervals. Consequently, the normalized weight percent of M, in the sample
can be calculated from eq (17). From w, and the corresponding M, calculated
from eq. (8) or (9), the entire MWD can be calculated.

The method outlined above has been applied to sample PS-350 described in
Table I for the purpose of illustration. The rheological data given in Figure 2
at 225°C were used and the molecular weight distribution averages calculated.
The results are given in Table II.

Reasonably good agreement between the averages obtained by means of gel
permeation chromatography and those calculated using eq. (17) and rheological
data at 225°C is obtained. The absence of a calculated value for M,, arises out
of the lack of the very high shear-rate rheological data necessary to obtain esti-
mates from eq. (17) of the weight percent of the lower molecular weight homologs.

(17)

TABLE 11
Comparison of Experimentally Determined and Calculated Molecular Weight Averages
of Sample PS-350

M,y M,

Predicted 310,000 520,000
Experimental (GPC) 290,000 580,000
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In fact, egs. (8) and (9) suggest that information regarding M,, is unattainable
from rheological measurements of steady shearing flow for broad-MWD samples
or for monodisperse samples of very low molecular weight.

ASSESSMENT OF RESULTS IN TERMS OF THE RELATION
OF 5, TO MOLECULAR WEIGHT

Throughout the preceding discussion, specific literature relations of 7o to
molecular weight were employed. However, considering the primary importance
ascribed to these relations for relating both viscous and elastic properties to the
MWD in the non-Newtonian region, some evaluation of the results in terms of
the choice of the np-MWD relation is in order.

Table ITI contains the experimental and calculated values for n9. The ng values
for the narrow-MWD polystyrenes were obtained from the data of Penwell and
Graessley!! by extrapolation and interpolation. A plot of log no vs 1/T gave
approximately straight lines, curving slightly at the higher temperatures. Values
for no at 190° and 225°C are shown in the table for both the linear and second-
degree polynomial fits. The values of g for the PS-350 were estimated by fitting
the data at 190° and 225°C to the Sabia?’ model. Besides the relations used in
this paper for calculating 7o from the MWD, calculations of 7 using an older but
widely used relation?® are given. As can be seen from the table, the Zosel® relation
gives better agreement with the experimental data used in applying the partition
model. While the calculated values of 7 are not as close to the experimental
as one might wish, the agreement is judged satisfactory in light of the rather
substantial variations in literature relations.

An error in the zero shear relation can only affect the agreement shown between
M., (as calculated from a broad-MWD sample) and the “onset” on non-Newto-
nian behavior of “monodisperse” samples by affecting the calculated M, value
at a particular shear rate for the broad-MWD sample. This is true since the
molecular weights of the monodisperse materials are independently determined
and the absolute values of the viscosities are not used. We have made calcula-
tions for PS-350 and determined that by letting K, the constant in the
MWD-—zero shear relation, vary by 60%, M, varied by less than 40% over the range
of ¥ = 1072 to 102sec™!. For a K that is 60% larger than that used by us, « and
B, the constants in the relations between the relaxation time and molecular weight

TABLE III
Sample Method of obtaining n, 7, (190°C), poises 1, (225°C), poises
PS-350 Experimental (E) 6.50 X 10° 5.98 x 10*
Zosel® equation (Z) 5.92 x 10° 5.92 x 10*
Nielsen?® equation (N) 9.31 x 10° 9.95 x 10
PS-2 E (linear fit) 1.98 x 10° 1.26 X 10°
(Polynomial fit) 2.10 x 10¢ 1.77 x 10°
VA 1.94 x 10° 1.94 x 10°
N 3.05 x 10¢ 3.26 X 10°
PS-1 E (linear fit) 8.32 x 10* 3.16 X 10°
(polynomial fit) 1.01 x 10°¢ 7.94 x 104
Z 1.15 % 10° 1.15x 10
N 1.80 x 10° 1.93 x 10*
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and shear rate, respectively, varied such that o and 8 were found to be 32 X 10—2!
and 2.2. This change in the relation for 5y changes 8 from 1.65 to 2.2. Therefore
our conclusion as to the apparent agreement between the 8 for polyethylene and
polystyrene at 190°C is relatively insensitive to the choice of relation for n. It
should be noted that in order to fit the viscosity data the exponents in egs. 8 and
9 had to be changed.

Even if there exists a unique relation between no and MWD for a given polymer
type, errors involved in the determination of the MWD could be serious to the
use of the partition model since M,,, is being raised to the 3.4th power. As aresult,
errors in M, will be greatly magnified in calculating no. We believe it is the errors
in measuring the MWD that will make agreement between independent inves-
tigators difficult. We, therefore, recommend that for a given polymer type, the
M. -vs-shear-rate relation be regarded as relative to the g relation and MWD
used. Consequently, in applying our model, an g relation should be chosen that
is consistent with the experimental MWD data. After this has been accom-
plished, the M, -vs-¥ relation can be determined.

CONCLUSIONS

The ability to predict the rheological curve for an “essentially monodisperse”
polystyrene standard, together with the demonstration that M, values calculated
(at given values of the shear rate) from a broad-MWD sample correspond to
extremely narrow-MWD polystyrene standards of molecular weight M. (which
are experiencing the onset of non-Newtonian flow at the corresponding shear
rates), lends credence to “partition” model assumptions, namely, that (1) the
transition from Newtonian to non-Newtonian flow is sharp; (2) M., as calculated
from polydisperse samples, is indeed the largest molecular weight that can re-
spond in a Newtonian fashion, regardless of polydispersity; and (3) M. for a given
polymer type is a unique function of shear rate, independent of communal
properties of the sample as a whole. Further, credence is lent to the model by
showing that the temperature dependence of the calculated relaxation spectrum
is close to that predicted by the Rouse theory.

The zero shear relation, the material constant « relating relaxation time to
molecular weight, and the shear rate dependence of the parameter M, must be
known in order to calculate the viscoelastic functions from the MWD.

The concept of a reduction in entanglement density accounting for non-
Newtonian behavior appears to be inconsistent with the assumptions of the
model presented here, unless sample homogeneity does not exist under non-
Newtonian conditions.

Calculation of the molecular weight distribution from rheological measure-
ments using this model is probably not useful because, unlike the calculation
of the rheological flow curve from the complete MWD data, the whole flow curve
is impossible to obtain. Certainly, no prediction of M,, for broad-MWD samples
is possible because the shear rates necessary to obtain the data are unobtain-
able.

Appendix

The calculation of n/no at the shear rate where M, = M,, can be simplified by noting that any of
the MWD’s of the anionically polymerized can be approximated by log normal molecular weight
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distributions.? From the earlier definition of M,,*, and assuming a log normal molecular weight
distribution? which varies continuously with molecular weight, M,,* can be redefined as

—8/vV2
M, (OZMIMo)/B) BINZ e,

M* =AM, + o 8
where
Az = Var f\/z" In(Mc/Mo)/8 ez
_V2(n M —In My)
- 8
and

B = [2In (M.,/M,)]"?

For M,/M, =1.1and Mc_=_1\_4 0y M * =~0‘88Hw (M,, is the actual weight-average molecular weight).
Consequently, n/ng = B[(M,,*)34)/k[(M,}34] = 0.65 for M, = M,,,.

The authors would like to thank Ken Stanish for his assistance in the computer programs used
here. Also appreciated are the useful discussions with Professor W. W. Graessley and the valuable
comments of Dr. J. R. Knox.
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