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synopsis 
A quantitative explanation is given for the apparent viscosity increase with increasing 

capillary shear rate for polystyrene at temperatures approaching the glass transition, T,. 
Possible shifts in T, as a function of the parameters shear rate, frequency, and pressure 
are interrelated to viscosity changes. Experimentally, the Instron capillary rheometer 
and the Weissenberg rheogoniometer provided a means for uncoupling the variables 
for individual consideration. Calculated and experimental data for the apparent 
viscosity &s a function of the given parameters are presented and discussed. The ex- 
planation of the apparent viscosity increase in capillary flow can be quantitatively 
explained through the pressure dependence of T,. Brief mention is made of the pressure 
effects on the Bagley and Rabinowitsch corrections normally made in capillary measure 
ments. 

INTRODUCTION 

Anomalous viscosity increases with increasing shear have been reported 
for both amorphous and crystalline polymer This behavior has 
been reasonably explained for crystalline polymers. No quantitative 
interpretation has been given, however, for the viscosity increase of 
amorphous polymers other than an exponential dependence of viscosity on 
p re~su re .~ .~  This study considers possible explanations for this anomalous 
behavior by measurements made on high and low molecular weight poly- 
styrenes of narrow distribution. 

The viscosity increase, as presented by Ballman' for a high molecular 
weight polystyrene, was most noticeable at  temperatures approaching T,, 
down to 136"C, and disappeared at high temperatures, around 200°C. 
The glass transition appeared, therefore, to be a region of prime importance. 
Its potential shift with the interdependent variables pressure, frequency, 
and shear rate was considered as a possible cause for the viscosity increase. 
This explanation can involve representing a change in T, as a change in 
viscosity. 

The parameters pressure, shear rate, and frequency were separated by the 
use of different viscometers, and temperatures of measurement for both the 
low and high molecular weight polystyrenes approached their respective 
glass transition regions. Experimental and calculated data of viscosity as 
a function of frequency, shear rate and pressure are discussed. 
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Shifts of T ,  with pressure were converted to a viscosity change using 
available P-V-T data and the well-known WLF and Tammann-Hesse 
equations. The calculated change in viscosity was combined with the zero 
shear viscosity values for the polystyrenes with a molecular weight below 
M,, the critical entanglement molecular weight. For polystyrene tested 
with a molecular weight above M,,  a suitable power law expression for shear 
thinning was combined with the pressure effect. This provided a direct 
compa.rison between calculated and experimental data. 

EXPERIMENTAL 

Samples 

Narrow distribution samples of low (19.6K, 20.4K) and high (670K) 
molecular weight polystyrene were obtained from Pressure Chemicals. 
The low molecular weight polystyrenes had a M m / M x  5 1.06 and the 670K 
sample had a M,/M, 5 1.10. Sufficient material was available to limit the 
use of each aliquot to one pass, thus minimizing the effects of degradation 
which could occur in successive passes of the same sample. 

Cone-Plate Viscometer 

The Weissenberg rheogoniometer (Model No. 17) provided the means to 
separate the variables shear rate and frequency from pressure. Dynamic 
measurements on the 19.6K sample were made with a cone and plate 
diameter of 2.54 cm and a 4" cone angle. A cone and plate diameter of 
5.03 em with a 2" cone angle was used for steady-state viscosity measure- 
ments of the 20.4K and 670K samples. Steady-state measurements were 
made in both directions of rotation and data taken only within the region 
where heat generation was not significant. At successively higher shear 
rates, a sufficient time was allotted between measurements to  allow the 
system to thermally equilibrate. Nitrogen gas was used to thermostat and 
to  minimize degradation which might occur a t  higher temperatures and 
shear rates. The samples were inserted in the instrument in a way which 
virtually eliminated air voids. 

Capillary Viscometer 

The effects of pressure were studied using an Instron capillary rheometer 
with a main barrel diameter of 0.375 in. Several capillaries were used. 
These include, in units of inches, 0.060 diameter and 0.257 length (L/D = 
4/1), 0.020 diameter and 1.01 length (L/D = 50/1) and 0.030 diameter and 
3.00 length (L/D = 100). All capillaries had an entrance angle of 90". 
Data points were rechecked on successive days and the reproducibility was 
periodically verified. Possible heating effects a t  higher shear rates were 
checked by reducing the shear rate and comparing the stress to that origi- 
nally obtained without shear heating, by waiting a sufficient time between 
measurements and by observing any decrease in load with time. The 
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total stress capacity of the instrument was usually reached, especially a t  
the lower temperature, long before shear heating became appreciable. 

A number of possible capillary corrections were considered. The kinetic 
energy correction was negligible for the conditions used here. Both the 
elastic energy or Bagley correction5 and the Rabinowitsch6 or nonparabolic 
flow correction were considered. The Rabinowitsch correction is not re- 
quired for Newtonian flow, and, for simple power law non-Newtonian be- 
havior, is reasonably straightforward to apply as is the Bagley correction in 
the absence of pressure effects. However, as will be seen, deviations from 
Newtonian and power law behavior occur under the influence of pressure. 
It thus becomes impossible to justify either of these corrections for pressure- 
dependent viscosities. Under these conditions shear stress is observed to 
increase markedly with little increase in shear rate to a level which rapidly 
exceeds the load capacity of the capillary instrument. This effect becomes 
ever more noticeable as the test temperature is decreased. The Bagley 
correction, based on a linear extrapolation of pressure versus L/D,  becomes 
nonlinear a t  sufficiently high LID ratios. The exact LID ratio a t  which it 
becomes nonlinear is apparently a function of the temperature and shear 
rate. The lower the temperature and higher the shear rate, the lower the 
L I D  at which the nonlinearity appears. Additional comments on the 
application of capillary corrections will be mentioned in a later section. 

RESULTS AND DISCUSSION 
An increase in viscosity for the amorphous polymer polystyrene with 

increasing shear rate has been reported It has been inde- 
pendently suggested that this increase is exponentially dependent on pres- 
sure.3 It is of interest to examine this phenomenon more closely and to 
ascribe, if possible, a quantitative explanation to the anomalous viscosity 
increase with increasing shear. From Ballman's data' it is apparent that 
the viscosity increase becomes ever more noticeable as the temperature is 
decreased toward the glass transition temperature, T,. At To the viscosity 
is known to be 2 1Olo poises, a range quite inaccessible by steady-flow mea- 
surements made with instruments such as the Instron rheometer and 
Weissenberg rheogoniometer. What is interesting to note, however, is that 
both the previous data and some of these new results show a sharp in- 
crease in viscosity with increasing shear rate a t  30°C and more above the 
nominal glass transition which is near 100°C for the high molecular 
weight polystyrene. By extrapolation to yet higher shear rates, i t  is pos- 
sible to visualize viscosities corresponding to the glass transition tempera- 
ture. By restricting molecular motions of an amorphous polymer to those 
associated with the glass transition region, one can effectively cause a 
marked shift in the glass transition temperature. It is this possible shift 
in To and its relationship to viscosity which is discussed in terms of the 
measureable parameters shear rate, frequency, and pressure. 

Assuming the relationship of To with a given parameter to  be known, the 
WI,F ecluation  nay be used to calculate the ariticipated viscosity chaiigc.. 
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Consider the WLF equation where CI and C2 have been tabulated for 
different polymers including polystyrene :6 

Knowing rlo and holding T, the test temperature, constant, a change in 
can be found by inserting the various values of T, calculated from the 
response to a given parameter. This change in viscosity can then be com- 
bined with r)o for a polystyrene exhibiting Newtonian flow or with a power 
law expression for the non-Newtonian (high molecular weight) polystyrenes. 
If there is no change in T, with a given parameter, no viscosity change will 
be predicted. 

The first consideration will be to see how a change in shear rate (at 
constant pressure) or a change in frequency might affect a change in vis- 
cosity through a shift in the glass transition temperature. Lewis has 
collected data on the dynamic glass transition measured at  several fre- 
quencies for many polymers.’ Rearranging his semiempirical equation 
gives the following equation for the frequency dependent To, called Td: 

Td = AHa/[-(IOg v ~ / v C )  4.57 + Tc AH,] (2) 

where AHa = activation energy for the glass transition, Vd = frequency of 
measurement, Td = dynamic glass transition, and vc, T ,  = constants for a 
given polymer. AH,, vet and T, were evaluated for polystyrene using data 
given by Lewis. A considerable shift in Td of 30°C and more was predicted 
for an experimentally accessible range of frequencies. The same correla- 
tions were used for steady shear measurement comparisons with Weissen- 
berg data by using a factor of 2r. The justification for this rests on past 
favorable comparisons of dynamic and steady-state data in the onset region 
for non-Newtonian flow and the dimensional consistency of frequency and 
shear rate. This conversion is made with the recognition of possible falli- 
bility due to different mechanisms occurring in dynamic and steady-state 
deformations. 

Figure 1 compares experimental data from the Weissenberg viscometer 
with viscosities calculated by using the combined Lewis and WLF equations 
as described above. An increase in shear rate was converted to a shift in 
T, using the Lewis equation. This shift was used in the WLF equation to 
calculate the increase in viscosity. The calculated viscosity increase was 
combined with qo, superimposing the curves at  the lowest shear rate mea- 
sured. The results in Figure l clearly indicate that the calculated curves 
diverge from the experimental points, predicting an increase at  high shear 
where in fact none occurs in the data. Similar results were obtained in 
comparisons of dynamic viscosity measurements on the high and low molec- 
ular weight polystyrenes and for steady-state measurements of the high 
molecular weight polystyrene. 

The reason why an increase in viscosity with frequency is predicted where 
none occurs experimentally is not entirely clear in view of the large change in 
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Td with frequency presented by Lewis.' The change in To with frequency 
likely occurs but this is not reflected in a viscosity increase. The discrep- 
ancy in the steady-state measurements might also be in the inappropriate 
application of dynamic glass transition data to the steady-state flow. It 
can be clearly concluded from the Weissenberg data that no viscosity in- 
crease occurs in dynamic or steady-state data for high or low molecular 
weight polystyrenes, at  least in the temperature arid shear ranges studied. 

L T- 160 "C 

L T -  180 "C 

1 I I I I 
-1  0 1 2 3 

iog Shear Rate, r (seconds-! 

Fig. 1. Comparison of experimental data from Weissenberg rheogoniometer and 
calculated apparent viscosities for narrow-didribution low molecular weight polystyrene 
(Mw = 20,400; M W / M ,  2 1.06): (0) experimental (Weissenberg visc.); ( A )  calculated 
(Lewis plus WLF equations). 

Pressure effects 011 viscosity were independently studied in this work 
using an Instron capillary rheometer. Varying the shear rates and temper- 
ature gives an indication of how the variable pressure affects the viscosity, 
in that increasing the shear rate is effectively the same as increasing the pres- 
sure. It is possible to use an exponential pressure dependence of viscosity 
:ind with experiment8al d:ttsiL t,o cdcul:btJe the exponent8isl and preexponent.iul 



2432 R. PENWELL AND R. PORTER 

 constant^.^.^ However, a more quantitative approach to the prediction of 
viscosity under pressure in a capillary has been considered here. 

In the glass transition region molecular motions are limited to those 
involving a distribution of short-chain segments.* Any external influence 
which reduces the motion of polymer subsegments to those corresponding to 
the glassy state will effectively shift the glass transition. Pressure is an 
external influence which can operate by reducing free volume and long- 
range coordinated molecular motions. With a shift in the glass transition 
to a higher temperature, the observation of higher viscosities can be ex- 
pected. It appears of interest, then, to consider how pressure affects the 
free volume and T ,  and how these features influence the apparent viscosity. 

from which the 
shift in the glass transition can be evaluated using, for example, the 
Tait"-13 equation 

Considerable P-V-T data is a,vailable for 

Vo - V = v, 111 [l + P/BJ  (3) 

where V = volume a t  pressure P, Vo = volume a t  zero pressure, and B = 
(bars) temperature-dependent parameter (constant under isothermal con- 
ditions). 

The Tait equation originally was used in studying the P-V relationships 
of sea water." It was subsequently found to be applicable to poly- 
~ ty rene . '~ . ' ~  Differentiating the Tait equation with respect to pressure 
and temperature results in expressions for the compressibility and coefficient 
of expansion, respectively, which were used by Gee and NIiller in their T ,  
versus pressure  calculation^.'^^^^ Gee evaluated the Tait equation con- 
stants and used it to calculate the volume which he then subtracted from 
the measured volume. Plotting this difference (at several temperatures) as 
a function of pressure and extrapolating to zero difference in volume, Gee 
obtained a linear relationship between pressure and the glass transition as 
given by the following equation: 

T ,  = Tvo + 0.028P (bars). (4) 

The data of Gee is apparently for a low molecular weight polystyrene as 
indicated by his value of Tvo a t  atmospheric pressure of 90°C. By changing 
the value of T,, to 100°C, this same relationship was used here for flow data 
on high molecular weight polystyrene. 

Miller approached the pressure dependence of T ,  somewhat differently 
but with essentially the same re~u1t . l~ Considering the viscosity to depend 
P, V ,  and T and assuming T ,  to be an isoviscous state, he arrived at the 
following relationship, where cyz (thermal expansion coefficient) and PZ 
(compressibility coefficient) are calculated using Gee's expressions derived 
from the Tait equation, where vo is the specsc volume of the glass. 

( 5 )  d ! !  - PZ 
dP (l/v,)(dv,/dT) - C Y I  

- 
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log Shear Rate, 7 (seconds-') 
Fig. 2. Capillary flow data compared with calculated apparent viscosities for narrow- 

distribution high molecular weight polystyrene at 180" and 200°C (Mv  = 670,000; 
M , / M ,  5 1.10). 

Xliller's expression, eq. (5), can be used to calculate the desired T,-pressure 
relationship if sufficient P-V-T data is available. What remains to be done 
is to combine this shift in T, with a suitable expression for calculation of 
possible viscosity changes with pressure. 

The WLF equation was used previously to calculate the viscosity increase 
and is also applied here. A second means of determining the exponential 
dependence of viscosity on pressure was also considered based on correla- 
tions made by Miller.14 Using Williams' "free volume" expression15 of the 
melt viscosity for a series of polystyrene fractions (measured by Fox and 
Floryg), Miller correlated the free volume parameters with those given in 
the Tammann-Hessel6 equation; 

( 6 )  

The parameters A ,  B, and TO were then evaluated by Miller using the 
available data for the polystyrenes. By assuming that a change in To is 
equivalent to a change in To as Miller did, a second means of calculating the 
pressure dependence of viscosity is available. 

Figure 2 is a comparison, for high molecular weight polystyrene, of results 
obtained experimentally and viscosities calculated independently using the 
WLF and the Tammann-Hesse equations. The viscosity increase was 
combined with a power law expression to produce the calculated results. 
At 200"C, all points superimpose with very little deviation from power law 
behavior. At 180"C, appreciable power law deviat,ion occurs and s ip& 

log 9 = log A + B/(T -To). 
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cantly is predicted reasonably well by either the WLF or the Tammann- 
Hesse equations. As the test temperature is lowered, the increase in 
capillary pressure necessary to obtain a given shear rate increases the 
viscosity, apparently through a shift in the glass transition temperature. 
This effect becomes ever larger as the test temperature is decreased, as 
shown in Figure 3. It may be noted that the viscosity increase observed in 
pressure capillary is also predicted quite well by either of the two methods of 
calculation at both 165" and 150°C. The pressure required for flow at  
150°C in the shear rate range of 10 sec-', according to the data of Gee," is 
equivalent to shifting the glass transition 45" or more. Assuming the glass 

T = I65 'C 

A - POWER LAW EQUAT101.1 

o - W L F  + POWER LAW 

X - TAMMAN\:-HESSE I POWER LAW 

0 - CAPILLARY F L O K  DATA 

-1 0 1 2 3 
log Shear Rate, 1 (seconds-') 

Fig. 3. Capillary flow data compared with calculated apparent viscosities for narrow- 
distribution high molecular weight polystyrene a t  150' and 165°C (Mw = 670,000; 
M,/M, 5 1.10). 

transition to be approximately 100°C for this polystyrene at atmospheric 
pressure, a glass transition in the region of 145°C is then predicted a t  the 
higher pressures. This would certainly seem to account, then, for the very 
rapid rise in viscosity with shear rate a t  150°C. 

Viscosity data, comparable to that in Figure 3, is presented for a low 
molecular weight polystyrene in Figure 4. Recall that for essentially 
Newtonian behavior the calculated viscosity change with pressure is simply 
added to the zero shear viscosity. At 180"C, the behavior is Newtonian as 
predicted by calculation and verified experimentally by both the Weissen- 
berg and Instron capillary instruments. As the test temperature is de- 
creased, the pressure effect becomes more noticeable and is predicted well a t  
:dl test, temperatures which were performed down to 120°C. The behavior 
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in the Weissenberg viscomet,er is Newtonian at  all temperatures and shear 
rates studied indicating that in the absence of increasing pressure no vis- 
cosity increase or decrease occurs. The pressure required in the capillary 
at  the highest shear rates, both a t  120" and 140"C, was sufficient to cause 
an apparent shift in the glass transition temperat,ure toward the test tem- 
peratures in a manner which can account for the viscosity increases ob- 
served. 

Problems in applying the Bagley and Rabinowitsch capillary corrections 
have been mentioned previously and will be only briefly reconsidered. 

f 140°C 

Calculated 
., - WLF Equatnon 

- x -Tamman-Hesse Equatlon 

Expermental 

o - Capillary 
A - Welssenberg + - 

180 ' C  . 
8 :  

-2  - 1  0 I 2 3 
log Shear Rate, 7 (seconds-'l 

Fig. 4. Comparison. of Weissenberg rheogoniometer and capillary flow data 
calculated results for narrow-distribution low molecular weight polystyrene ( M m  = 
20,400; M,/M,, 5 1.06). 

For 

with 

the high molecular weight polystyrene, both corrections are difficult to 
apply in the region where the viscosity increases with increasing shear rate. 
The Bagley plot is nonlinear which makes a linear extrapolation impossible. 
Also, it is not clear what deviations from parabolic flow may occur a t  high 
pressures, thus making a Rabinowitsch correction untenable. A possible 
solution to these difficulties might evolve from a consideration of Figure 5. 
In  Figure 4 the experimental curve was duplicated semiquantitatively by 
calculating a viscosity increase and combining it with a suitable power law 
expression. An alternate approach would be to subtract the calculated 
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viscosity increase from the experimental curve giving the corrected curve iu 
Figure 5 .  The resultant curve, which represents a pressure-corrected ver- 
sion of the experimental data, can be described by a power law expression 
over the entire range and the Rabinowitsch correction can nominally now 
be applied. This same pressure correction, applied to the low molecular 
weight polystyrenes, returns the experimental data to Newtonian behavior. 
Although this was not done, it seems reasonable to suggest that this same 
pressure correction, applied to a nonlinear Bagley plot, would result in 
linear curves. This would eliminate the difficulty imposed by a nonlinear 
plot and would make the correction possible for both the high and low 
molecular weight polystyrenes. 

- 

0 -  C A P I L L A R Y  FLOW DATA 

A- CORRECTED DATA - 

The study of variable capillary pressure has provided a quantitative 
explanation for the increase in apparent viscosity with shear rate from con- 
siderations of changes in free volume. Calculations, using independently 
the Tammann-Hesse and WLF equations coupled with Gee's pressure- 
versus-T, relationship, agree well with experimental data on both high and 
low molecular weight polystyrenes. Comparisons with the Weissenberg 
data also support the idea that pressure reduces the free volume, which 
apparently shifts the glass transition 30" and more. This shift in T, can 
account for the apparent viscosity increase with increasing shear rate. In 
the absence of pressure effects the low molecular weight polystyrene is 
Newtonian throughout the measurable shear rate range and the high 
molecular weight polystyrene obeys the power law at the higher rates of 
shear. 



VISCOSITY OF POLYSTYRENE 2437 

References 
1. R. L. Ballman, Nature, 202,288 (1964). 
2. A. K. Van der Vegt and P. P. A. Smit, S.C.I. Monograph No. 26,313. 
3. P. Meares, Polymers: 

4. J. D. Ferry, Viswelastic Properties of Polymers, Wiley, New York, 1961, p. 231. 
5. E.B. Bagley, J.App1. Phys., 28,624 (1957). 
6. S. Middleman, T ~ Q  Flow of High Polymers, Interscience, New York, 1968, p. 15. 
7. A. F. Lewis, J .  Polym. Sci. B, 2,649 (1963). 
8. G. Adam and J. H. Gibbs, J .  Chem. Phys., 43,139 (1965). 
9. T. G Fox and P. J. Flory, J .  Appl. Phys., 21,581 (1950). 

Structure and Bulk Properties, D. Van Nostrand, New 
York, 1965, p. 315. 

10. K. H. Hellwege, W. Knappe, and P. Lehrnann, Kolloid-Z., 183,110 (1962). 
11. P. G. Tait, Physics and Chemistry of the Voyage of H.M.S. Challenger, Volume 11, 

12. G. Gee, Polymer, 7,177 (1966). 
13. L. A. Wood, J .  Polym. Sci. B, 2, 703 (1964). 
14. A. A. Miller, J .  Polym. Sci. A-2, 6, 1161 (1968). 
15. M. L. Williams, J .  Appl. Phys., 29,1395 (1958). 
16. G. Tarnmann and W. Hesse, Z .  anorg. allg. Chem., 156,245 (1926). 

Part IV, University Press, Cambridge, 1900. 

Received June 9, 1969 
Revised July 23, 1969 


