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Viscosity of Polyethylenes: Dependence on Molecular Weight at High Shear* 
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INTRODUCTION 

Reversible and irreversible changes in viscosity 
with shear are established phenomena for polymer 
systems. The behavior of pure liquids of molec- 
ular weight below 10,000 at high shear is less well 
understood. 

Results on a structurally simple system are de- 
sirable to aid in understanding the mechanism of 
flow. The simplest system of compounds is that of 
the normal alkanes. The lower members of the 
series are available as pure substances. Polyethyl- 
enes simulate high molecular weight members of 
this series as their structures are approximately 
equivalent. Tests have been made on this series at 
high shear in evaluating the theories of flow. 

EXPERIMENTAL 
A concentric cylinder viscometer similar to that 

described by Barber et al.' was used in this work. 
The test fluid was held between the cylinders. The 
inner cylinder was rotated, and the torque trans- 
mitted through the test fluid was measured on the 
outer cylinder. The speeds of rotation were pro- 
portional to shear rate, and the resultant torques 
were a function of viscosity. Torque measure- 
ments were made using strain gages so that measure- 
ments could be recorded automatically, as were the 
speeds of rotation. 

Several inner cylinders were used to provide 
varying clearances and, hence, to cover different 
rates of shear. All clearances were relatively small. 
The outer cylinder had a diameter, measured by a 
micrometer, of 1.oooO4 in. The clearance between 
an inner cylinder A and the outer cylinder was 
3.05 X in.; for cylinder F i t  was 1.09 X 
in., for 2 1.51 X and for cylinder Y, 8.74 X 

These clearances were determined by instru- 
ment calibration with Newtonian oils of known 
viscosity behavior at low shear rates. The small 

change in shear rate across the test film was within 
the experimental error of the method. Viscosities 
and shear rates were measured within =t2% of the 
true values. Both the inner and outer cylinders 
were thermostatted. Test temperatures were con- 
trolled and measured with an uncertainty of less 
than 1OC.l The test liquid was retained between 
the cylinders by surface tension; hence, there was 
no axial flow. Calculated Reynolds numbers were 
below 5 for all measurements. At Reynolds num- 
bers below about 2000, laminar flow commonly 
exists. 2,3 

RESULTS 

Figure 1 shows the viscosity of severalnormal 
alkanes as a function of shear rate. There was no 
observable decrease in viscosity up to the maximum 
observed shear rate. Table I gives the maximum 
experimental shear rate and shear stress. In no 
case was there any observable change in viscosity 
due to shear. Capillary viscosities, at low shears, 
agreed with the results obtained in the concentric 
cylinder viscometer. 

In order to obtain a measurable decrease in vis- 
cosity with increase in shear, higher molecular 
weights and shear stresses were necessary. There- 
fore, the viscosity-shear relationships for six 
polyethylenes were determined. Porter and John- 
son4 describe these low density polymers and the 
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TABLE I 
Viscosities of Normal Alkanes 
- 

Maximum 
experimental value 

Shear Shear 
Inner Vis- rate, stress, 

Com- Temp., cyl- cosity, set.-' dynes/ 
pound "C. inder poise X 10" cm.2 

n-CirHzci 15 F 0.0166 3.85 6.39 X lo3 
20 F 0.0150 3.85 5.68 X lo3 

n-Cl6H34 20 A 0.0345 3.44 1.19 X lo' 
20 F 0.0345 9.65 3.33 X lo4 
40 A 0.0235 3.44 8.08 X lo3 
40 F 0.0235 3.36 7.90 X loJ 
80 F 0.0173 5.69 9.34 X lo3 

n-C20H42 40 F 0.0444 4.06 1.80 X lo4 
60 F 0.0278 5.75 1.60 X lo4 

n-CaZH66 80 A 0.0556 3.44 1.91 X lo' 
80 F 0.0556 9.65 5.37 X lo4 

MOLECULAR WEIGHT 2800 

method for determination of their molecular 
weights. The three polymers from Allied Chemical 
Corp. gave viscosity-average molecular weights 
(determined in Decalin at  7OOC.) of 2800,3300, and 
8300; those from Eastman, 3900 and 5000; Bake- 
lite Corporation, 18,000. 

Viscosities of polyethylenes are shown in Figures 
2 and 3. For the two samples of lower molecular 
weight in Figure 2, little if any decrease in viscosity 
was observed with shear. The polyethylene sample 
with a molecular weight of 8300, however, showed a 
pronounced decrease in viscosity, falling from 108 
poises to less than 7 poises over a short shear rate 
range. This was an entirely reversible effect. 
Measurements were made at  three temperatures on 
this sample. Even at the lowest temperature, 
llO°C., the sample was in the true liquid state, as 

WEIGHT3300 

i 1.000 

MOLECULAR WEIGHT $000 

MOLECULAR WEIGHT 3,soO 
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Fig. 3. Viscosities of polyethylenes. 

characterized by a constant coefficient of thermal 
expansion.F The higher temperature measure- 
ments at 120 and 125OC. insured that there was no 
possibility that a two-phase system existed. The 
results at the various temperatures are consistent 
and eliminate any chance that a suspended solid 
phase was present. The second series of polymers 
showed similar results. The polymer with molec- 
ular weight 3900 showed a small but real decrease 
in viscosity with shear; those with molecular 
weights of 5000 and 18,000 exhibited large effects. 
Low shear capillary viscometer results are shown on 
the ordinate in Figures 2 and 3. 

COMPARISON OF THEORY WITH EXPERIMENT 

There are a number of theories that explain the 
decrease in the apparent viscosity of bulk polymers 
with increase in rate of shear. The comparisons 
that follow were made on only one series of poly- 
mers from the same source to minimize differences 
due to the chemical composition of the polymers. 

The comparisons with the various theories are not 
intended to check the validity of the theories over 
the broad combination of molecular weights and 
shear conditions that are possible. This study is 
concerned only with the lower molecular weight 
region and shears where a change from Newtonian 
to non-Newtonian flow is observed for polyethylene. 

In all cases the observed data for the polymer 
with molecular weight of 8300 have been fitted to 
the various theories at one shear where a consid- 
erable decrease in apparent viscosity is observed. 
By doing this, uncertainties in the values of some of 
the parameters have been bypassed. As the com- 
parisons are intended to test the effect of the mo- 
lecular weight term in the equations in going from a 
region of no effect of shear to one where shear pro- 
duces a large effect, this procedure should be valid. 
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TABLE I1 
Calculated8 vs. Observed Viscosities for Polyethylene at 110°C. 

Molecular weight = 3300 Molecular weight = 8300 Molecular weight = 2800 

Shear rate, 9 7 Shear rate, 9 9 Shear rate, 7 7 
sec.-l x lo-' (calc.) (obs.) set.-' x 10-4 (calc.) (obs.) sec.-l x (calc.) (obs.) 

0 . 5  29.5 20.6 0 .1  3.84 3.97 0 .1  2.13 2.17 
1 19.7 16.3 1 3.34 3.97 1 1.96 2.17 
2 12. 65b 12. 65b 10 1.93 3.97 10 1.72 2.17 
3 9.63 11 .o 18 1.50 3.97 24 1.02 2.17 
4 7.90 9.90 
5 6.76 9.10 
6 5.94 8.48 
7 5.33 7.95 
8 4.84 7.52 

a See ref. 8. 
Used to fit curve. 

Bueche6-s has explained the decrease in the vis- 
cosity of polymers with increasing shear stress as a 
consequence of rotation of the molecules by the 
shearing action: the sinusoidal forces which result 
from the rotation stretch and compress the mole- 
cules alternately. The theory predicts that a 
single universal curve will result if q/q0 is plotted 
versus log (ST). Here we denote by n,q the meas- 
ured viscosity at shear rate S and by q0 the viscosity 
at essentially zero shear rate; T at a given tempera- 
ture for a series of molecular weights with approxi- 
mately the same density is equal to a constant, C,  
times the product of molecular weight, M ,  and 70. 
The curves found for bulk polymers and concen- 
trated solutions were well represented by the 
equation :+* 

Expressing (ST) *I4 as (SCMqo) a/4 and evaluating 
C a t  S = 2 X lo4, TO = 1 0 8 , ~  = 12.65, M = 8300, 
we calculated from the observed values at llO°C., 
values for TI for other molecular weights and shears 
as shown in Table 11. It can be seen from Table I1 
that predicted values for the viscosity of the lower 
molecular weight polymers change much more than 
the observed values. There may be considerable 
uncertainty in the value of 70, but even so the 
theory will not account for the behavior in the 
transition region. The equation developed by 
PaoSJ0 which is smilar to that of Bueche also does 
not predict the abrupt transition from Newtonian 
to non-Newtonian flow. 

The well-known development by Eyring and co- 
workersll treats the flow of liquids as a rate process 
and applies the theory of absolute reaction rates. 
The resulting equation does not contain shear rate 
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Fig. 4. Comparison with theory of Bondi. 

or shear stress explicitly and must be modified to 
account for the effect of shear. Bondi12 has pro- 
posed such a modification based on a relationship 
giving the change in entropy accompanying mo- 
lecular orientation under the influence of a stress 
field. 

110, 110.C 
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Fig. 5. Comparison with theory of Bondi; polyethylene, 
molwdar weight 8300. 
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This results in 

~ T Z  = 1 4- [z/(z + 6kT/hz2h 

exp { - Z W ~ / ~ T } ) I  [ ( h 2 / ~ ' " )  - 11 (2) 

where f z  is the viscosity at a shear stress 2, hz is the 
intermolecular length assumed to be 1.21 X 
(M/14), h is the length of equilibrium jump (as- 
sumed to be 1.22 X lo-'), k is Boltxmann's con- 
stant, T is absolute temperature, and V is molar 
volume. With the assumed values as stated, eq. 
(2) can be compared with the present experimental 
results. This comparison is shown in Figures 4 
and 5 .  For the lower molecular weight materials 
the predicted viscosity decreases are too large. 

Another modification of the Eyring theory to 
account for the effect of shear is due to Grunberg 
and Nissan.13 Their equation may be written as 

7s = A/f exp (fE/RTl 
where 

f = X / ( X  + 8) 
x = B/MT, (3) 

and where E is the activation energy per mole for 
viscous flow, A and B are terms containing mo- 
lecular parameters, and R is the gas constant. 
Other sympbols have been defined previously. 
Values for E are a~ai lable .~ Near zero shear f = 1, 
so A can be calculated from capillary viscosity 
data. At a known shear rate S where the meas- 
ured change in viscosity is appreciable, f can be 
found by trial and error and X can then be calcu- 
lated. Here B is a constant for a homologous 
series and is found from the value for X .  These 
calculations are summarized in Table 111. 

TABLE 111 
Values Used to Calculate Viscosities for Grnnberg-Nissan 

Theory 

Poly- E, Viscosity 
ethylene kcal./ poises, 
mol. wt. mole 110°C. In A x 

2800 8.02 2.17 -9.7641 1.486 X 106 
3300 8.32 3.97 -9.5517 6.893 X 106 
8300 10.03 108 -8.5510 1.007 X 

a Based on an adjusted fit of equation at 2 X lo4 sec.-l 
for which a viscosity of 12.65 poises was measured at 110°C. 

Comparisons of experimental and theoretical re- 
sults are shown in Figures 6 and 7. Predicted de- 
creases in viscosit,y are much larger than those ob- 
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Fig. 6. Comparison with theory of Grunberg and Nissan. 
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Fig. 7. Comparison with theory of Gruntxrg and Nissan: 
polyethylene, molecular weight 8300. 

served. An arbitrary adjustment of parameters 
has been used to provide the best possible fit. 
Ree and Eyring14-ls explain non-Newtonian 

viscosity behavior by assuming a flow system made 
up of three groups of flow units. Each of the groups 
is assumed to have an average relaxation time ap- 
preciably different from the others. The several 
parameters in the equation describing viscosity as a 
function of shear are determined from the experi- 
mental re~u1ts.l~ The equation can be made to fit 
a wide variety of systems, probably including the 
data reported here. However, there is no deriva- 
tion of the parameters from properties of the poly- 
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mers, such as molecular weight, and in fact the pa- 
rameters vary with molecular weight for solutions 
of polymers in an unpredictable fashion.'O There- 
fore no determination of the parameters for this 
type of equation was made. Similarly no com- 
parison has been attempted with the empirical re- 
lationships proposed by Spencer. '7 

DISCUSSION 

The lack of agreement between experimental re- 
sults and molecular orientation theories far rela- 
tively low molecular weight polymers indicates that 
the major portion of the viscosity change due to 
shear may arise from some mechanism other than 
shear deformation and orientation. At a shear 
stress of 5 X 105 dynes/cm.2, the polyethylene 
sample, with a molecular weight of 8300, shows 
a very large decrease in viscosity; under the same 
stress the change is less than 5'% for a molecular 
weight of 3300. It would be expected that any 
theory involving the length of a molecule would 
express the viscosity as some function of the molec- 
ular weight. The ratio of these two molecular 
weights is 2.5. To account for the 400-fold differ- 
ence observed, such a function would involve a 
sixth or higher power of the molecular weight. 
This seems improbable. 

From experimental data on polyethylenes, it 
appears that non-Newtonian flow occurs abruptly 
above a critical molecular weight. For polymers, 
there is a critical molecular weight above which 
molecular entanglement becomes i m p ~ r t a n t . ~ , ' ~  
This critical molecular weight, Me, can be deter- 
mined from low shear viscosity measurements. 
At llO°C., for the systems studied in this work, 
Me is about 2100.4 There is thus a reasonable 
correspondence between M ,  and the onset of non- 
Newtonian flow. Polyethylenes with molecular 
weights of 2800 and 3300, respectively, are New- 
tonian, but have molecular weights above Me.  
The reason for finding Newtonian flow above M ,  
may possibly be due to branching or molecular 
weight determination or definition. At the least, 
the concept of a critical molecular weight can ac- 
count for the abrupt onset and large magnitude of 
non-Newtonian flow with increasing molecular 
weight. Bagley and West19 have independently 
concluded that poly(dimethylsi1oxane) fluids ex- 
hibit non-Newtonian flow only above the critical 
molecular weight, in this case 29,OdO. 

If indeed the non-Newtonian process is asso- 
ciated with chain disentanglement, then the low 
shear viscosity versus molecular weight slope below 

M ,  should predict the minimum values of viscosity 
at high shear. For polyethylenes, these values 
may be calculated from : 

log 7 = D (log M )  - G (4) 
where q is viscosity, poises x lo3 and h and G are 
constants, see reference 4, Table 2. For poly- 
ethylene with a molecular weight of 8300, such re- 
sults are shown in Table IV. The agreement of 

TABLE IV 
Comparison of Calculated and Measured High Shear 

Viscosities 

Infinite high shear viscosity 

Temp., Calc. from Extrapolated 
"C. D G eq. (4) from data 

Values for eq. (4) 

11@ 1.94 3.64 9 . 2  6 . 0  
120 1.92 3.64 7 .6  5 . 0  
125 1.91 3.65 6 .9  4 . 5  

calculated and experimental viscosities at high 
shear is considered reasonable. The calculated 
values are considerably better than derived from 
previously discussed theory (see Fig. 4-7). It may 
also be recalled that the low shear viscosity of this 
polyethylene, molecular weight 8300, is over 100 
poises, while the calculated and measured high 
shear values at the same temperature are in the 
range 4-10 poises. 

If molecular entanglement is the explanation for 
the relatively abrupt onset of non-Newtonian flow 
at low polymer molecular weights, it would suggest 
that the molecular weight term should be of the 
form M-M,. This correction teim would not 
perceptibly change existing theories at  higher mo- 
lecular weights. On the limited data presented here, 
no firm conclusions can be drawn; it would be of 
interest to see if other systems show a similar 
effect in the region of the critical molecular weight. 
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syaopsis 
A high shear, concentric cylinder viscometer wm used to  

study polyethylene samples which differed in molecular 
weight. Viscosities were measured at several temperatures 
in laminar flow at shear rates up to 2.5 X 106 set.-1. Five 
high molecular weight normal alkanes were also studied in 
evaluating shear dependent flow. Viscosities of the normal 
alkanes and polyethylenes with molecular weights up to  
about 3300 were Newtonian over the shear range studied. 
Polyethylenes with higher molecular weights showed large 
and reversible decreases in viscosity with increasing shear. 
Viscosity results at high shear were compared with available 
theory. Previous concepts based on molecular orientation 
apparently cannot account for the abrupt onset of non- 
Newtonian flow with increasing molecular weight. An 
alternate explanation of non-Newtonian flow is offered in 
terms of molecular disentanglements. This concept permits 
a qualitative prediction of the magnitude of non-Newtonian 
flow, as well as the molecular weights for which it will become 
imDortant. 

RbumQ 
Des Cchantillons de poly6thylbnes de differents poids 

mol6culaires ont BtB Btudies dans un viscosimbtre B cylindre 
concentrique A tension de cisaillement dlevbe. Dea viscositb 
ont 6t6 mesurbes B phldeurs temperatures en koulement 
laminaire A des vitesses de cisaillement allant jusque 2.5 X 
lo6 seconds-’. Cinq alcanes B chaine normale de poids 

moltkulaire 6lev6 ont kalement Bt6 6tudi6s pour Bvaluer la 
dependance de I’tkoulement sur le cisaillement. Les vis- 
cositb des alcanes A chatne normale et  des poly6thylbnes 
ayant des poids moleculaires allant jusque environ 3300 
6taient Newtonienes dans le domaine de cisaillement 
BtudiB. Des poly6thyBnes ayant des poids molQulaires plus 
Bl6vvBs presentent des diminutions de viecosite importantes 
et reversibles avec une augmentation de cisaillement. Les 
resultats viscosimetriques A cisaillement dev6 ont 6t6 com- 
pares avec une theorie valable. Les concepts ant6rieurs 
bases sur une orientation molQulaire ne peuvent pas a p  
paremment expliquer le brusque changement de l’bcoulement 
non-Newtonien avec l’accroissement du poids mol6culaire. 
Une explication de I’Qoulement non-Newtonien peut-&re 
don& en faisant appel aux ddroulements mol6culaires. Ce 
concept permet de prevoir d’une facon qualitative l’impor- 
tance de l’koulement non-Newtonien et des poids molku- 
laires pour lesquels cela deviendra important. 

Zusammenfassung 

Ein Viskosimeter mit konzentrischen Zylindern, das fur 
Messungen bei hohem Schub geeignet war, wurde zur Unter- 
suchung von Polyathylenproben mit verschiedenem Mo- 
lekulargewicht verwendet. Die Viskositat wurde bei mehre- 
ren Temperaturen unter laminarem Fliessen bei Scherge- 
schwindigkeiten bis zu 2,5 X 1W sek-1 gemessen. Auch 
funf normale Alkane mit hohem Molekulargewicht wurden 
zur Ermittlung ihres Fliessverhaltens in Abhiingigkeit vom 
Schub untersucht. Die Viskositat der normalen Alkane 
und der Polyathylene mit Molekulargewichten bis zu etwa 
3300 entsprach uber den ganzen verwendeten Schubbereich 
dem Newtonschen Gesetz. Polyathylene mit hoheren 
Molekulargewichten zeigten mit zunehmendem Schub eine 
grosse und reversible Viskositatsabnahme. Die Viskosi- 
tatsergebnisse bei homen Schub wurden mit der bestehenden 
Theorie verglichen. Die friiheren Erklarungsversuche, die 
auf der Molekiilorientierung basieren, konnen offenbar den 
pIotzIichen Eintritt eines nich6Newtonschen Fliessens mit 
steigendem Molekulargewicht nicht richtig wiedergeben. 
Eine andersartige Erklarung ftir das nicht-Newtonsche 
Fliessen auf Grundlage einer Auflosung der Molekulver- 
schlingungen wird vorgeschlagen. Ein solches Konzept 
erlaubt eine qualitative Voraussage sowohl der Griisse des 
nicht-Newtonschen Fliessens, als auch dea Molekularge- 
wichts, bei welchem es praktische Bedeutung gewinnt. 
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