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Viscosity of Polyethylenes: Dependence on Molecular Weight 
and Temperature* 
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INTRODUCTION 

In this study, viscosity-molecular weight relation- 
ships for polyethylenes and for normal alkanes 
were developed over a broad temperature and 
molecular weight range. The results were used to 
test the empirical correlation of Fox and Loshaek 
and Bueche's theory of vis~osi ty .~-~ Flow activa- 
tion energies were also evaluated as a function of 
molecular weight. The data were primarily from 
previously reported ~ o r k . ~ - l ~  As an aid in 
testing theory, new viscosity measurements were 
made on six polyethylene samples. 

Experimental 

Tests were made on six unfractioned samples of 
low density polyethylenes. They were contributed 
by Allied Chemical Corp., Eastman Chemical 
Products, Inc., and by the Bakelite Company. 
Data on the three low density samples most 
extensively studied are given in Table I. 

TABLE I 
Properties of Polyethylenes 

1711 in *pprox. I)ensity, g./ml. 
Decalin, melting 

70°C. dl./g. temp., "C. 110OC. 135OC. 

2800 0.137 102 0.802 0.787 
33@0 0.154 104 0.802 0.787 
8300 0.301 107 0.802 0.788 

Bulk polymer and solution viscosities were 
measured in a conventional manner in capillary 
viscometers. l4 Data were reproducible to =t0.2%. 
Corrections were not made for shear rate or kinetic 
energy. Density measurements by hydrometers 
were accurate to *0.2%. Tests were made with a 
minimum exposure to air. l5 Temperatures and 
molecular weights of liquid polyethylenes were 

* Presented in part before the Polymer Division of the 
-4merican Chemical Society, Atlantic City, N. J., Sept., 1959. 

such that their coefficients of thermal expansion 
were linear. 13s16 

Intrinsic viscosities were obtained in Decalin at 
70°C. by extrapolation of data at  four concentra- 
tions in the range 0.1G1.2 g./100 ml. Poly- 
ethylenes were dissolved at  100°C. with no measur- 
able solvent loss. The Decalin used showed no 
viscosity change with time. l7 A viscosity-average 
molecular weight, Bo, was calculated from intrinsic 
viscosity, [ q ] ,  by using eq. (l), which was derived 
from cryoscopic and osmotic pressure data for 
molecular weights of 26OO-35,OOO. l7 The precision 
in @, is no better than *5%. Comparisons 
indicate that eq. (l), as developed by Ueberreiter, 
gives relatively high molecular weights. l7 In 
every case, eq. (1) gave a higher molecular weight 
than the commercial specifications for the samples 
tested. 

[v] = 3.873 X 10-4Bn0-738 (1) 
A small percentage of side chains are known to 

occur in  polyethylene^.^^^^^ For low molecular 
weights, the ratio of CHI to CH2 groups is less 
than 21. The presence of side chains is considered 
in the interpretation of data. Infrared studies on 
the polymers tested confirmed the presence of OH 
and unsaturated groups in Allied Chemical and 
Eastman polyethylenes, respectively. 

THE CHANGE OF VISCOSITY WITH MOLECULAR 
WEIGHT 

Low Molecular Weights 

It appears that the viscosity of low molecular 
weight compounds depend upon simple frictional 
forces between molecules.2 Bueche, considering 
the "free-draining" model of Debye, concludes that 
viscosity of such compounds should, thus, increase 
as the first power of molecular weight for short 
chain homologs. The predicted exponent is greater 
than one for viscosities at  constant pressure 
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Fig. 1. Viscosities of normal alkanes of low molecular 
weight. 

because chain ends tend to "open up" liquid 
structure and reduce vi~cosity.~ It is postulated 
that this effect will decrease and that viscosity 
will approach a linear relationship with molecular 
weight at  elevated temperatures. This idea is 
tested in Figure 1 in a plot of log viscosity vs. log 
molecular weight for normal alkanes up to CaH130. 

Data from two sources,6J with some interpolated 
values, were treated by least-squares analyses. 
Deviations in log q were minimized and gave 
regression correlation coeficients averaging over 
0.999 at constant temperatures from 50 to 300OC. 
The data may be represented by 

log q = A log ( M )  - B (2) 
where q is the viscosity in poises X lo3, and A and 
B are isothermal constants. Table I1 gives 
values obtained for A and B. The term A ,  which 
is the slope in Figure 1, is found to decrease and 
approach one with increasing temperature as 
predicted by B ~ e c h e . ~  The value of A is also 
remarkably independent of chain length over a 
tenfold range of molecular weights (see Fig. 1).  
The results are also consistent with viscosity data 
on other high molecular weight normal alkanes 
which are being developed by API Project 42. 

TABLE I1 
Constants for Equation (2), Molecular Weights 86-900 

Temp., "C. A B 

50 2.22 3.95 
110 1.94 3.64 
130 1.90 3.65 
160 1.79 3.53 
200 1.67 3.38 
300 1.53 3.35 

Intermediate Molecular Weights 

The empirical viscosity-molecular weight equa- 
tion of Fox and Loshaekl applies remarkably well 
to a variety of polymer systems. Their equation 
has been theoretically derived by Bueche.2*s This 
relationship, which has the form of eq. (2), applies 
above a critical molecular weight, M,, where inter- 
molecular entanglements determine the flow 
process. -4 
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Fig. 2. Viscosities of polyethylenes and normal alkanes of 
intermediate molecular weight. 

The variables in the Fox and Loshaek equation 
are plotted in Figure 2. The data shown are 
from several sources. The lowest molecular 
weights, up to 900, represent an interpolation of 
Doolittle's data on normal alkanes! The higher 
molecular weights in Figure 2 are for polyethylenes. 
The data of Ueberreiter are for unfractionated, free 
radical polymers. 12~6.1' All polymer molecular 
weights are defined by the same expression, eq. (l), 
for an intrinsic viscosity in Decalin at  7OoC." 
Some of the polyethylene data from this work are 
given in Table 111. 

A second set of values for A in eq. (2) were 

TABLE I11 
Absolute Viscosities of Polyethylenes 

~~~ ~ 

Polyethylene, Viscosity, poises 
mol . 
wt. 1 looc. 13OO"c. 160°C. 

2800 2.17 1.27 0.70 
3300 3.97 2.30 1.23 
8300 108.0 52.8 22.0 
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determined in the molecular weight range of 
2800-10,200, which is above M,. They were 3.3, 
3.5, and 3.6 at 110, 130, and 160°C., respectively. 
These agree with 3.4 f 0.1, the universal value for 
A reported to cover weight-average molecular 
weights above M ,  at constant temperature and 
density.' No correction to constant density was 
necessary, as specific volumes of liquid polyethylene 
are nearly independent of molecular weight. 

Polyethylene data in Figure 2 indicate that both 
the number-average molecular weights a,, reported 
by Ueberreiter and the viscosity-average molecular 
weights from this work give essentially inde- 
pendent and identical slopes of 3.4. It may be sig- 
nificant that what Ueberreiter reports as Bn may 
actually be Bv. A third set of data on poly- 
ethylenes also yields p value for A of 3.4. These 
data, in weight-average molecular weight, Bw, 
do not extend down to molecular weights shown in 
Figure 2.1° They indicate, however, a compliance 
of linear polyethylenes to the conditions of the 
Fox and Loshaek equation. It is thus concluded 
that the 3.4 value of A in eq. (2)  holds in certain 
conditions for each of a?,, ATv, and ATw. This 
may follow from ap approximately constant 
molecular weight distribution and degree of chain 
branching for a specific molecular weight 

The effective coincidence in Figure 2 of viscosity 
data for polymers from different sources is not 
unreasonable,'* and may be due to the fact that 
intrinsic and bulk viscosities are changed in the 
same way by changes in chain branching and in 
molecular weight distribution. This is corrobo- 
rated by data obtained here on low density, low 
molecular weight Eastman polyethylenes. 
Although differing greatly in method of synthesis, 
they give a,-viscosity data qualitatively con- 
sistent with those in Figure 2. 

Data in Figure 2 do not indicate the sharpness of 
the transition in slope at M,. For other systems 
the transition is sharp,' and for convenience it is 
shown here as the intersectiQn of lines. At llO°C., 
M ,  occurs at  a molecular weight near 2000 or at a 
chain length of about 150. This is the shortest 
chain length reported for M,. For other polymers 
M e  occurs at chain lengths between 200 and 1OOO.l 
Any chain branching in the polyethylenes shown 
in Figure 2 will give a high rather than low value 
for M,. 

In Figure 2, M e  is determined by viscosity- 
average molecular weights. Because of molecular 
weight distribution, it may be argued that the 

series. 10.20,21 

intersection of lines using weight averages should 
be displaced toward a higher value of Me.  In a 
test of this, the weight-average molecular weight 
data of Peticolas and Watkins for linear poly- 
ethylenes have been extrapolated down to Me. lo 

At 15OoC., a low value of about 1700 is obtained 
for M ,  from these values. This corroborates the 
view that eq. (1) gives relatively high molecular 
weights. A firmer and more important conclusion 
is that data based on each of Bn, Bv, and ATw give 
consistently low values for M ,  for polyethylenes. 
The absolute value of M ,  is difficult to ascertain 
because of problems in molecular weight definition, 
distribution, and determination. However, a short 
chain length for M ,  is reasonable for polyethylenes. 
That is, molecular entanglements should be most 
easily formed and 211, extend to the shortest 
chain lengths for flexible polymers with a minimum 
of side chains. 

From data in Figure 2 it is found that the chain 
length for M e  changes by about 30 carbon atoms 
from 110 to 160OC. An increase in M ,  with 
temperature, although reasonable, has not been 
previously reported. Correspondingly, the 
entanglement point occurs at higher molecular 
weights in polymer solutions as the polymer 
concentration is decreased. ' The conditions for an 
infinite network of entangled chains is that K M  2 
1, where K is the coupling ~ o n s t a n t . ~ . ~  The 
coupling constant for these data changes from 5.4 X 
lo-* at 110OC. to 4.4 X a t  160OC. 

High Molecular Weights 

The 3.4 slope, as typified in Figure 2, is reported 
to apply at high molecular weights for bulk and 
solution viscosities of many polymers. The cor- 
relation has been extended to chain lengths above 
lo4 and viscosities in excess of lo6 poises.' In 
accord, Peticolas and Watkins report that linear 
polyethylenes for aw from 0.53 to 4.2 X lo6 also 
give a 3.4 slope. They find, as expected, that 
branched polyethylenes give relatively low vis- 
cosities. 

At least three polymer systems have been 
reported for which slopes, or values of A ,  markedly 
exceed 3.4.3J+12J3,23 Certain polyethylene data, 
which fit this class, are plotted in Figure 3. Mo- 
lecular weights of Ueberreiter are higher members 
of the same series which produce the 3.4 slope 
in FigElre 2.13 The high molecular weight slope 
is 6.4. This high value may be caused by a 
change in chain branching with increasing mo- 
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Fig. 3. Viscosities of polyethylenes of high molecular 
weight at 130OC. 

lecular weight. The A7-viscosity data of Dienes in 
Figure 3,' as well as certain other and Mu-- 
viscosity data on  polyethylene^,^^*^' a19d give ab- 
normally high slopes, sometimes with values above 
8. The Fox and Loshaek equation is, therefore, not 
universal. It does apply, however, to weight- 
average molecular weights for linear polyethyl- 
enes. lo 

THE CHANGE OF FLOW ACTIVATION ENERGY 
WITH MOLECULAR WEIGHT 

The activation energy for viscous flow, AE*, may 
be calculated from eq. (3) where T is the absolute 
temperature, R the gas constant, ahd D a 
constant .26,26 

(3) = D~AE*/RT 

The change in AE* with polyethylene molecular 
weight at  130OC. is shown in Figure 4. This 
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Fig. 4. Flow activation energies for polyethylenes and 
normal alkanes: dependence on log molecular weight at 
130OC. 

relation holds for molecular weights determined 
from eq. (I). A least-squares analysis of these 
data showed that eq. (4) fits data for both poly- 
ethylenes and normal alkanes for molecular weights 
of 128-37,600 with a regression correlation coef- 
ficient of 0.994. Since the development of this cor- 
relation, other data have come to light.21 These ad- 
ditional values for AE*, as plotted in Figure 4, 
agree with the existing correldtion within experi- 
mental error. 

AE*,, = -6.70 + 4.27 log M (4) 
Equation (4) and one p r o p k d  by Ueberreiter 

are the only ones showing tli change in AE* with 
polyethylene molecular weights. l3 Equation (4) 
covers a tenfold larger molecular weight range and 
fits the data better at  lower molecular weights. 
No tendency is observed for AE* to approach a 
limiting value at  molecular weights, up to 37,600 
(chain length 2600).26 For polystyrene and poly- 
isobutene,* AE* is constant at( chain lengths above 
lo00 which approximates M,. 

Figure 4 indicates consistent values of AE* for 
polymers from different sfltheses; this despite 
the fact that AE* is reported to change with degree 
of chain branching.*S An explanation for the 
coincidence of data may be mbde on the basis that 
viscosity-average molecular weights decrease with 
chain branching but that branching also induces the 
same directional change ib the L@* for poly- 
ethylenes. 28 

In Figure 5, AE* is plotted against the square root 
of chain length, in the manner of Ueb~reiter.1~ 
In this correlation, AE* changes linearly at the 
higher molecular weights but breaks off toward 0 
for short chains. The maximum curvature occurs 
near M,. Polyisobutehe and polystyrene show 
markedly different behavior.27 

Fig. 6. Flow activation energies for polyethylenes and 
n o d  alkanes: dependehce on quare root of chain 
length at 130°C. 
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Bulk viscosities of polyethylenes may be cal- 
culated from molecular weight by using eq. (3) 
and an established relationship for D. Values for 
D, in eq. (5), apply to AE* in kilocalories and for 
molecular weights of 1400-37,600.13 

D = AE* - 14 (5) 

FLOW PROCESS 

The increase of aE* per carbon atom for poly- 
ethylenes decreases with increasing chain length 
(see Fig. 4). Based on normal hydrocarbon data 
up to C32H66, it has been postulated that the 
maximum AE* for long hydrocarbon chains cor- 
responds to 6-7 kcal.2@ This energy, by analogy 
with vaporization, is equivalent to a AE* for a 
molecular segment of 25-30 carbon atoms. It is 
evident from branched polyethylene data that AE* 
and, consequently, the required size of the flow 
segment continue to increase with molecular weight 
up to the highest values in Figure 4. For poly- 
ethylenes with molecular weights of 10,OOO and 
37,600, AE* increases to energies equivalent to ac- 
tivation of flow segments of 40 and 50 carbon atoms, 
respectively. l3 

The theory of flow by molecular segments may be 
tested by calculation. The value for D in eqs. 
(3) and (5) is proportional to the displacement 
volume in the flow p r o ~ e s s . ' ~ . ~ ~  A calculation-has 
previously been made for the size of the flow 
segment based on a mean value of -4  for D.13 
The resultant volume, 6.5 X is reported 
to be about twice that obtained for a CH2 group by 
x-ray analy~is.~s This suggests that the flow 
process is the movement of small volumes which 
are a tenth or less of that originally predicted from 
the theory of segmental jump. Based on other 
reasoning, Fox et al. have postulated displace- 
ment volumes in the flow of alkanes.30 They 
conclude that flow segments are not more than 
chains of five carbon atoms. 

Ueberreiter has mathematically treated poly- 
ethylene as a vibrating string with periodic nodes. l3 

The distance between nodes increased with in- 
creasing molecular weight. The spacing between 
nodes approximates the flow units predicted from 
vaporization.26 Actual flow, however, is postulated 
to take place through the displacement of volumes 
of the order of a CH2 group. Flow by the move- 
ment of small segments, thus, appears to explain 
the behavior of all members of the n-alkane- 
polyethylene series. 
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Synopsis 
Existing viscosity data on polyethylenes were studied as 

a function of temperature and molecular weight. New meas- 
urements were made on low density polyethylenes which had 
molecular weights useful for the test of theory. Viscosities 
of normal alkanes, considered as a lower extension of poly- 
ethylenes, were also correlated. The equation, log I] = A log 
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(M) - B (where 9 is absolute viscosity, M is molecular 
weight, and A and B are constants), is applicable over a wide 
range of Newtonian viscosities. Bueche’s theory postulates 
that A approaches unity for chain lengths up to a critical 
molecular weight, M,, where molecular entanglement 
abruptly becomes important. Above M,, the theory re- 
quires A to be 3.4. Values of A for normal alkanes are 
shown to approach unity below M,. The entanglement 
point, M,, is temperature dependent and occurs at relatively 
low molecular weights. Above Me, A for linear polyethylenes 
is near 3.4. However, certain polyethylene data give higher 
values for A. Activation energies for viscous flow, AE*, 
were obtained for polyethylenes and normal alkanes. They 
were found to be internally consistent and to vary as a 
linear function of the log of molecular weight. The change 
of AE* with less general functions of moleculare weights 
shows a maximum curvature near M,. Results are con- 
sidered in terms of flow theory. 

RQsumQ 
Les r6sultats viscosim6triques existants sur des poly- 

kthylbnes ont 6t6 6tudi6s en fonction de la tempkrature e t  
du poids mol6culaire. De nouvelles mesures ont 6t6 ef- 
fectuks sur plusieurs poly6thyl&nes de poids mol6culaires 
convenables pour le contrble de la thhrie. Des viscositt5s 
d’alcanes B chaine normale, consider6 commee les homologues 
inf6rieurs des poly6thyBnes, ont aussi 6t6 rapporths. 
L’Bquation, log 9 = A log (M) - B oh t] est la viscosit6 
absolue, M le poids molhulaire e t  A et  B des constantes, 
est applicable dans un vaste domaine de viscosit6s Newton- 
ienes. La th6orie de Bueche postule que A tend vers l’unit6 
pour des longueurs de chafne allant jusqu’8 un poids mol6cu- 
laire critique, M,, oh l’enroulement molkculaire devient 
brusquement important. Au dessus de M,, la thhrie  exige 
que A soit 6gal A 3,4. Pour les alcanes B chatne normale les 
valeurs de A tendent vers l’unit6 au dessous de M,. Le 
point d’enroulement, Me, d6pend de la temp6rature e t  a lieu 
pour des poids molkculaires relativement bas. Au dessus de 
M,, A est pour des poly6thylbnes linkaires voisin de 3,4. 
Cependant, certains r6sultats obtenus avec le poly6thyBne 
donnent des valeurs plus 61ev6es pour A. On a obtenu les 
bnergies d’activation pour 1’6coulement visqueux, AE* 

dans le cas des polybthylbnes et  des alcanes & chaine normale. 
On a trnuv6 qu’elles 6taient valables e t  variaient comme une 
fonction linhire du log du poids molkculaire. La variation 
de AE* avec des fonctions moins g6n6rales des poids molhu- 
laires pr6sente un maximum de curvature au voisinage de 
M,. Les r6sultats sont consid6r6s en fonction de la th6orie 
de 1’6coulement. 

Zusammenfassung 

Vorhandene Angaben iiber die Viskositat von Polyathyl- 
enen wurden in bezug auf die Abhangigkeit von Temperatur 
und Molekulargewicht untersucht. Neue Messungen wur- 
den an einigen Polyathylenen ausgefuhrt, deren Molekul- 
argewichte eine fur die Uberprufung der Theorie brauchbare 
Grosse hatten. Auch die Viskositat von normalen Alkanen, 
die man als niedrigere Glieder der Polyathylenreihe betrach- 
ten kann, wurde in die Untersuchung einbezogen. Die 
Gleichung log 11 = A log (M) - B, wo 9 die absolute Visko- 
sitlt, M das Molekulargewicht und A und B Konstante sind, 
kann uber einen weiten Bereich Newtonscher Viskositaten 
angewendet werden. Die Theorie von Bueche fordert, 
dass sich A fur Kettenlangen bis zu einem kritischen Mole- 
kulargewicht, M,, bei welchem Molekulverschlingungen 
plotalich Bedeutung gewinnen, dem Wert eins nahert. 
Oberhalb Me verlangt die Theorie fur A den Wert 3,4. Es 
wird geaeigt, dam sich fur normale Alkane die Werte fur 
A unterhalb M ,  eins nahern. Der Verschlingungspnnkt, M,, 
hiingt von der Temperatur ab und liegt bei verhaltnismassig 
niedrigen Molekulargewichten. Oberhalb Me liegt A fur 
lineare Polyathylene in der Nahe von 3,4. Bestimmte 
Ergebnisse an Polyathylen liefern jedoch hohere Werte 
fur A. Aktivierungsenergien fur das viskose Fliessen, AE*, 
wurden fur Polyathylene und fur normale Alkane erhalten. 
Sie bildeten eine in sich ubereinstimmende Reihe und aeigten 
eine lineare Abhangigkeit vom Logarithmus des Molekul- 
argewichts. Die Abhangigkeit von AE* von weniger allge- 
meinen Funktionen des Molekulargewichts aeigt eine grosste 
Krummung in der Nahe von M,. Die Ergebnisse werden 
im Rahmen der Theorie des Fliessens diskutiert. 
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