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On the Characterization of Non-Newtonian Flow. III

RAFFAELE SABIA,* Polymer Chemicals Division,
W. R. Grace & Company, Clifton, New Jersey

Synopsis

A method is developed for testing extrapolation procedures of shear stress—shear rate
data by using the dependence of the flow activation energy onshear. Three polyethylene
types are studied, and it is concluded that the difference in flow activation energy ob-
served between conventional low density polyethylene and high density polyethylene is
due mainly to long chain branching.

Introduction

The flow activation energy of a polymer is strongly dependent on its
molecular structure. For a Newtonian material, the viscosity (7) is in-
dependent of the shearing stress (8) or the shear rate (y). The change in
viscosity with temperature (7') is expressed by Andrade’s equation

n = A expl(E)o/RT} 1)

where (F), is the flow activation energy, a constant over a limited tem-
perature range. Bestul and Belcher! deduce that for non-Newtonian
materials ‘“‘the variation of viscosity with temperature at fixed shearing
stress is independent of shearing stress. However, the variation at fixed
rate of shear is always less than that at very low shearing stress, and de-
creases with increasing rate of shear.”

In this paper, simple equations describing the non-Newtonian flow of
polymers are used to predict the drop in flow activation energy with shear-
ing stress and shearing rate. Experimental results are then used to test
the validity of extrapolating procedures used with shear stress-shear rate
data.

Experimental

A series of commercial high (HDPE) and low (LDPB) density poly-
ethylenes were studied. In addition, experimental ethylene-butenc-1
random copolymers (15XPI5) spanning the density range of commereial
polyethylenes were studied. Some long chain branches may be present
in these resins, but the main drop in deusity is due to ethyl branching.
The non-Newtonian flow behavior was determined by means of an extru-
sion rheometer? at various temperatures ranging from 150 to 220°C.

* Preseut address: Bell Telephone Laboratories, Murray Hill, New Jersey.
1651



1652 R. SABIA

The die employed had a length-to-diameter ratio of 19.4. The uncorrected
shear stress—shear rate data were curve fitted to the following equa-
tion?®

log n/70 = (n/m —2) log [1 + (v7)"*] 2)
which at high shear reduces to
n/m = (y7)=*" 3)
The parameter 7 is defined by Bueche? as
= KMry/T (4)

Flow activation energies were obtained at zero shear by using extrapolated
viscosity data and at three shear stresses and three shear rates in the non-
Newtonian region available to us with the above instrument.

Results

Representative data are summarized in Table I for the three resin types.
A sharp drop in flow activation energy at constant shear rate, (E),, is
observed, compared to the zero shear value. At constant shear stress,
(E)s, the change is small. In agreement with Schott and Kaghan?’ (E),
was observed to drop and then to increase, in some cases, at high shear
stresses. This is unexpected as we shall show below. Schott and Kaghan
have applied corrections to their data for entrance losses in reporting this.
The experimental error must be greater than the drop in (E), or eq. (1)
fails over the temperature range employed. Philippoff and Gaskins,®
covering a very broad temperature range (108-230°C.), report an increase
in (K); from 12.8 to 19.0 kcal./mole for a conventional low density poly-
ethylene.

The non-Newtonian viscosity (y) is a function of shear as well as of
temperature

n=7@sm (5)
Differentiation yields
(8n/8T)s . (om)
SU/ALYL . (6)
(on/5 1) Y68

From this last relationship Bestul and Belcher' deduced and confirmed
experimentally that

(8n/8T)s > (8n/87), )
Substitution of the partial derivatives of
7 = Ael®WET (la)

and

n = Ae®slnr (1h)
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into eq. (6) yields’
(F)s/(E)y = 1 — v (80/3 S)r ®
which can be simplified to
)/ (E)y = 3 9

in the case of eq. (3). Figure 1 is a test of this relation for data of four
resins from Table I. The values of (&), is taken at a shear stress of 8.9
X 10° dynes/em.? and is assumed to have reached its limiting value.
It may be concluded that eq. (3) is valid for conventional and high density
polyethylenes. Another test for eq. (3) will be made below.

Starting from

n/n =1+ y7 (10)
and
a/m0 = (y7)° (3a)
T T T
3.0
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Fig. 1. Test of eq. (9) for (O, ®) conventional and (O, ®) high density polyethylenes.

which describe the behavior of eq. (1) at low and high shear rates, respec-
tively, substituting eq. (4) for = and differentiating with respect to tem-
perature at constant shear rate and Mr, one obtains

[(F)o — ();)/1(E) + RT] = 1 —(n/n0) (11)
and
[(E)e (E);)/(E) + RT] = —b (12)
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where 7/, and b are taken at temperature T. Substitution of eq. (9) in
eq. (12) yields

B)o — (B)s = —[b/(1 + ®)IRT = 2RT (13)

Equation (13) indicates a temperature dependenceand that theactivation
energy as expressed by Andrande’s equation should be determined as a
tangent to the curve. We have assumed a semilogarithmic linear relation-
ship over the temperature range of 150-220°C. Equation (13) offers
a test of the extrapolation to zero shear. 2RT, at 190°C., is 1.8 kcal. On
checking Table I, the low density polyethylenes have (E), values too high
by about 2.5 keal. Extrapolation on linear paper indicates that more
reasonable values for the four LPDE’s are 13.3, 12.8, 14.3, and 12.5,
respectively. It may be concluded that the extrapolation to zero shear
by means of eq. (2) is good for EXPE and HDPE but poor for LDPE.
In view of the previous deduction, it may also be concluded that the dif-
ference between LDPE and HDPE must occur at very low shear rates.

A plot of the flow activation energy ratio as expressed by eqs. (12) and
(13) versus 7o/ should result in a slowly rising curve with a limiting
value of 0.67 on the ordinate, as in Figure 2. As expected, LDPE resins
are off. The scatter observed is negligible when considering that an
extrapolated value (no) enters in both coordinates and that Mr is not being
held constant. Schott and Kaghan® obtained (E), values by a different
procedure, and when their data are treated by the present method a good
extrapolation to a value of 0.67 can be made for LDPE and HDPE (Fig.
3).

(Eo - EY)/(Eo + RT)

7100 108 102 103 10F

Fig. 2. Reduction of flow activation energies: (O) HDPE; (0O) LDPE; (A) EXPE,
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Fig. 3. Extrapolation to the limiting non-Newtonian slope: (@) LDPE; (O) HDPE.

The data of Bestul and Belcher! on a GR-S rubber when treated by the
methods illustrated in Figures 1 and 2 yield a limiting slope at high shear
rates of 0.83 which is in close agreement with a value of 0.75 reported by
Bueche? for GR-S rubber.

A series of HDPE’s of approximately the same E, appeared to obey
the following relationship in the non-Newtonian region

n = (kY™/yno)e" "/ mET (14)

where m and k are constants. This equation predicts that the critical
shear stress for non-Newtonian flow is inversely proportional to molecular
weight if (F), is independent of molecular weight. Further deductions are
possible by keeping other parameters and combinations thereof constant.

Conclusion

It is found that the flow activation energy as a function of shear decreases
to a less extent at constant shear stress than at constant shear rate. This
behavior can be predicted a priori if an equation describing the non-
Newtonian flow of the resin under study is known. On the other hand,
extrapolation procedures of shear stress—shear rate data can be tested by
the dependence of the flow activation energy on shear.

The experimental polyethylenes are butene—ethylene copolymers rang-
ing from 4 to 22 ethyl branches/1000 CH,. It may be concluded that the
difference in flow activation energy observed between DLPE and HDPE
is due mainly to long chain branching.
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Résumé

On a développé une méthode pour vérifier les procédés d’extrapolation des résultats
donnant la force de cisaillement en fonction de la vitesse de cisaillement. On s’est servi
de la variation de I'énergie d’activation du processus d’écoulement sous cisaillement. On
a étudié trois types de polyéthylene et on en a conclu que la différence d’énergie d’activa-
tion d’écoulement qui s’observe entre le polyéthylene conventionnel de basse densité et le
polyéthylene de haute densité est surtout due & des ramifications de chaines.

Zusammenfassung

Es wurde eine Methode zur Priifung von Extrapolationsverfahren fiir Scherspannungs—
Schergeschwindigkeitsdaten auf Grundlage der Abhidngigkeit der Aktivierungsenergie
des Fliessens von der Scherung entwickelt. Aus der Untersuchung von drei Polyéithylen-
arten geht hervor, dass der beobachtete Unterschied der Aktivierungsenergie des Fliess-
ens von konventionellem Polyithylen niedriger Dichte und Polyithylen hoher Dichte
durch Langkettenverzweigung hauptsichlich verursacht wird.
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