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Melt Viscosities of Molten Poly(ethylene
Terephthalate) Calculated from Modified
Bueche-Harding Equation
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Synopsis

The semiempirical Bueche-Harding equation was successfully modified to allow the
calculation of experimentally verified melt viscosities of molten poly(ethylene tereph-
thalate) (PET) for shear stresses >9.65 X 10¢ dynes/cm? by accounting for the definite
Newtonian region in the flow behavior of PET for shear stresses £9.65 X 10% dynes/cm?.
Melt viscosity values calculated from the modified Bueche-Harding equation agreed
within =129, of the values calculated from the equations based on experimental data.

INTRODUCTION

Bueche and Harding proposed a universal master curve for the viscous
behavior of concentrated polymer solutions!:
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where 70/7 is the ratio of the zero shear viscosity to the viscosity at some
shear rate, y; D is the parameter (relaxation time) defined as

2
p = B2mM
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where M is the molecular weight, p is the density (for melts) or concentra-
tion (for solutions), R is the universal gas constant, and 7T is the absolute
temperature. From the master curve it is possible to determine the melt
viscosity—shear rate flow curve of many linear polymers at any temperature,
if the zero shear viscosity, the molecular weight, and the density (or con-
centration) of the polymer are known. The work of Bueche and Harding
has been extended with varying degrees of success to a number of molten
polymer systems.*—8

Van der Vegté found that an expression similar to that of Bueche and
Harding was satisfactory for polypropylene melts. Kraus and Gruver*
showed that for polymers of similar molecular weight distribution and mini-
mum branching, all viscometric data could be reduced to a single curve by a
reduced variable technique. The general rheological behavior for poly-
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(dimethylsiloxanes) over a wide range of variables was obtained by Collins?
through extension of the Bueche and Harding standard curve.

Sabia® and Brodnyan et al.’® found Bueche’s standard curve to be un-
satisfactory for describing the non-Newtonian flow of several polymer melts
including polyethylene? and poly(methyl methacrylate).? Porter et al’
showed that variations in molecular weight distributions cause marked de-
viations from general reduced variable curves for non-Newtonian flow.
Middleman® modified Bueche’s theory to account for the effect of poly-
dispersity on the viscosity of polymeric fluids.

The steady-state flow properties of molten poly(ethylene terephthalate)
(PET) were recently reported in graphic form by Gregory and Watson.?
A single, complete master flow curve was constructed in that work; the
curve interrelates shear stress, shear rate, temperature, and molecular
weight. Gregory, in more recent work,” derived generalized rheological
equations from the master curve. The objective of this current paper is to
compare the results of the earlier work™ with results calculated from the
Bueche-Harding equation applied to molten PET.

RESULTS AND DISCUSSION

Rheological equations for molten PET which were developed by Greg-
ory® and were based on the earlier experimental work of Gregory and
Watson® are

= 1.13 X 1013 [[exp (—11.9755 + Q%ZJ)] (M’,,,)S-s] 3)

where 5y = zero shear viscosity, poises; T = absolute temp., °K; M, =
weight-average molecular weight; and

) 0.707
n = 4.89 X 10-8 [[exp (—11.9755 + M)] (Mw)a-s] (V) ~0-29

7

=]

T
4)

where v, = shear rate at wall, sec~!. Equation (3) is valid for0 < r, <
9.65 X 10° dynes/cm?, and eq. (4) is valid for 9.65 X 10¢ <r,< 4.14 X 10®
dynes/cm? (7, is the shear stress at the wall, dynes/em?).

Melt viscosities of PET calculated using the Bueche-Harding equation,
eq. (1), are compared in Table I with melt viscosities ealculated from eqs.
(3) and (4). Agreement is reasonable at high shear rates when an #,/M,
ratio of 3.5 (ratio based on ebulliometry)!! is used, but agreement is poor
(even at high shear rates) when an M,/M, ratio of 2 (determined by os-
mometry)!!is used. Large systematic differences exist, however, between
values of melt viscosity caleulated using eq. (1) and these based on experi-
mental work and calculated from egs. (3) and (4) at low shear rates ap-
proaching the shear rate of departure from Newtonian behavior.
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The Bueche-Harding equation is intended for use in the non-Newtonian
region only. It predicts that » will equal 5 only when¥ = 0 or when D =
0. A definite Newtonian region for molten PET has been shown to exist at
shear rates well above zero.® The shear rate for departure from Newtonian
behavior for PET as a function of temperature and molecular weight has
recently been determined.!? It is not surprising then that the Bueche-
Harding equation fails to predict accurate viscosities at shear rates near the
departure values. The Bueche-Harding equation was modified for PET
(and for any other polymeric system with a distinguishable Newtonian
region) to account for the shear rate of departure from Newtonian behavior
as shown in eq. (5):

’f =14 0.6 [D¥ — Vaepars) '™ (5)

where Yaepart = shear rate for departure from Newtonian behavior,2 sec—.
For PET,!2

62:1

".’depurt. =
I:exp (—11.9755 + Q%)] (I.V.)5.145

(6)

where I.V. is the inherent viscosity determined from the solution viscometry
of 0.25 g polyester in 100 ml of a 60/40 mixture of phenol/tetrachloroethane.

Melt viscosities were calculated using eq. (6) for PET of inherent viscosi-
ties ranging from 0.40 to 0.95 and are included in Table Il. Good agree-
ment between these calculated values and those calculated from eq. (4)
(derived from experimental data) resulted at all I.V. and temperature levels
when an i,/M, ratio of 3.5 (from ebulliometry) was used.

CONCLUSIONS

Large systematic differences existed between values of melt viscosity cal-
culated from the Bueche-Harding equation and those caleulated from equa-
tions derived from experimental data for molten PET. The Bueche-Hard-
ing equation was successfully modified, however, to allow calculation of
reasonable melt viscosity data for shear stresses >9.65 X 105 dynes/ecm?
by accounting for the definite Newtonian region in the flow behavior of PET
at shear stresses <9.65 X 105 dynes/cm?2
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