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ABSTRACT: The effective elongational viscosity data on a
series of polyolefins as a function of temperature are shifted
to a reference temperature using the approach for shifting
shearing viscosity data. The temperature shift factors are
obtained from complex and capillary shear rheology, and
these are the same factors used for shifting the shear rheol-
ogy. A Carreau rheological model was used to determine the
zero shear rate viscosity at different temperatures, and an
Arrhenius expression was used to determine the tempera-
ture shift factors. The same shift factors are shown to pro-
duce separate master curves for shear and elongational rhe-

ology at reference temperatures. The commercial grades of
polyolefins studied include an extrusion grade of polypro-
pylene and metallocene and conventionally catalyzed low
and high density polyethylene materials. © 2002 Wiley Peri-
odicals, Inc. ] Appl Polym Sci 87: 1387-1396, 2003
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INTRODUCTION

The effective elongational viscosity of polymer melts
and concentrated solutions can be determined using
flow through convergent dies as demonstrated else-
where.'~* The semihyperbolic dies (Fig. 1) are special
dies™® for which the radius () of the flowing channel
is given by eq. (1):

rt= (1)

where C and B are two constants, depending on the
inlet and outlet diameters of the die channel. The flow
rate (Q) can be calculated with eq. (2):

Q= mr’, (2)

In egs. (3) and (4) the velocities are given in which ¥
and ® are the stream function and potential function,
respectively, for this type of flow as given elsewhere:'
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The elongational strain rate (¢) can be calculated and is
given by eq. (5):

. dv. Q
74z T @C (%)

Therefore, the main feature of the semihyperbolic
die is that the elongational strain rate along the chan-
nel is constant. Using this fact and doing a momen-
tum, mass, and energy balance, the theoretical devel-
opment for the calculation of the effective elongational
viscosity (n.g) leads to eq. (6):

AP
Neff = — (6)

gey

where AP is the pressure drop along the die and &y is
the Hencky strain, which is defined by the equation

e = 1n<gj)2 (7)

and represents the flow cross-sectional area reduction
due to the semihyperbolic shape of the channel. De-
tails on the experimental technique for the measure-
ment of the elongational viscosity by using hyperbolic
convergent dies are given elsewhere.'

The viscosity values obtained using a semihyper-
bolic convergent die are apparent elongational viscos-
ities rather than true elongational viscosities because
they are dominated by the influence of the body forces
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Figure 1 The geometry of the semihyperbolic die channel.

in the polymer melt and solution that must be over-
come to develop orientation during this convergent
flow. These effective elongational viscosities are there-
fore related to the orientability or resistance to orien-
tation development of polymer melts and solutions.
As we showed previously,' the body forces opposing
orientation are 3 orders of magnitude higher in an
extrusion grade of polypropylene (PP) than the shear-
ing forces at the wall. Furthermore, the effective elon-
gation viscosity for this PP was the same whether or
not the PP was encased in a sheath of low viscosity
polyethylene (PE). When orientable polymer melts
and solutions are formed in free boundary regions by
the application of tensile forces, the shape of the at-
tenuating fiber will approach that of the semihyper-
bolic die shape as substantiated by the nearly constant
elongational strain rate experienced under isothermal
conditions. Because higher degrees of orientation can
be imposed when the polymer melt or solution is
forced to contract into the semihyperbolic shape (by
either the geometry or mass balance in free surface
flow), the body forces must be overcome; therefore,
the effective elongational viscosity is a maximum with
regard to shape. If a convergent flow is allowed to
occur because of a geometric consideration that is less
severe than semihyperbolic (e.g., a linear convergent
geometry), then vorticity and internal recirculation
can more readily occur and not force the molecules to
develop as much orientation. Similar effects occur in
orientation development in planar geometries. Flow in
the semihyperbolic convergent dies is in a Eulerian
steady state that can be considered to be a quasistable
thermodynamic state.

BACKGROUND
Temperature related shifting of shear rheology

The shifting of the shear viscosity versus the shear
strain rate, which is taken at different temperatures to
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a master curve at a reference temperature, can be done
by using the so-called method of reduced variables.” It
is accomplished by determining a shift factor (a7). The
literature presents an abundance of master curves for
shear viscosity and some other properties like dy-
namic moduli or first normal stress difference. In the
following we present the fundamentals of shear vis-
cosity shifting to show that it can also be applied for
shifting the elongational viscosity, because the litera-
ture on this topic is rather scarce.

If a zero shear rate viscosity can be obtained, then
the viscosity in the Newtonian region is not a function
of the shear strain rate () in the low shear strain rate
region, and a; can be measured directly by the ratio of
viscosities in this region with respect to temperature.
The value of a; is given by eq. (8):*°

_ )\]‘(T) _ Mo(T) Topo 8)
)\j(To) Mo(To)Tp

ar

where T is the measurement temperature, T, is the
reference temperature to which the data is being
shifted, A(T) is the relaxation time of the jth Rouse
chain at T, and A(T)) is the relaxation time of the jth
Rouse chain at T,. Because all of the chains have a
similar response, it is used for polymer melts and
solutions. For polymer solutions the 7, terms are re-
placed by ng — m,, where 7, is the solvent viscosity and
the density (p) terms refer to a polymer mass concen-
tration. These changes (which were actually made so
that the equation can be developed) enable the shift
factor to be defined in terms of the portion of the
solution viscosity that is contributed by the polymer.
This reduced variables superpositioning relationship
was first developed for dynamic measurements and
has been shown to characterize the temperature shift-
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Figure 2 Shear viscosity data for HGX PP.
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TABLE 1
Carreau Model Parameters and Temperature Shift Factors (a,)

Carreau model parameters

Sample Temperature e (Pa s) A (s) n ar
LDPE-E 175 12,867 9.78 0.62 241
200 5,645 3.28 0.61 1
225 3,039 2.28 0.65 0.511
250 1,559 0.98 0.64 0.25
HDPE-B 175 50,267 13.98 0.5367 1.533
200 36,775 10.32 0.5346 1
225 19,452 447 0.5166 0.707
250 19,488 4.07 0.4729 0.443
HGX PP 180 4,664 0.2327 0.4036 2.02
200 2,410 0.129 0.430 1
220 1,232 0.05 0.403 0.49
240 982 0.048 0.433 0.3757

ing of the shear viscosity, complex viscosity, normal
stress coefficients, and storage and elastic moduli and
viscosities. It is further generally assumed for polymer
melts that the p at T is equal to the p, at T, so that

Mo(T) Ty
" (T T ®)

The Carreau rheological model is given in eq. (10):

M=M= _ \27(n—1)/2

e =1+ 9] (10)
where 1, is the infinite shear rate viscosity, A is a time
constant that is related to the A; in eq. (8), n is the
power law exponent. Eq. (10) can be used to extrapolate
the viscosity to a zero shear rate value (7). As a result,
using the method of reduced variables, a master curve
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Figure 3 The master curve for the shear viscosity of HGX
PP.

is formed by plotting a reduced shear viscosity (m,)
versus the reduced shear rate (y,). Because the shear
stress (7;) is fairly insensitive to temperature, the shear
strain rate is sensitive to temperature® and 1 = 7ii/ Vijs
then the following definitions are typically made:

‘Yr = aT’y (11)
R M0(To)

Rearranging eq. (9) and substituting into eq. (12) gives

N = (/lTT (13)

The temperature dependence of a; is often assumed to
be an Arrhenius dependence as
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Figure4 An Arrhenius plot for the shift factors of HGX PP.
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Figure 5 The effective elongational viscosity for HGX PP at
Hencky 6.

S

where AH is the activation energy for flow and R is the
universal constant.

The shear viscosity of an extrusion grade PP (HGX
PP, Phillips HGX 030) versus the shear rate as a func-
tion of temperature is shown in Figure 2. The shift
factors for this PP (given in Table I) are determined
from the zero shear rate viscosities and by fitting the
shear viscosity data with the Carreau model as shown
in Figure 2. The data as shifted to a master curve is
shown in Figure 3, and plots of In a; versus 1/T are

COLLIER, PETROVAN, AND PATIL

given in Figure 4. The slope of the line in this figure
indicates that AH/R is equal to 6731 K for HGX PP.

Temperature shifting for effective elongational
rheology

It is assumed in this work that the elongational stress
components (7;) are insensitive to temperature, which
was mentioned as common for the shear stress com-
ponents. It is further assumed that the same shift
factors determined from the extrapolated zero shear
rate viscosities should also be the shift factors for
elongational viscosities. Therefore, the ¥ values in egs.
(11), (12), and (13) would be replaced by the ¢, and the
viscosity terms in these equations would be the 7.
Figure 5 represents the data for this same HGX PP for
Mo Versus & at different temperatures and Hencky
strain 6. As indicated by the master curve formed by
shifting the effective elongational viscosity curves to
T, = 200°C in Figure 6, the shear shift factors are also
appropriate for convergent effective elongational vis-
cosity data shifting.

Additional experimental data for the HGX PP and a
complete set of data for two PEs are now presented to
demonstrate the applicability of the shifting method.

EXPERIMENTAL
Materials

Experimental data on 10 samples of PEs and one PP
are presented. The PP is an extrusion grade HGX 030
(Phillips) with a molecular weight of 300,000 and a
polydispersity index of 5. The characteristics of the PE
samples are presented in Table II.

Instruments and techniques

The shear and effective elongational viscosities were
measured by using an ACER 2000 (advanced capillary
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Figure 6 The reduced effective elongational viscosity for
HGX PP at Hencky 6.

TABLE 1I
LDPE and HDPE Characteristics
Density MW*

Sample (g/mL) (g/mol) MWD?
LDPE-A 0.9 97,550 222
LDPE-B 0.9 56,950 1.99
LDPE-C 0.895 83,350 2.24
LDPE-D 0.919 86,650 6.85
LDPE-E 0.923 80,350 5.15
HDPE-A 0.943 105,200 9.74
HDPE-B 0.95 125,400 8.09
HDPE-C 0.954 125,700 13
HDPE-D 0.949 183,200 14.77
HDPE-E 0.949 154,100 12.63

MW, molecular weight; MWD, molecular weight distribu-

tion.

@ Analyzed by GPC.
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Figure 7 Dynamic strain sweep tests for LDPE-E, HDPE-B,
and HGX PP.

extrusion rheometer, Rheometric Scientific) instru-
ment. A capillary die with a 1-mm diameter and a
length/diameter ratio of 20 was used for the shear
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viscosity and semihyperbolic dies of Hencky strains 4,
5, 6, and 7 were used for the measurement of the
effective elongational viscosity. The chosen strain
rates were calculated with eq. (15):

. _ Yo
s=71 (=1 (15)

where &4 is the Hencky strain defined by eq. (7), v, is
the velocity of the melt at the entrance cross-sectional
area, and L is the length of the die. The steady-state
melt pressure at the entrance of the die was used to
calculate the effective elongational viscosity with
eq. (6).

The complex viscosity was measured with an ARES
(advanced rheometric expansion system, Rheometric
Scientific) instrument by using parallel plate geometry
(25-mm diameter and 1-mm gap). The linear viscoelas-
tic region was previously tested by performing a dy-
namic steady-state strain sweep test. The complex
modulus results as a function of strain for the HGX PP
and two PEs are presented in Figure 7, which shows a
linear region on most of the strain scale.
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Figure 8 The complex viscosity and complex viscosity master curve for LDPE-E.
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Figure 9 The complex viscosity and complex viscosity master curve for HDPE-B.

Similar results were obtained for the other samples
of PEs. Dynamic sweep frequency tests at 1% strain
were performed in order to measure the complex vis-
cosity for all PE samples. Both shear (steady-state
and/or dynamic) and elongational viscosity curves
were obtained at four temperatures.

RESULTS AND DISCUSSION

The complex viscosity curves for the low density PE
sample E (LDPE-E) and high density PE sample B
(HDPE-B) are presented in Figures 8 and 9. By using
the Carreau model, eq. (10), the parameters presented
in Table I were fit, and then the temperature shift
factors were calculated with eq. (9).

Shifting of the effective elongational viscosity
curves was done by using the shift factors presented in
Table I. The results for LDPE-E are given in Figures
10-14. The general trend of “strain rate thinning” is
noticed for all tested temperatures. Increasing the
Hencky strain brings about an increase of the effective

elongational viscosity, irrespective of the strain rate or
temperature. This is attributable to the higher body
forces needed to induce the orientation of the macro-
molecular chains from the polymer melt sample at
higher degrees of cross-sectional flow area reduction.
The master curve for the elongational viscosity at
Hencky 6 is shown in Figure 12, using the viscosity
curve at 200°C as a reference curve. The same proce-
dure was used to construct master curves for Hencky
4, 5, and 7 and the resulting master curves are pre-
sented in Figure 14. The shifting technique shows very
good agreement, the coefficient of determination vary-
ing between 0.9963 and 0.99797.

The elongational viscosity for HDPE-B sample is
presented in Figures 15-19, showing the same general
trend of “elongation strain rate thinning” and “strain
hardening” for all Hencky strains and temperatures.
Increasing the Hencky strain determines a change of
behavior with respect to temperature, as seen from
Figures 17 and 18 at higher strain rate. The effect of
temperature change is only noticed at intermediate
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Figure 10 The effective elongational viscosity for LDPE-E
at Hencky 4.

and lower strain rates. This behavior was also noticed
for other HDPE samples.

The effective elongational viscosity master curves
with respect to temperature for this sample of HDPE
are shown in Figure 19. As compared to the LDPE-E
sample, the effective elongational viscosity of the
HDPE-B sample is higher, but the general trend is
similar, the master curves for Hencky strains 4, 5, 6,
and 7 being almost parallel with each other.

Figures 5 and 20-23 present the effective elonga-
tional viscosity curves for the HGX PP sample, which
displays many interesting features. The first character-
istic of this polymer sample is that the elongational
viscosity shows a difference of the temperature effect
as compared with the PE samples, particularly at high
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Figure 11 The effective elongational viscosity for LDPE-E
at Hencky 5.
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Figure 12 The effective elongational viscosity for LDPE-E
at Hencky 6.

temperatures and Hencky strains, as seen from the
almost compact and parallel pattern of the curves at
temperatures between 200 and 240°C and Hencky
strains 5, 6, and 7. At Hencky 4 the temperature sen-
sitivity is higher and a trend toward a Newtonian
region is noticed from the slopes of the curves in the
range of lower strain rates. The effective elongational
viscosity curves at 180°C and higher Hencky strains
show a different pattern (i.e., a reduction of the slope
as the strain rate is higher). Similar behavior is noticed
in the case of shear viscosity at the same temperature
and higher shear rates (see Fig. 2). The onset of the
change in the general strain rate thinning behavior is
noticed at a lower strain rate, as the Hencky strain is
higher. This is probably due to the change in the
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Figure 13 The effective elongational viscosity for LDPE-E
at Hencky 7.
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viscoelastic character of the melt at 180°C, a tempera-
ture close to the melting range for PP (155-172°C)
according to DSC measurements. Shifting of the effec-
tive elongational viscosity curves for the HGX PP
sample is shown in Figure 23; it shows the same
parallel pattern of the master curves except at Hencky
strain 4 and low strain rates and Hencky 6 and 7 at
high strain rates.

The activation energies for elongational flow, as
calculated with eq. (14), are given in Table III for all
analyzed samples. The correlation between the activa-
tion energy and density and the molecular weight or
molecular weight distribution is generally very poor,
except the correlation between the activation energy
and molecular weight (R = —0.94519) for HDPE and
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Figure 15 The effective elongational viscosity for HDPE-B

at Hencky 4.
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Figure 16 The effective elongational viscosity for HDPE-B
at Hencky 5.

between the activation energy and density (R
= 0.96115) for LDPE. Also, the data from Table III
show that metallocene PE (samples LDPE-A to
LDPE-C) has generally lower activation energies, as
compared with Ziegler-Natta catalyzed PE (samples
LDPE-D and LDPE-E). This may be explained by the
difference in the polydispersity index for the two
types of PEs. The lower sensitivity of the elongational
viscosity to the variation of temperature in the metal-
locene catalyzed PE is due to the narrower molecular
weight distribution. The same hypothesis seems to be
valid in the Ziegler-Natta catalyzed PE.

A comparison of our data on the activation energy
with that from the literature on activation energy for
shear flow shows good agreement;'®~'® activation en-
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Figure 17 The effective elongational viscosity for HDPE-B
at Hencky 6.
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Figure 18 The effective elongational viscosity for HDPE-B
at Hencky 7.

ergies between 4.5 and 17 kcal/mol for PE and 8.5 and
21 kcal/mol for PP are reported. As our data show, the
activation energy is higher for LDPE compared to
HDPE®'%#16718 and higher for PP compared to
PE.®'"!° Long chain branching increases the activation
energy of PE." To our knowledge, there are few re-
ports in the literature on temperature shifting of the
elongational viscosity curves to build a master curve.
However, Miinstedt and Middleman® reported that
the temperature dependence of the elongational vis-
cosity is the same as that of the shear viscosity with an
activation energy of 13.088 kcal /mol for a LDPE. Wag-
ner et al*! also reported activation energies for elon-
gational flow of 10.048 and 5.622 kcal/mol for LDPE
and HDPE, respectively.
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Figure 19 Master curves for the effective elongational vis-
cosity of HDPE-B.
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CONCLUSIONS

Shifting of the effective elongational viscosity curves
with respect to temperature was performed and mas-
ter curves were constructed for different PEs and a PP.
The effective elongational viscosity was measured by
using the technique of convergent flow throughout
semihyperbolic dies of different Hencky strains. The
shear viscosity was also measured and shift factors
were determined from the Carreau fitting based zero
shear viscosities. The same shift factors were used to
shift the effective elongational viscosity curves at dif-
ferent temperatures and build master curves for
Hencky strains 4, 5, 6, and 7. The activation energy for
shear and elongational flow was determined assum-
ing Arrhenius dependence with the temperature. The
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Figure 21 The effective elongational viscosity for HGX PP
at Hencky 5.
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Figure 22 The effective elongational viscosity for HGX PP
at Hencky 7.

range of activation energies for LDPE (6.098-13.88
kcal/mol), HDPE (4.631-7.541 kcal/mol), and PP
(13.327 kcal/mol) are in good agreement with the
literature data. In general, the activation energy is
higher for LDPE compared to HDPE and is also
higher for PP, if compared to that for PE. Metallo-
cene catalyzed PEs show a lower activation energy
that correlates with the lower polydispersity of
these resins.
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Figure 23 Master curves for the effective elongational vis-
cosity of HGX PP.

COLLIER, PETROVAN, AND PATIL

TABLE III
Activation Energies for Elongational Flow
Activation
Density Mw? energy
Sample (g/cm?) (g/mol) MWD? (cal/mol)
LDPE-A 0.9 97,550 2.22 7,847
LDPE-B 0.9 56,950 1.99 7,284
LDPE-C 0.895 83,350 2.24 6,098
LDPE-D 0.919 86,650 6.85 10,605
LDPE-E 0.923 80,350 5.15 13,880
HDPE-A 0.943 105,200 9.74 7,410
HDPE-B 0.95 125,400 8.09 7,541
HDPE-C 0.954 125,700 13 6,975
HDPE-D 0.949 183,200 14.77 4,631
HDPE-E 0.949 154,100 12.63 4,851
HGX PP 300,000 5 13,327

MW, molecular weight; MWD, molecular weight distribu-
tion.
@ Analyzed by GPC.
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