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SYNOPSIS

The rheological characterization of four poly (ethylene terephtalate) (PET ) polymers, with
viscosity average molecular weight ranging from 2.7 X 10* to 7.1 X 10*, has been performed
in the Instron capillary rheometer. The apparent elongational viscosity was obtained from
the shear flow and entrance pressure data, following the methods proposed by Cogswell
and Binding in contraction flow experiments. The PET polymers showed a tension thinning
behavior in the deformation rate range of 300-3000 s~ employed in this study. These
results were explained on the basis of the network model. Polymers with similar behavior
in shear may be distinct in elongational and may lead to distinct polymer processability.
Polymers with lower apparent elongational viscosity level were shown to allow spinning of

finer denier fibers, which is determined by the polymer spinnability.

INTRODUCTION

The ultimate objective of this research is the study
of the formation mechanism of fine denier
poly (ethylene terephtalate) (PET) fibers in the
high-speed melt-spinning processes. The motivation
of this research comes from both the growing eco-
nomic interest associated with the high-value prod-
ucts that result from the unique properties of the
fine denier fibers and from the scientific challenges
of determining the parameters that influence the
limiting fineness of the fiber. The lower limit of the
as-spun fiber denier can be associated with the limit
of the polymer spinnability, which depends on the
melt spinning conditions as well as on the rheological
properties of the polymer melt.

The rheological properties of polymer melts can
be determined in either shear or elongational flow.
Most of the data presented in the literature are de-
termined in shear flow experiments, e.g., in rotary
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or capillary extrusion experiments. In the melt-
spinning process the shear viscosity is important to
describe the flow of the polymer melt up to its exit
from the capillary of the spinneret, such as in de-
termining the power consumption of the extruder,
the pressure drop in the filtration media and in the
capillaries of the spinneret.

However, the attenuation of the extrudate is de-
termined by an elongational flow in the region be-
tween the spinneret and the solidification point of
the threadline. The elongational viscosity of the
polymer therefore determines the stress level in this
region of the threadline, and, consequently, it is ex-
pected to be important in the results of the minimum
denier attainable during melt-spinning processes.

There has been an increasing number of studies
on the elongational behavior of polymers, but they
have been unable to circumvent the difficulties of
obtaining a steady-state value of stress in a constant
strain rate experiment, especially at higher strain
rates (ca. 1 s1). Moreover, in the nonisothermal
spinning process, the strain rate as well as the tem-
perature vary along the threadline.

The apparent elongational viscosity obtained via
contraction flow experiments, following the methods
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of Cogswell' and Binding and Walters,?? seems to
be particularly attractive to characterize different
PET polymers in the range of strain rate experienced
by the threadline. The elongational viscosity deter-
mined in this experiment should be interpreted only
as an apparent value because the strain rate changes
along the contraction.

Since the strain rate is also variable in the actual
spinning process, it seems possible to relate elon-
gational viscosity characteristics determined in
contraction flow experiments to the melt-spinning
behavior.

EXPERIMENTAL

Materials

Four types of linear PET [poly (ethylene terephtal-
ate) ] were employed in this study. The intrinsic vis-
cosity (IV) of the polymer chips was measured as-
received in phenol/1,1,2,2-tetrachloroethane (60/
40) at 25°C in Ubbelohde type viscometers. The
viscosity average molecular weight, M,, was calcu-
lated from the Mark-Houwink equation IV
= KM where the coefficients K and a were 7.44
X 107 dl/g and 0.648, respectively.* These results
are summarized in Table 1.

Capillary Rheometry

The shear viscosity curves were obtained in an In-
stron Capillary Rheometer (ICR) with capillary di-
ameter D = 0.030 in. and length L = 1.000 in. (L/
D = 33.3). The polymer chips were dried in a vac-
uum oven at 140°C for 12 h prior to the extrusion
experiments. The extrusion temperature was 280°C.

The thermal stability of the PET polymers were
evaluated from the recorded pressure drop data dur-
ing 2 h of extrusion in the ICR at 280°C with the
capillary 0.030 X 1.000 in. at constant shear rate
(69.4s71).

The entrance pressure data may be obtained fol-
lowing the methodology proposed by Bagley,® using
a series of capillaries of the same diameter but dif-

Table1 Characterization of the PET Samples

Sample Supplier v M,
A Goodyear 0.56 217,493
B Rhone Poulenc A 0.64 33,784
C Celanese 0.66 35,427
D Goodyear 1.04 71,467

ferent lengths. A plot of the pressure drop versus
L/D is linear, and the entrance pressure P, is ob-
tained by the intercept at L/D = 0. Four capillaries
were used for the experiments in the ICR, with di-
ameter of 0.030 in. and length of 0.110 in. (L/D
= 3.67),0.240in.(L/D =8),0.480in. (L/D = 16),
and 1.000 in. (L/D = 33.33).

An alternative method is the direct measurement
of Py with a knife-edge die (L = 0).® The knife-edge
die employed in this study has a diameter equal to
0.014 in. and a flat entry. The measurements were
conducted at a temperature of 280°C.

Elongational Flow Behavior

The shear flow data and the entrance pressure data
were used to calculate the apparent elongational
viscosity parameters, following the method origi-
nally proposed by Cogswell,! as well as the more
recent method proposed by Binding.? For simplicity,
the term apparent elongational viscosity will be im-
plicit when referred to as elongational viscosity
throughout this work.

In the Cogswell analysis the following equations
were derived to calculate the extensional stress oz
and extensional rate eg:
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where P, is the entrance pressure drop measured at
the wall, eg, is the wall shear rate at the entrance of
the capillary, ug is the shear viscosity, and rn is the
shear flow behavior index.

The Binding analysis starts with the assumption
of a power law model for both shear and elongational
flow that is then related to the entrance pressure
drop. If K, n are the consistency and flow behavior
index in shear flow and L, ¢ are the consistency and
flow behavior index in elongational flow, the follow-
ing results:
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and a = Ry/ R, R, is the radius of the capillary and
R, is the radius of the ICR barrel.

Flow Visualization

The apparatus used for the flow visualization ex-
periments is the same used by Crater,” except for
modifications in the way the die housing assembly
is attached to the spin block and extruder. The
quartz dies, 2 in. diameter and 1 in. thick, were used
to prepare transparent capillary dies with fiat en-
trance, where the dimensions of the upstream res-
ervoir was 0.374 in. diameter and 0.7 in. long, and
the downstream capillary diameter was 0.04 in. and
length was 0.3 in. As opposed to the ultrasonic im-
pact grinder used formerly to prepare the dies, a
drilling process was used to prepare the dies in the
present study. A diamond compound, grade 16 to 1
um, was used to polish the reservoir walls to achieve
transparency.

The illumination system was similar to the one
used in Crater’s experiments and consisted of a 0.5-
mW helium-neon laser and four semicylindrical lens
that focused the laser beam into a narrow slit of
approximately 2 in. wide. Streak photography was
performed using a Canon F-1 35-mm camera and a
Canon FD50 mm f/3.5 SSC macro lens adapted with
a FD25 extension tube, which produced an object to
image ratio of 1 : 1. Exposure times ranging from
30 s to 2 min were used with Kodak Tmax 400 film.

Aluminium particles, 50-150 yum diameter, were
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thoroughly mixed with the polymer prior to drying
at a concentration of 50 ppm.

RESULTS AND DISCUSSIONS

The shear flow curves of the four polymer samples
are shown in Figure 1. It can be seen that polymers
A and D, which correspond to the minimum and
maximum value of IV among the four samples, cor-
respond to the extremes of shear viscosities in the
interval of shear rate employed in this study. Poly-
mers B and C have intermediate shear viscosities.
Furthermore their shear viscosities are not distin-
guishable in the shear rate range studied, despite
the slight differences in their IV. We can also observe
that for all four samples, newtonian behavior can
be expected at shear rate lower than 10%2s .

The results in Figure 2 indicate that polymer A
shows the greatest viscosity retention after 2 h of
extrusion at 280°C whereas the high-viscosity poly-
mer, D, has the largest viscosity drop. Polymers B
and C present intermediate results, however, closer
to the low IV polymer A. The greater viscosity re-
tention makes polymers of lower IV, in particular
polymer A, more suitable, from the standpoint of
thermal stability, for the fine denier process due to
the usually lower throughputs and consequently
higher residence time involved in these processes.

The pressure drop at the entrance of a capillary
has been traditionally associated with the visco-
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Figure 1 Shear flow curve; temperature = 280°C. Instron capillary rheometer, cap. 0.030

X 1.000 in.
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Figure 2 Thermal stability of PET polymers at 280°C. Fraction of initial shear viscosity

at the shear rate of 69.4 s * versus extrusion time.

elastic effects due to the sudden change of velocity
profile in this region. Its value has been used as a
measure of the first normal stress difference® or in
the determination of the shear modulus® by plotting
the entrance correction from Bagley’s analysis ver-
sus the shear stress. The shear modulus is then given
by (2 X slope)™!. The shear modulus for polymers
A and D were obtained by this method and shown
in Figure 3. The values obtained for the two polymers
may be considered the same and approximately
equal to 2 X 10% dyn/cm?.

The results of the entrance pressure drop ob-
tained with the Bagley’s plot were compared with
those obtained with the knife-edge die and shown
in Figure 4. It can be seen that both methods lead
to similar results, except that the linearity of the
plots of log P, versus log shear rate is better with
the knife-edge die. Both methods are limited to shear
rates larger than 300 s™* due to the sensitivity of
the pressure readings in the Instron capillary rheo-
meter.

Figure 5 shows the results of entrance pressure
obtained from knife-edge die at the temperature of
280°C. These results show that the entrance pres-
sure is larger the larger the shear viscosity. In ad-
dition the entrance pressure at a given shear rate
for polymer B is larger than for polymer C while the
shear viscosities are similar.

Figure 6 presents the results of elongational vis-

cosity at 280°C, obtained from Binding’s method.
Figure 7 gives the corresponding results using Cog-
swell’s method. It can be seen that both methods
present the same qualitative results, but the results
from Cogswell’s analysis have consistently higher
magnitudes.

These results indicate that the elongational vis-
cosity decreases with increase in elongational rate
for all polymers in the range of deformation rate of
300-3000 s !. The higher IV polymers tend to pres-
ent higher values of elongational viscosity, except
for samples B and C. Sample B, despite its slightly
lower IV than sample C but with similar shear vis-
cosities, shows larger elongational viscosity than
sample C.

The flow visualization experiments indicated no
vortex enhancement with increase in shear rate, as
shown in Figures 8 and 9 for polymers A and B,
respectively. The vortex detachment length for
polymers A and B is approximately equal to the ra-
dius of the upstream reservoir.

Interpretation of the Apparent Elongational
Viscosity Data Obtained in Contraction Flow

There are not enough data in the literature on the
elongational viscosity behavior of PET melts. The
results by Hill and Cuculo'® show a tension thick-
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Figure 3 Separation of elastic and viscous effects from entrance correction determined
by Bagley’s plot at 280°C (G = shear modulus).

ening behavior; however, the elongational rates em- elongational viscosity of the linear polymers were
ployed were lower than 6 s ™. In a collaborative study reported to decrease with an increase in the shear
of the rheological properties of PET polymers,!! the stress whereas branched polymers showed an in-
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Figure 4 Entrance pressure of PET polymers at 280°C determined from knife-edge die
D = 0.014 in. (unfilled symbols) and Bagley’s plot D = 0.030 in. (filled symbols).
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Figure 5 Entrance pressure of PET polymers at 280°C determined from knife-edge die

D = 0.014 in.

crease of elongational viscosity with an increase in
shear stress. The results were obtained at 285°C us-
ing Cogswell’s entrance flow technique, in the shear
rate range near 10° s~1, It is speculated that the
elongational viscosity behavior of polymers may go
through a maximum as a function of the elongational

rate,® with the Trouton viscosity at the limit of zero
elongational rate, tension thickening at low elon-
gational rates, and tension thinning at higher elon-
gational rates.

These results can be qualitatively explained using
a network model*? made up of temporary junctions,
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Figure 6 Apparent elongation viscosity of PET polymers at 280°C, determined in con-

traction flow from Binding’s analysis.
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Figure 7 Apparent elongation viscosity of PET polymers at 280°C, determined in con-

traction flow from Cogswell’s analysis.

with varying levels of complexity and therefore dif-
fering lifetimes. When the polymers are subjected
to a stretching flow, the molecules may or may not
have time to become untangled, and therefore they

will present different responses in an orienting field.
The strain thickening region corresponds to the
elastic deformation of the network, whereas the
strain thinning behavior is the result of a decrease

Figure 8 Convergence profile of polymer A in an axisymmetric contraction flow at 280°C.
Contraction ratio 9.35 : 1; shear rate 534 s (left), 1603 s~ ! (right).
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Figure 9 Convergence profile of polymer B in an axisymmetric contraction flow at 280°C.
Contraction ratio 9.35 : 1; shear rate 534 s ™' (left), 1603 s (right).

of the number of network junctions due to untan-
glement.!® These effects are not observed in shear
flow since the molecules are alternately under ex-
tension and compression and no overall orientation
results. The effects of chain branching'* and mo-
lecular weight distribution!® have been successfully
explained by this model. They also explain the
striking differences in extensional flow presented by
polymers that show similar shear behavior.!®

The tension thinning behavior observed in this
study for the four linear PET polymers with differ-
ent IV are consistent with the data reported by
White et al.”* It is not possible with the present ex-
perimental apparatus to confirm the strain thick-
ening behavior at low strain rates. However, this
will not compromise the present analysis due to the
primary interest in the strain rate range occurring
in the threadline in the high-speed spinning process.
In this range of strain rate near 10® s ™!, the elon-
gational viscosity is shown to be tension thinning.

The higher molecular weight of polymer D and
consequently longer relaxation time is reflected in
a higher level of both shear and elongational vis-
cosities. Likewise, the shear and elongational vis-
cosities of polymer A are consistent with its lower

molecular weight. From Figure 3 it is possible to
estimate a characteristic relaxation time from the
ratio of the zero shear viscosity to the shear modulus
of polymer A to be approximately equal to 1 ms.
This value is of the expected order of magnitude
reported in the literature.!’ The characteristic re-
laxation time of polymer D is expected to be five
times larger than that of polymer A, which explain
the large difference in the shear and elongational
behavior.

Polymers B and C, which show similar shear vis-
cosity, have distinct elongational viscosity. Accord-
ing to the network model, it is presumed that poly-
mer B, which shows larger elongational viscosity
than polymer C, contains a larger fraction of long
relaxation time molecules than does polymer C. As
will be discussed further in the spinning experi-
ments, these polymers present distinct spinnability,
which is reflected in the minimum denier attainable
under similar spinning conditions. The ability to
predict different processability between polymers,
otherwise similar in shear, seems to justify the ap-
plication of the contraction flow experiments, even
though restrictions have been made on the absence
of a true steady state.



Comparison of the Results of the Apparent
Elongational Viscosity of PET Polymers Obtained
from Cogswell and Binding Analysis

The similar qualitative results of the Cogswell and
Binding analysis can be shown to be a consequence
of the same strain rate dependency of the elonga-
tional viscosity when the entrance pressure drop can
be represented by a power law model with the shear
rate. The results in Figures 4 and 5 show that a
straight line is obtained in plots of log P, versus log
shear rate, and therefore,

Po"‘f;n

From Binding’s analysis, Eq. (3), it can be seen
that

_t(1+n)
1+t

and therefore t = m/(1 + n — m), where ug
t—1

~ €g .
From Cogswell’s analysis, Eqs. (1) and (2), it

can be shown that

2 m
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Since e¢g ~ €1/ Py ~ el

g ~ eg/(Hrn—m)—l ~ 652—1

Therefore, the flow behavior index in extensional
flow is shown to be the same in both treatments.
This was also observed by Tremblay!” in the study
of polyethylene flow.

The difference in the magnitude of the elonga-
tional viscosity, calculated from the two methods,
is reflected in the values of Trouton ratio. Since the
elongational viscosity and shear viscosity depend on
the strain rate and shear rate, respectively, there is
a need to define unambiguously the deformation rate
at which the viscosities are to be defined. Following
Jones et al.,'® the Trouton ratio (TR) is defined as
follows:

TR = pg(e)/us(V3e)

where ¢ is the reference deformation rate.

Table II summarizes the calculated values of TR
from the Cogswell and Binding analysis at two val-
ues of deformation rates and at the temperature of
280°C.
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Table II Comparison of TR Calculated from
Binding and Cogswell Analysis at 280°C

Strain Rate (s™%)

Sample Method 683 1367
A Cogswell 74 7.4
Binding 4.6 4.4

B Cogswell 9.4 8.6
Binding 5.3 4.8

C Cogswell 8.2 7.5
Binding 4.7 4.3

D Cogswell 8.3 10.1
Binding 5.3 6.1

The results in Table II indicate that the TR is
almost unchanged with the deformation rate. Poly-
mer D tends to present larger values of TR. The
largest difference is due to the method employed,
with the results from the Binding analysis closer to
the value of 3 for a newtonian, inelastic polymer.
The difference in the magnitude of the calculated
elongational viscosity from the Cogswell analysis
may also be attributed to the lack of taking into
account the effect of the contraction ratio on the
value of entrance pressure drop, as does the Binding
analysis. Even though this fact alone may not ex-
plain the differences observed, experimental results
show an increase of the entrance pressure drop when
the contraction ratio R, /R, increases.'® The curves
show, however, the same dependency on the shear
rate, which supports the fact that the rate depen-
dency of the elongational viscosity remain un-
changed with varying contraction ratios.

Flow Patterns of PET Polymer Melts
in a Flat Entry Die

The results of the flow visualization experiments,
where no vortex growth was observed, are consistent
with the calculations of the vortex length using the
Binding analysis.? According to Binding’s analysis, 2
the dimensionless vortex length Ly/2 R, can be cal-
culated by

Ly 1+t
2R, 2(2t—3n-—1)(1+n)

y [Lt(3n + l)ntIm 1/(1“)(68)}{_")/(1”)
0

K

X a1 — o @3-D/1+0) (4

where the symbols are the same as those used in
Eqg. (3).
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Table III presents the calculated dimensionless
vortex length Ly/2 R, at 280°C and shows no vortex
enhancement with an increase in deformation rate.

Vortex growth has been described as a stress relief
mechanism.? This happens most often with a pseu-
doplastic polymer that shows a strain thickening
behavior as in low-density polyethylene melts. This
same reasoning can be applied to explain the absence
of vortex growth for the present case of strain thin-
ning polymers, where the elongational viscosity de-
creases as slowly as the shear viscosity with an in-
crease in the deformation rate. Therefore no stress
buildup is observed. This is also reflected in the un-
changed TR with changes in deformation rate.

Significance of the Apparent Elongational
Viscosity on the Melt-Spinning Behavior

The observed tension thinning behavior in the range
of deformation rates used in this study is not in con-
flict with the reported necking phenomena in high-
speed spinning. During necking the elongational rate
passes through a maximum while the spinline ten-
sion increases monotonically. Therefore the spinline
viscosity drops during necking, and it has been as-
sumed that this drop is not related to a possible
increase of the spinline temperature, but no definite
explanation has been given at this time 2
Ziabicki? shows that an S-shaped spinline velocity
profile, characteristic of a necking phenomena, is
observed with a strain thinning polymer. However,
he argues that an additional source of viscosity gra-
dient due to the stress-induced crystallization is
necessary for explaining the necking phenomena.
This requires further study that is complicated by
the fact that neither the results of the elongational
viscosity obtained in contraction flow nor the de-
formations in the threadline represent equilibrium
conditions in the Lagrangian sense, since the ex-
tension rate varies along the capillary as well as in
the threadline.

Table III Dimensionless Vortex Length
as a Function of the Strain Rate.
Temperature = 280°C.

Polymer
Strain Rate
s A B
342 0.940 1.505
683 0.998 1.423
1367 0.944 1.370
3417 0.953 1.242

According to Laun and Schuch, '® polymers with
lower elongational viscosity, but similar shear vis-
cosity, generate lower draw-down tension and
therefore can be extended at higher speeds before
breakage of the extrudate happens. For the case of
the fine denier melt spinning, similar results should
apply since the minimum denier limit is determined
by the balance between the spinline strength and
the increasing spinline stress with decreasing denier.
The lower elongational viscosity may contribute to
a lower spinline stress and therefore to a lower limit
of the minimum denier. Figure 10 shows the prelim-
inary results of the minimum attainable denier at
different take-up speeds for the three low IV poly-
mers. At take-up speeds below 3000 m/min, the val-
ues of the minimum denier are very low, and the
observed differences among the polymers are mainly
due to the conditions of polymer flow distribution
in the pack. The flow conditions inside the pack are
critical at the low take-up speed range due to the
very small throughputs involved in our experimental
apparatus. However, at speeds above 4000 m/min,
and particularly at 5000 m/min, polymer with lower
apparent elongational viscosity level allows spinning
of finer denier fibers, thus confirming the role of the
elongational properties of the polymer melt on its
spinnability. This point will be discussed in more
detail in a subsequent report along with the results
of the spinning experiments.

CONCLUSIONS

The rheological characterization of four PET poly-
mers in shear as well as in elongational flow has
been performed.

The elongational viscosity parameters have been
determined in contraction flow experiments follow-
ing the methods proposed by Cogswell and Binding.
The results obtained for the low and high IV poly-
mers at 280°C show a tension thinning behavior in
the strain rate range of 300-3000 s ~!. These results
were explained on the basis of the network model.

A comparison of the methods of Cogswell and
Binding shows that the elongational viscosity has
the same strain rate dependency in both methods.
However, the magnitude of the elongational viscosity
are different, in part due to Cogswell’s analysis fail-
ure to include the effect of the contraction ratio.

The values of the Trouton ratio were unchanged
with the deformation rate, which can explain the
absence of vortex growth. These observations are
also consistent with the flow visualization experi-
ments.
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Figure 10 Minimum as-spun denier as a function of take-up speed and different PET
polymers. T' = 295°C, sp. 14 X 0.23 mm (L = 2.5D), L = 2.6 m, without quench/heating.

Despite the caution that one should take in in-
terpreting the results of the contraction flow exper-
iments, due to the absence of a true steady state and
simplifications involved in the derivations, the use
of the apparent elongational viscosity values seems
justifiable in view of their ability to distinguish
polymers of similar shear behavior. Their ability to
predict processability of the polymers, in particular
the minimum denier attainable in the melt-spinning
process, is the main motivation of this research.
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