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Synopsis 

A study of a melt-spun threadline has been carried out to  determine the effect of 
molecular weight on the elongational viscosity of the polymer being spun. Polymer 
chosen for this study was poly(ethy1ene terephthalate) having different molecular 
weights. Conventional nonisothermal spinning of the polymers was carried out with 
cooling by free convection. Threadline surface temperatures were measured by a null- 
balance technique. Threadline tension at  the take-up device was measured, and eamples 
of the threadline were taken to  obtain linear density profiles. Nonlinear least-squares 
fits were applied to  the linear density data to  obtain equations for velocity and elongation 
rate. These measurements were then used to determine the threadline elongational 
viscosity. Least-squares fits were made to a polynomial relating absolute temperature 
and elongation rate to the elcngational viscosity. These results were then used to de- 
termine an activation energy of elongational flow which was found to  decrease with elon- 
gation rate. Elongational viscosity was found to increase with molecular weight. 

INTRODUCTION 

A thorough understanding of the dynamics of the melt-spun threadline 
is of fundamental importance. The phenomena occurring in the melt 
spinning process are intimately related to the properties of the finished 
fiber. Both experimental and theoretical studies of the melt spinning 
process have appeared in the literature.’-’ There have also appeared in 
the literature several studies involving elongational viscosity, in not only 
the melt spinning process but also in the dry and wet spinning 
The ability of a material under stress to deform to some finite dimension, 
such as the final diameter in the spinning process, has been attributed to 
the occurrence of an increase in the elongational viscosity of the material. 
A study of elongational viscosity of polymeric materials is thus of con- 
siderable interest and importance. 

Trouton2I first introduced the concept of elongational viscosity in 1906 
in a study of pitch, tar, and similar substances descending under their own 
weight. Trouton’s studies were carried out isothermally, and no phase 
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change occurred. In  his study, the force applied to these materials was 
solely that of gravity and very low elongation rates were observed. He 
found that  the ratio of the axial tensile stress a,$ to  the elongation rate +E 

was a constant for the material, i.e., the elongational viscosity qE or, as he 
termed it, “the coefficient of viscous traction.” (The presence of visco- 
elastic effects in these materials imply that the quantity termed here as 
“elongational viscosity” is different from any kind of viscosity in the classi- 
cal sense. This quantity has also been referred to  by several authors as 
“tensile viscosity,” “spinning viscosity,” “consistency,” ‘(uniaxial exten- 
sional viscosity,” etc.) Trouton’s relation is given by 

It should be pointed out here that the elongation rate in elongational flow 
differs from the shear rate in shcar flow. The elongation rate is in a direc- 
tion parallel to the velocity, whereas in shear flow, the shear rate is in a 
direction perpendicular to  the velocity. 

Nitschmann and Schrade,22 in 1948, and Ziabicki et a1.,1--3 at a later 
time, applied Trouton’s formulations to  the spinning process. Z iab i~k i ,~  
in the melt spinning process, found thc elongational viscosity of the spinning 
threadline to  increase monotonically with distance from the spinnerette. 
Kase and Matsuo4s5 in 1965, studied the elongational viscosity of a thread- 
line of polypropylene and a threadline of a copolymer of poly(ethy1ene 
terephthalate) and poly(ethy1ene isophthalate). They, however, assumed 
elongational viscosity to  be dependent only on temperature. In  1970, 
Ishibashi, Aoki, and Ishii,14 in a study of nylon 6 ,  also assumed that elonga- 
tional viscosity depended only on temperature. In  studying a range of 
number-average molecular weights a, of 1.85X lo4 to 2.40X lo4, they con- 
cluded that within this molecular weight range the clongational viscosity 
was still depcndent only on temperature. They point out, however, that in 
an unpublished study of a much wider range of Mn,  an increase in Rn did 
increase the elongational viscosity. 

The studies cited thus far havc failed to consider the importance of 
elongation rate in their study of elongational viscosity. In  attempts to in- 
vestigate the elongation rate effect, several workers, as pointed out by 
Lamonte and Han,lg have carried out isothermal spinning studies. Con- 
sidering the results of these studies, Lamonte and Han have proposed a 
generalized empirical equation which takes into account the dcpendence of 
elongational viscosity on both the elongation rate and the temperature of 
the threadline. These authors claim good agreement between the pro- 
posed equation and their own results on isothermal spinning studics of 
polystyrene, polyethylene, and polypropylene. 

By making use of eq. (1) and the continuity equation expressed as 

G = pAV = constant (2) 
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where G is mass throughput rate, p is filament density, A is filament cross- 
sectional area, and V is the local velocity of the filament, it is possibIe to 
derive a more convenient form of eq. (1). Since G is a constant, 

Solving eq. (3 )  for dV/dx yields 

dV 

And since the axial stress is given by 

dV + P A  - = 0.  
dx 

eq. (2) can be solved for A ,  and this can be substituted into eq. (5)  to give 

Frheo PV 
G 

uzz = -* 

Finally, substituting eqs. (4) and (6) into eq. (1) gives 

This expression is used for determination of elongational viscosity in this 
study and was used in a similar form by Kase and M a t ~ u o . ~ - ~  Using eq. 
(7), data for the threadline rheological force, density, mass throughput 
rate, and linear density are required for determining elongational viscosity. 

In the present study, results are presented of our experimental investiga- 
tions into the elongational flow- behavior of threadlines of polyesters of 
various molecular weights. In all  case^, nonisothermal studies were made. 
Threadline surface temperature data are used in conjunction with the 
elongational viscosity data to relate elongational viscosity and threadline 
temperature. 

EXPERIMENTAL 

Materials 

The polymer chosen for this study was poly(ethy1ene terephthalate) of dif- 
ferent molecular weights. The molecular weight characteristics of these 
polymers are given on Table I. Intrinsic viscosity ( IV)  was determined 
in 100% trifluoroacetic acid (0.4 g/dl) at 30°C, and the weight-average 
molecular weight (am) was calculated from the relation given by W a l l a ~ h . ~ ~  

From Table I it is evident that the range of the molecular weight series 
has been reduced by the extrusion process. For this reason, experiments 
involving only polymers A, B, C ,  and D are discussed here. 
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TABLE I 
Molecular Weight Characteristics of Polymer Chips and Filaments 

Chip Filament 

Polymer IV ,  dl/g iiZw x 10-4 IV ,  dl/g Xiw x 10-4 
~ 

A 0.62 4.38 0.62 4.38 
Be 0.69 5.12 0.65 4.69 
C 0.76 5.90 0.71 5.34 
D 0.82 6.60 0.79 6.25 
E 0.85 6.96 0.80 6.37 
F 0.88 7.32 0.80 6.37 
G 0.92 7.82 0.78 6.13 

Contains 0.25% Ti02 

Apparatus and Procedures 

All fiber spinning was carried out on a screw extruder manufactured by 
Reifenhauser of Germany. The extruder consists principally of an 18-mm 
screw and a 1.2-cm3/rev gear metering pump. The screw delivers the 
molten polymer to the independently driven pump. The pump then 
delivers the material to  a pack assembly of condensers and screens and 
finally to the spinnerette. A seven-hole spinnerette with 0.31-mm-diam- 
eter holes, a 2.3 LID ratio, and a 60" entry angle was used for these experi- 

F I LAMENT 

Fig. 1. Device for trapping linear density samples. 
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ments. Extrusion temperature was maintained a t  290°C. The fibers 
emerged from the spinnerette into an atmosphere at 22°C. Cooling of the 
filaments was by free convection. The filaments were wound onto a godet 
and a take-up device with surface speeds of 420 cm/sec and 425 cm/sec, 
respectively. 

Once the system was operating, threadline surface temperature measure- 
ments were made with a Hastings-Raydist Match-Temp Pyrometer (Model 
TM-2A) and Threadline Probe (TG-4). This null-balance pyrometer was 
used in conjunction with a 10-millivolt recorder. Threadline force at  the 
first godet was measured with a Rothschild tensiometer equipped with a 
04-gram head. Linear density samples of the threadline were taken with 
the device shown in Figure 1.  The trapping procedure involved closing 
the trap on a single filament, simultaneously cutting the filament below the 
lower edge of the trap, followed by cutting the filament above the upper 
edge. This left an untouched 4-cm sample ready for subsequent sub- 
division, collation with other replicate samples, and weight measurement. 
The trapping arms of the device deformed the two ends of the sample 
filament so that indexing the distance from the spinnerette was simple. 
Mass throughput rate was determined from denier measurements of the 
filaments’and knowledge of the take-up surface speed. Distance from the 
spinnerette to the first godet, xLl was 442 cm. 

RESULTS AND DISCUSSION 

Threadliie Surface Temperature 

A typical profile of threadline surface temperature is shown in Figure 2 
for polymer C. The general shape of the profile was observed to be the 
same for each polymer, and the profiles showed no discernable effect of 
molecular weight on the cooling behavior of the polymers. Approximately 
5 to 6 cm from the spinnerette, the surface temperature of the filaments was 
found to be below the melting temperature T,  of the polymer (ca. 255°C) 
for all polymers. And a t  a distance x = 40 centimeters, the filament sur- 
face temperature was below the glass transition temperature T ,  of the poly- 
mer. Careful use of the temperature pyrometer permitted measurement 
of temperatures as high as 30°C above T,  and a t  distances within 2 cm of 
the spinnerette. Thus, temperature measurements over essentially the 
entire threadline path were made. No attempt was made to  determine 
the radial temperature profile. 

Nonlinear least-squares fits of the temperature data to the functional 
relation 

(8) T,(x) = uleblz + c1 

were successful, where T,(z) is threadline surface temperature (“C) a t  
distance x, and al, bl, and c1 are constants. Experimental data are shown 
as the points. Values for ul, bl, and c1 determined to be the “best fit” 
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TABLE I1 
Values of Coefficients of Eqs. (8) and (12) 

Eq. (8>-TAz) Eq. (12>-d(s) 

Polymer al bi X 102 c1 a2 X lo4 bz X 10' cz X 106 

A 275.4 -4.12 16.3 1.873 -3.657 1.671 
B 304.2 -3.80 2.0 2.143 -4.040 1.546 
C 284.2 -4.18 13.4 2.816 -4.548 1.530 
D 290.8 -3.98 9.0 1.886 -4.083 1.409 
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are given in Table I1 for the four polymers. Because of the relatively 
poor fit of eq. (8) in some regions and because of variation in some of the 
values for al, bl, and cl, the experimentally determined surface tempera- 
tures were used for subsequent calculations instead of the functional form 
of eq. (8). These data do, however, show behavior similar to that obtained 
by other  worker^.^.^^^^ 

Threadline Density 
It is apparent from eq. (7) that the density p is necessary for the deter- 

The approach taken in this study was to use the surface mination of oE. 
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Fig. 3. Density-temperature relationship based on dilatometric study (solid line). 
Extrapolation to  melt density (broken line). 

temperature profiles, in conjunction with dilatometric data, to determine 
p(z). This approach is taken as an approximation of p(z) and as an im- 
provement over the assumption of constant threadline density that is some- 
times used. 

Dilatometric data were obtained in these laboratories on these same 
polymers by C h a ~ . ~ ~  Figure 3 shows the variation of density with tempera- 
ture. 

Linear extrapolation between 95°C and 290°C was made to determine 
p(T) between these temperatures. This assumes little or no crystallization 
has occurred, which is a reasonable assumption in spinning PET. 

From Chao's data, the following expressions were used to  obtain p(T)  
for the four polymers: 

Vsp(T)  = 0.7274 + 3.857 X 10-4T 

V,,(T) = 0.7461 + 1.303 X 10-4T 
(7' 3 T,) 

(T < To) 

(9) 

(10) 

A T )  = l / V S z m .  (11) 
The coefficients of the temperature term in eqs. (9) and (10) are average 
values of the slopes for the polymers above and below T,, respectively. 

Threadline Linear Density 

A typical axial profile of linear density pA is shown in Figure 4 for poly- 
mer C. Experimentally obtained pA values are shown by the points. No 
molecular weight effect was apparent from the observed profiles. 

The greatest material deformation occurs within the first 10 cm. At 
this distance, the linear density has reached essentially its final value (i.e., 
final denier). Samples between 3 and 33 cm from the spinnerette w r c  
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Fig. 4. Typical linear density profile: experimental data points (circles), “best fit” to 
eq. (12) (solid line). 

taken. Collection of samples closer than 3 cm was not possible and those 
greater than 33 cm were unnecessary. The exact behavior within the first 
3 cm is not known. It is apparent from Figure 4 that a tremendous change 
in PA occurs during the first few centimeters. 

Nonlinear least-squares fits of the linear density data to the functional 
relation 

p A ( x )  = a2ebZ2 + c2 (3 < x < x z )  (12) 

were quite successful, where p A ( x )  is linear density (g/cm) a t  distance x ,  
and az, b2, and c2 are constants. The “best fit” of cq. (12) is shown by the 
solid line in Figure 4. The equation only applies, however, over the dis- 
tance range of x = 3 to x z  cm. Values of a2, bz, and c2 for the four poly- 
mers are given in Table 11. Good agreement between observed data and 
values predicted by eq. (12) for the four polymers justified using the appro- 
priate form of this equation for p A ( x ) .  However, it must be pointed out 
that the coefficients a2, b2, and c2 reflect the nature of their particular data. 
The importance of this will be pointed out in the discussion of elongation 
rate. 

Since eq. (12) is a continuous function for p A ( x )  over the range 3 < x 6 
442 cm and is differentiable, d ( p A ) / d x  can be obtained directly. Thus, 
differentiating eq. (12) with respect to x gives 

d ( P A )  - ab2ebz2 (3  < x 6 x z ) .  dx (13) 
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This approach provides us with continuous functions for both pA and 
d ( p A ) / d x  and eliminates the use of graphic techniques. It can be seen 
here that the values of the coefficients a2 and, particularly, b? can strongly 
affect the results of subsequent calculations. 

Threadline Velocity 

In  considering the threadline velocity, the radial velocity gradient was 
The velocity a t  any distance, V ( x ) ,  can be obtained assumed to be zero. 

from eq. (2), the continuity equation, that is, 

Data for G, the mass throughput rate are given in TawLd I11 for the four 
polymers. 

In all 
polymers, an inflection was observed a t  approximately 6 cm. Ziabicki and 
Kedzierskal have suggested that the inflection in the velocity profile was 
an effect of a structural transition occurring in the threadline; and in the 
case of melts, the transition was probably one of solidification. The posi- 
tion of the inflection in this study is several centimeters below the position 
a t  which the filament surface temperature reaches T ,  of the polymer. 

The general shape of the velocity profiles is the same for each of the four 
polymers. The break in the solid line in Figure 5 is due to the lack of data 
in that region. The exact behavior in this region is not known since no 
quantitative measures of die swell were made. The degree of die swell 
was, however, observed to be smgll a t  these throughput rates. Note that 
the velocity increases rapidly over the first 20 cm and then levels off to the 
first godet velocity V1. 

Average velocity a t  the spinnerettc exit, V(O), was calculated using 
the spinnerette hole area, the mass throughput rate, and the melt density 
of the polymer. The results of this calculation for the four polymers 
are also given in Table 111. Also given in Table I11 are values from 

A typical velocity profile (for polymer C) is shown in Figure 5 .  

TABLE I11 
Mass Throughput Rates, Exit Velocity, and Shear Rate at the 

Wall for the Polymers Studied 

G 
V(O), $to, 

Polymer g/min (g/sec/hole) X lo3 cm/sec sec-l 

A 2.911 6.93 7.70 1990 
B 2.836 6.79 7.55 1940 
C 2.631 6 .26  6.96 1800 
D 2.540 6.05 6.72 1740 
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Fig. 5. Typical threadline velocity profile: V ( 0 )  = 6.96 cm/sec. 

the shear rate at the capillary wall, -jm. These values are based on the 
assumption of Newtonian flow, i.e., 

where Q is volumetric throughput rate (Q = G / p )  and R is the capillary 
radius. These values are given for informational purposes only. 

Threadline Elongation Rate 
The importance of elongation rate I j E  to the elongational viscosity has 

The elonga- 
been emphasized in the literature. 
explicitly, it  is an implicit component as pointed out earlier. 
tion rate expressed in terms of the parameters pA and G is given by 

Although eq. (7) does not involve 

At this point, it is evident that the numerical value obtained for elonga- 
tion rate is strongly dependent on the values of the coefficients a2, bz, and 
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TABLE IV 
Maximum Values of +E and Distance at Which the Maximum Values Occur 

Polymer ^ j ~ . ~ ~ ~ ,  sec-I z*, cm 

A 37.9 6.6 
B 44.1 6 .5  
C 47.2 6 .4  
D 43.8 6 .4  

I I  

POLYMER D: - 
0.79 I V  

- 

" 

cz, which may change slightly depending on the data. Figure 6 shows the 
results of calculations using eq. (18). 

The most evident feature of these elongation rate profiles is the maximal 
point. The maximal point obviously corresponds to the inflection point of 
the velocity profiles. By setting the derivative of Y E  with respect to x 
equal to zero, i.e., dyE/dx = 0, i t  is possible to  derive a relation to obtain 
the distance a t  which the maximal point occurs, x*. This relation is given 
by 

I 

Similarly, the maximum value of the elongation rate YE,max for each poly- 
mer can be obtained from the following relation: 

The results of computations using eqs. (19) and (20) are shown in Table IV. 
Notice that x* appears to be the same for each of the four molecular wights. 
This implies that the elongation rate reaches its maximum value a t  the 
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same distance from the spinnerette for each of the four polymers. Com- 
paring these distances with the temperature profiles indicates that YE,max 
occurs at threadline surface temperatures between 225" and 240°C. The 
apparent increase and then decrease of is considered to be only a 
reflection of the behavior of the coefficients a2, b2, and cz, and it is felt that 
no conclusions regarding this behavior can be made a t  this time due to the 
limited data. 

After reaching a maximum, the elongation rate decreases rapidly to zero 
at distance of 40 cm. This corresponds to the region of constant velocity 
in the velocity profiles. At this point, the filaments have reached their 
final denier. 

Threadline Force Components 
Theoretical analysis of the components of force acting on a moving melt- 

spun threadline has been widely discussed in the l i t e r a t ~ r e . ~ - ~ , ' ~ ~ ' ~ ~ ~ ~  An 
equation of force balance, as suggested by Z i a b i ~ k i , ~ , ~  can be written as 

Frheo(z) = Fext + Fgrav(Z) + Faero(Z) + Finert(x)  -I- Fsurf(z). (21) 

The components of the force balance are: Frheo(z), rheological force; Fext, 

external force; Fgrav(z), gravitational force; Faero(z), aerodynamic drag 
force; Finert(z), intertial force; and Fsurf(z), force from surface tension. 

The rheological force is the force imparted by the material's resistance to 
flow deformation and is the component of primary interest in any elonga- 
tional flow study. Forces acting in the same direction as the filament 
velocity are taken as positive. The experimentally obtained external force 
per filament, Fext, is shown in Figure 7 for the four polymers. A linear 
relationship exists over this intrinsic viscosity range. This relationship 
is given by 

Fext = -399.7 + 812.8[~]. (22)  

The gravitational force component Fgrav(x) is due to the weight of the 
hanging filament. Fgrav(z) was calculated from the relation 

Fgrav(2)  = lzL g d ( z )  (3 6 2: 6 2,) (23) 

where g is the acceleration of gravity. 
The force component due to air drag was computed from a relation based 

on Sakiadis' treatmentz6 of a continuous cylinder running in a stationary 
medium. This relation is 

Faero(z) = -0.843(p0/p(z)GV(z)) [ T P ( X )  Y'(Z,  - x)/G]O.'~~ (24) 

where po is the density of the surrounding air and YO is the kinematic viscos- 
ity of the air. This same treatment has been used by several w o r k e r ~ . ~ J ~ * ' ~  

The force required to accelerate the filament from V(0)  to its final 
velocity V ,  is given by 

Finert(2) = -G"V, - V(z>l. (25) 
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Fig. 7. External force per filament vs. filament intrinsic viscosity. Experimental data 
points (circles). Least-equares fit to  a straight line (solid line). 

The surface tension component of force Fsurf (x)  has been neglected in this 
study. Previous have also neglected this component. 

The distribution of force components for a typical polymer (C) is shown 
in Figure 8. Similar behavior was observed for the remaining polymers. 
Finert(x) is essentially zero except within the first few centimeters where 
acceleration is occurring. Fgrav(x)  and Faer,,(x) are about equal in magni- 
tude but opposite in direction, thus tending to offset each other. Thus, 
Frheo(x) and F,,, are about equal, so that for these spinning conditions 
the other force components could have been neglected. 

Profiles of Frheo(x) for the four polymers are shown in Figure 9 for pur- 
poses of comparison. Again, Frheo(x) increases linearly with intrinsic vis- 
cosity. 

Axial tensile stress uzz was computed from the relation 
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Axial stress profiles are shown in Figure 10 for the four polymers. 
profiles are very similar in shape to those reported by Ziabi~ki .~  

These 

Elongational Viscosity 
Elongational viscosity was calculated from eq. (7) using the relations for 

The results of these calculations plotted the parameters presented here. 
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DISTANCE FROM SPIINERETTE, x (cm) 

Fig. 10. Axial tensile stress per filament as a function of distance from the spinnerette for 
the polymers studied. 

versus distance from the spinnerette are shown in Figure 11 for polymer C. 
This plot is made only to  show that elongational viscosity increases ex- 
ponentially with distance along the spinning path. However, qE does not 
explicitly depend on distance, but depends on temperature and elongation 
rate. The profile shown in Figure 11 does not consider these parameters, 
but merely indicates the dramatic change that occurs with distance due 
to the changes occurring in Y E  and T. 

The increase in elongational viscosity is due to both a strong temperature 
effect and an elongation rate effect. The change in these parameters result 
in an increase in the resistance to flow deformation, and hence vE increases. 
However, in nonisothermal spinning such as in this study, the increase in 
qE is readily observed, but the contributions of temperature and elongation 
rate are not readily apparent. Only when one parameter is maintained 
constant, such as in isothermal spinning, can the effect of the remaining 
parameter be quantitatively measured. No isothermal studies on PET 
which consider the effect of Y E  on q E  have appeared in the literature. 

Arrhenius plots such as shown on Figure 12 can be useful if used properly. 
These plots show qE plotted versus an inverse function of absolute tem- 
perature for the four polymers. One must be careful, however, to  re- 
member that since both Y E  and Ta re  changing along the spinning path, the 
data shown in this figure still contain a contribution of elongation rate. The 
three-dimensional nature of the relationship between qE and Y E  and T 
make data presentation difficult. However, a look a t  Figure 12 indicates 
that since the elongation rates are about the same for each polymer, at a 
specified temperature, qualitatively the elongational viscosity increases 
with molecular weight. As shown in Figure 6, the elongation rates are 
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Fig. 11. Typical semilogarithmic plot of elongational viscosity vs. distance from the 
spinnerette. 

about the same, except in the region where x = 5 to 10 cm (ca. 250" to 
200°C). Comparing qE for the four polymers at temperatures in the region 
where elongation rates are the same clearly indicates an increase in vE 
with molecular weight. Even in the region (5 to 10 cm, or 250" to 200°C) 
where the elongation rates give the appearance of differing most, the same 
behavior is observed, indicating possibly a mild effect of Y E  on qE. How- 
ever, the significance of any apparent difference in elongation rates between 
polymers in this region is not known at present. The crossing of the profile 
for polymers B and C is not considered to be significant. 

Activation Energy 
Kase and Matsuo4 and others14 have used Arrhenius plots to  obtain an 

They have, however, assumed activation energy of elongational flow Eoe. 
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Fig. 12. Semilogarithmic plot of elongational viscosity vs. inverse absolute temperature 
for the polymers studied. 

that the elongation rate was negligible and that vE depended only on tem- 
perature (i.e., exhibited Newtonian behavior). This assumption was not 
made here. Instead, an attempt was made to obtain an activation energy 
that is assumed to depend explicitly on elongation rate. In  shear flow i t  
has been shown by BernhardtZ7 and Combs et  a1.28 that activation energy of 
shear flow, Eas, is a decreasing function of shear rate a t  constant tempera- 
ture for certain polymers. 

To obtain an  expression for Eae ( Y E ) ,  activation energy of elongational 
flow, as a function of Y E ,  an attempt was first made to  fit the elongational 
viscosity, elongation rate, and absolute temperature data to a polynomial. 
Only data in the rubbery and liquid regions (>T,) were used in this fit. 
The two independent parameters of this polynomial are +,(z) and 103/T(z), 
and the polynomial has the form 



2586 HILL AND CUCULO 

TABLE V 
Values of Coefficients of Eq. (27) 

Polymer QO Q1 a2 Q3 

A -5.03 4.95 0.207 -0.101 
B -4.38 4.86 0.146 -0.075 
C -6.41 5.77 0.187 -0.091 
D -4.08 4.83 0.166 -0.085 

where crC are constants for i = 0, 1,2,  and 3. Nonlinear least-squares fits of 
the data to this polynomial were good. The values for the coefficients 
(YO, al, a2, and a3 are given in Table V. 

Activation energy Eae was obtained by differentiating eq. (27) with re- 
spect to  103/1' and multiplying this slope by the conversion factor of 
(2.303) (lo3) (R)kcal/mole. Thus, Eae is given by 

E," = d(10g10;7E) (2.303) (0 .OO 1987) ( lo3) 
d ( F )  

The relationships obtained for the four polymers are given in Table VI. 
Note that  E," for all polymers is a decreasing function of Y E .  At zero 
elongation rate (YE = 0), EOe is about 22 to 26 kcal/mole. These values are 
in very good agreement with values obtained by G r i s ~ o l d ~ ~  for zero shear 
rate activation energy of these same polymers. Also note that the rela- 
tionships for E," are consistent for the polymers. No effect of molecular 
weight on Eae is apparent within this am range. 

The coefficients of eq. (27) and, hence, of eq. (29) were found to  change 
slightly when data corresponding to  lower temperatures were removed from 
the fits. However, the results presented here are considered to be accept- 
able as a first approximation of EGe(+E). 

SUMMARY 

A study of the threadline dynamics of poly(ethy1ene terephthalate) of 
four molecular weights has been presented. No effect of molecular weight 
on the temperature profiles of these polymers was observed. Nonlinear 
least-squares fits to the linear density data were quite good, thus permitting 

TABLE VI 
Relationships for E.' fcr the Polymers Studied 

Polymer Relationship for E:, kcal/mole 

A 
B 
C 
D 

22.7 -0.463-j~ 
22.2 -0 .342-j~  
26.4 -0.418-j~ 
22.1 -0.388-j~ 
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use of an equation for both velocity and elongation rate profiles. The in- 
flection point of the velocity profile, which corresponds to the maximum in 
the elongation rate profile, was found to occur a t  the same distance from 
the spinnerette and approximately the same temperaturc for each of the 
four polymers. 

Comparison of the elongational viscosity for the four polymers over the 
entire temperature (and also elongation rate) range clearly indicated an 
increase in elongational viscosity with increasing molecular weight. 

Good agreement was obtained in fitting the observed data to a poly- 
nomial relating elongational viscosity to the parameters elongation rate 
and temperature. Use of the polynomial also permitted first approxima- 
tions of the activation energy of elongational flow Eae to be made. The 
activation energy was found to be a decreasing linear function of elongation 
rate for all polymers. Slight variation in Eae were found to exist for the 
four polymers when evaluated a t  zero elongation rate. These zero elonga- 
tion rate activation energies are in good agreement with zero shear rate 
activation energies of these same polymers. 

Further study is needed to determine the effect of elongation rate on the 
elongational viscosity of PET. The dependence of activation energy of 
elongational flow on elongation rate also needs further investigation. These 
are the objectives of our current research. 

The authors are grateful to the Goodyear Tire and Rubber Company for both financial 
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