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Synopsis 
Elongational viscosities were measured in a wet-spinning apparatus. The advantage 

of this procedure lies in the fact that excellent temperature control can be maintained and 
that gravity effects can be neglected for a horizontally spun fiber. As a spin dope, an 
aqueous solution of polyacrylonitrile (PAN) consisting of approximately 10% polymer 
and 40% sodium thiocyanate (NaSCN) was spun into a coagulating bath of varying 
NaSCN content, up to a concentration at which spinning was no longer feasible. Fiber 
diameters were measured photographically as a function of distance from the spinnerette. 
Spinning tension readings were made on a multifilament bundle using a calibrated ten- 
siometer. To eschew the influence of the hardening effect arising from mass and heat 
transfer, the temperatures of the spin dope and coagulating bath were kept constant, 
while the solvent concentration of the coagulating bath was varied up to a maximum lim- 
iting value. In this manner, the theoretical condition of no hardening is approached, and 
the experimentally determined elongational viscosity approaches a limiting, concentra- 
tion-independent value. The rheological properties of the spin dope were determined in- 
dependently in a jet thrust measurement device. Some of the experimentally deter- 
mined results on elongational viscosity versus rate of elongation were presented and dis- 
cussed in the light of the theoretical prediction based on various constitutive equations. 

INTRODUCTION 

Important polymer processes such as fiber spinning and film drawing 
involve “elongational flow” of the polymer melt or solution. For such a 
flow, determination of fluid “spinnability” is very important. Nitsch- 
mann and Schrade’ appear to be the first who postulated that liquid 
systems can be spinnable only if they have a certain “anomalous” and 
characteristic viscosity behavior. This consists of an increase in viscosity 
with increased stretching rate, the so-called “apparent Trouton viscosity.” 
According to Trouton12 who first introduced the concept, Trouton vis- 
cosity, qT, is three times the Newtonian viscosity, 1 0 : ~ ~  = 3110. How- 
ever, much later it was pointed out by several investigators that this rela- 
tion does not hold for many polymer substances, but is in fact a limiting 
condition at low stretching rates. 

Recently, Ballman3 carried out a study on the elongation of solid poly- 
styrene rods. This study has been widely cited in the literature, although 
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only five data points for elongational viscosity are presented; Ballman 
states that elongational viscosity shows a maximum with respect to rate of 
elongation. Much earlier than Ballman, Iiargin and Sogolova4 investi- 
gated the extension of solid plastic rods and published results showing that 
elongational viscosity is in fact independent of elongation rate. Recently, 
Radyshkevich et aL6 measured the elongational viscosity of polyisobutylene 
and also obtained a constant elongational viscosity. It must be noted 
that all the above experimental results involve elongation rates below 0.1 
sec-l, and the elongational behavior in this region cannot be extended into 
the region of higher elongation rates. In addition, the measurements were 
not performed at  steady pulling speed, and so the results are of further 
limited value. 

Ziabicki and Kedzierska6 studied the elongation of a series of polymers 
by means of the melt-spinning process, and they found an increase of 
elongational viscosity along the spinning way. Ziabicki’ studied the 
melt spinning of polycapronamide and measured the tensile force at various 
positions along the spinning way. He calculated the elongational vis- 
cosity 98 using the expression 

where T,, is the axial tensile stress defined by the tension F per unit area 
at  a position x, and dV/& is the axial velocity gradient of a filament under 
stretching. The calculated elongational viscosity was shown to increase 
monotonically with distance along the spinning way. However, Ziabicki’ 
could not separate the effects of the rate of elongation and temperature 
from the overall change of elongational viscosity, although temperature is 
one of the most influential factors in his experiment of melt spinning. 

The cooling of the spun fiber increases elongational viscosity following 
the Eyring-Frenkel equation 

in which qE(T) and .rlE(To) are the elongational viscosity at temperature T 
and To, respectively, E is the activation energy, and R is the gas constant. 
In a separate study, Ziabicki and Kedzierska8 postulated that under the 
condition of constant tensile force the increase of elongational viscosity is a 
necessary condition for spinnability, so that an increase of axial velocity 
due to stretching had to be accompanied by an increase of elongational 
viscosity. 

On the other hand, several authors analyzed the steady elongational 
flow of non-Newtonian viscoelastic fluids from the rheological point of 
view and succeeded in showing that elongational viscosity increases with 
the rate of elongation, whereas the non-Newtonian viscosity decreases 
with the rate of shear. To obtain this result, Yamamoto9 used the net 
work theory on a molecular basis, Lodgelo used the integral form of Max- 
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wellian fluid, White" used a second-order fluid model, while Roscoe'2 
used a third-order fluid model, both fluid models being special cases of the 
simple fluid theory advanced by Nolli3 and Coleman and N ~ l l . ' ~  Bird 
and SpriggsI5 used the modified form of the three-constant Oldroyd model.I6 

It is the purpose of this paper to present some new experimental results 
on elongational viscosity. The results presented here were obtained by 
means of the wet-spinning process. The experimentally obtained results 
are compared bith the theoretically predicted results. 

THEORETICAL BACKGROUND 

An isochoric elongational flow may be defined by 

V i  = U ~ X ,  i = 1,2,3 (3) 

where v1 is the component of velocity in the direction of elongation of xl, 
and v2 and v3 are the components of velocity in the x2 and x3 directions, 
which are perpendicular to the XI direction. From the equation of con- 
tinuity we have 

If we define 
cui = a1 + az + a3 = 0 (4) 

with 
tensor may be given by 

being the steady elongation rate, the rate-of-elongational-strain 

0 
(6) 

0 0 -7/2 

For any fluid, the total stress is given by 

Ttj = -p&j i- 7 ~ .  

-P = '/~(TII + 7'22 + 7'331, 

(7) 

(8) 

(9) 

Now, if one defines the isotropic pressure p by 

then the sum of the deviatoric stress component is given by 

711 + 722 + 733 = 0. 

If the surfaces transverse to the direction of principal elongation are 
unconstrained, 

Tzz = T33 = 0 (10) 
and, from eq. (8), 

Substituting eq. (11) into eq. (7) yields 

TII = 711. 
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From eqs. (7) and (10) the following is obtained: 

p = 722 = 733. (13) 

(14) 

Substituting eq. (13) into eq. (7) yields an alternate expression for 2'11, 

Tl1 = -722 + 711. 

Equations (12) and (14) are two equivalent expressions for the total 
principal stress in an isochoric elongational flow. 

Since the eiongational viscosity qE is defined as 

- Ti1 
T 

V B  = - 

Use of eq. (12) in eq. (15) gives the following expression: 

Use of eq. (14) in eq. (15) gives 

722 - 711 
q E  = 

,7 

It is to be noted, however, that if the isotropic pressure p is not defined by 
eq. (S), which is quite arbitrary, in fact, eq. (16) does not have to be 
satisfied. This point will be made clear with specific constitutive equa- 
tions. 

The Three-Constant Oldroyd Model16 

This model is given by 

(1 + hff~b = -2rl0(1 + X2So)e (18) 

where 7 is the stress tensor; e is the rate-of-strain tensor; XI, A2 are time 
constants (A1 > X2); 70 is a zero-shear viscosity; and 5 0  is a nonlinear 
differential operator defined by 

where a>/at is the Jaumann derivative defined by 

befe 3% 
st at axm 
- = -  + u r n - -  W&mi - wtmemk 

in which wim is the vorticity tensor component defined by '/2(erni - eim),  

and 6* is the Kronecker delta. Bird and SpriggsG have derived expres- 
sions for rll and ~2~ for steady elongational flow using this model: 
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1 - A 2 1  
711 = -2110 (r) - XlT 1 

722 = 110 (CT) T 
1 - XZT 

Use of eq. (20) into eq. (16) gives the following: 

It is readily seen that eq. (17) is also satisfied. 

The Spriggs Four-Constant Model" 
This model is given by 

(1 + X,S,)Z~ = -2qpep (23) 
m m 

; the total z and e are given by Z P  and ep, 
p = l  p = l  

respectively; and the nonlinear operator 5, is defined by 

The fourth constant, E ,  may be taken as zero with no loss of generality if 
the Weissenberg hypothesis is assumed, i.e., the second normal stress dif- 
ference is zero. For steady elongational flow, we then have 

and use of eq. (25) in eq. (16) yields 

where Z(LY)  is the Riemann zeta function. 
eq. (27) reduces to 

For the simplest case, p = 1, 

which is similar in form to eq. (22). Use of eq. (17) gives the identical 
result as eq. (28).  Therefore, we have shown that at  least these two 
diff erential-type constitutive equations give rise to consistent expressions 
for elongational viscosity, either from eq. (16) or eq. (17). It is to be 
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noted, however, that the isotropic pressure p is defined in both constitutive 
equations, eqs. (18) and (23), by eq. (8). 

Lodge’s Elastic Liquid Modello 

This model is given by 

where m(d) is a memory function, which according to Lodgelo can be 
taken as 

and C-’ (7’)  is the strain tensor, which is defined in steady elongational 
flow by 

(31) 

in which 7‘ is ihe elapsed time, defined by 
7‘ = t - t’ 0 5 r f  < aJ 

where t is the present time and t‘ is the past time. 

as presented by Lodge, lo 

Solving eq. (29) for 711 and 7 2 2  gives, for n = 1 in the memory function, 

- 90  

Xl(hr-7 + 1) 
722 = 

Substitution of eq. (33) into eq. (16) gives, with 27% < 1, 

On the other hand, use of eqs. (33) and (34) in eq. (17) gives 

(34) 

which is not identical with eq. (35). However, one should note that in 
eq. (29) the isotropic pressure p is not defined by eq. (8) and that use of 
eq. (16) to derive the expression for elongational viscosity is not justified. 
Therefore, eq. (35) is not a correct expression for elongationa1 viscosity, 
using such constitutive equations as eq. (29), and hence only eq. (36) 
remains correct. 

A recent summary by Bird et al.ls compares the various expressions for 
elongational viscosity 9E derived from network theories of concentrated 
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solutions, suspension theories, and continuum models. While most 
theories predict q e  increasing to infinity, a network “rupture” model by 
Tanner and Simmonslg predicts qa increasing to a maximum and then 
decreasing indefinitely, while a molecular theory by Bird et al.I8 predicts an 
increase and then a decrease to an asymptotic value. Unfortunately, 
neither Tanner’s nor Bird’s model lends itself easily to comparison to 
experimental results because of certain difficulties in determining the 
model parameters. Thus, the simplest models appear to remain the most 
useful, if not (as will be shown) the most rigorously correct. 

EXPERIMENTAL 

In the present study, an attempt was made to experimentally deter- 
mine the dependence of elongational viscosity on elongation rate in terms 
of the rheological properties of the fluids tested. As an experimental 
device, the fiber wet-spinning process was chosen. 

Apparatus and Procedure 

A schematic representation of the spinning apparatus is shown in Figure 
1. Compressed gas forces the spinning solution into the Zenith variable- 
speed metering pumps. The flow rate to the spinnerette is the diffetential 
flow from two such positive displacement pumps operating at  slightly 
different speeds. This arrangement allows for good flow control a t  ex- 
tremely low flow rates and for rapid initial filling of the system. The 
spinnerettes used are made of precious metal alloys. The emerging fila- 
ments are passed through the coagulating bath, and the fiber is then led 
over the pulleys of a tensiometer and on to the variable speed take-up 
roll. Measurements of thread tension are made at  various values of 
jet stretch (the ratio of take-up velocity to plug flow spinnerette velocity, 

VARIABLE SPEED 
3 ITROGEN TAKE-UP ROLL 

I 'COAGULATING ’ k - - - x 4  BATH SPINNERETTE 

Fig. 1. Schematic representation of the spinning apparatus. 
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Vz/V,),  keeping the shear rate in the spinnerette hole constant. In, 
practice, multihole spinnerettes were used for tension measurements, 
since the tension per filament is quite low and this procedure gave mwur-  
able and accurate tension readings to values below 0.05 g per filament. 
Spinnerette diameters of 0.005 in. (0.0130 cm), 0.012 in., and 0.015 in. 
were used. Filament diameter was measured photographically as a 
function of the distance from the spinnerette faoe, using a three-hole 
spinnerette. 

The Spinning Systems and Spinning Conditions 
The material used was a proprietary fiber-forming dope similar to stan- 

dard commercial dopes: an aqueous polymer solution consisting of a p  
proximately 10% polyacrylonitrile (PAN) and 40% sodium thiocyanate 
(NaSCN). The polymer molecular weight was approximately 100,OOO, 
and the specific gravity was 1.30 at  30°C. The coagulating bath ranged 
in concentration from 0% through 25y0 NaSCN in water at a temperature 
of 20°C. Experiments were performed at  temperatures of 0°C) 20”C, 
and 40°C at  it bath concentration of 10% NaSCN. The jet stretch 
(V,/V,) was varied up to the point a t  which the thread broke down. Free 
velocity measurements were also taken by photographing the diameter of a 
freely extruded filament at the above concentrations and temperatures. 

Rheologid Characterization of Spinning Solutions 
To “theoretically” predict the elongational or shear behavior of a fluid, 

the material constants of a chosen constitutive equation must be deter- 
mined. This was accomplished by experimentally determining the shear 
and/or normal stresses and then evaluating the material constants so as to 
obtain the best fit between the theoretical and experimental curves. 
In  this study, both shear stress and normal stress differences at  the high 
shear rates (lo2 to lo4 sec-’) encountered in fiber spinning were measured 
by a jet thrust apparatus as described by Shertzer.20 This apparatus 
determines stresses a t  high values of shear rate by measurement of the 
thrust (reaction) of a free, horizontal jet. Furthermore, the viscosity at 
these shear rates was simultaneously determined since the instrument is, 
in effect, a suspended capillary rheometer. 

RESULTS AND DISCUSSION 

Tension Measurements 
In the wet spinning of fibers, the total measured takeup force, F,,,, is 

actually the sum of several forces the primary components of which are the 
rheological force, Frheo, and the drag force, Fdrag. FA,, is the force required 
for the deformation of a thread, and it is related to the axial stress com- 
ponent, p,,, and to the elongational viscosity, qE,  through the following 
equation: 

(37) Frheo/A(s) = p z z ( s )  =J S & V ( x ) / b  
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Fig. 2. F,, vs. let stretch. Bath concn. = 10% NaSCN; bath temp. = 20°C; VI = 
16.62 cm/sec. 
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Fig. 3. F,t vs. distance (cm) from the spinnerette face. Batb concn. = 10% NaSCN; 
bath temp. = 2OOC; V1 = 16.62 cm/sec, 
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Fig. 4. F,aco vs. jet stretch at different bath conditions. Spinnerette diam. = 0.005 
in.; V ,  = 16.62 cm/sec. 

where dV(x)/dx is the axial velocity gradient and A ( x )  is the cross-sectional 
area of the thread. It is seen that F,heo exists only in the region where the 
deformation process occurs, i.e., where the value of the axial vdocity 
gradient is non-zero. Furthermore, Frheo is considered to be cohstant 
through the length of the fiber in which it is defined, wlile Fdraa is con- 
sidered to be dependent on distance x from the spinnerette face. Phys- 
ically, Frheo is an internal force, while Fdrag is an external force. Fdrag has 
been weaswed by Griffith121 but his expressions €or Fdrsg cannot be gen- 
eralized for all systems. 

Other less important components of Ftot (at least in the wet-spinning 
process) are: the force due to gravity, the kinetic energy force due to the 
accelerating mass of filament, and surface tension forces. These force 
components are significant only in the melt or dry-spinning processes. 
These forces are also “external” forces and can be lumped together with 
Fdrag in the following force balance equation: 
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where F,,,,, which we call the coagulating force, is the sum of all these 
external force components. 

It is seen from eq. (37) that the force of interest in the determination of 
elongational viscosity is Frheo. Since Fcoag(x) is equal to 0 at  x = 0 (at or 
near the spinnerette face), the numerical value of F,,, evaluated at x = 0 is 
essentially Frheo. Determination of Ftot at several values of x and extrap- 
olation of Ftot versus x curves to the ordinate intercept (at x = 0) thus 
yields the value of Frheo. 

Curves of Ftot versus B2/V1 (jet stretch) a t  various values of x (the takeup 
roll position) are presented in Figure 2 for a spinning condition in which the 
bath concentration is 10% NaSCN and the bath temperature is 20°C. 
The cross plots, F,,, versus x, at constant values of V2/V,, are shown in 
Figure 3. It is seen from Figure 2 that Ftot increases with jet stretch at  all 
values of x and approaches a limiting value near the maximum (break-up) 
velocity. Figure 3 shows that Ftot increases with x, and the slope of the 
family of lines is fairly constant. This slope is directly related, of course, to 
the magnitude of the coagulation force, F,,,,. 

In  any case, the quantity of primary concern to us here is Frheo, which 
can be obtained from the intercept of the Ftot versus x curves in Figure 3 
at  x = 0. The procedures presented in Figures 2 and 3 are repeated for 
every set of spinning conditions, and the summary of the results for Frheo 
versus Vz/Vl are presented in Figure 4 for a spinnerette diameter of 0.005 
in. The effect of spinnerette diameter upon filament tension and tensile 

I I I 
10 20 30 

BATH CONCENTRATION ( W t  Yo NOSCN) 

Fig. 5. FtOt vs. coagulating bath concentration at let stretch VJVI of 0.6; x = 65 
cm; T = 20°C. 
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Fig. 6. Tensile stress vs. jet stretch. Bath concn. = 10% NaSCN; bath temp. = 
20°C; + = 104sec-1. 

stress will be discussed below. It is seen from Figure 4 that Frhso increases 
as temperature decreases from 40°C to 0°C. It was also observed that 
Frheo decreases as the batch concentration increases in the range 10% to 
20%. It is expected that tension increases with decreasing bath tem- 
perature since it becomes more difficult (i.e., requires a higher tension) 
to draw a viscous substance at low temperatures than at  high tempera- 
tures. While the bath temperature, not the dope temperature, is actually 
the variable, the small fiber dimensions allow us to assume that the fiber 
itself is probably at  or near the bath temperature upon emergence from the 
spinnerette. 

It may be expected that Frheo continually decreases as the bath concen- 
tration increases, owing to the slower rate of coagulation. However, this 
expectation was not justified in actual experiment. The dependence of 
total tension Ftot on bath concentration is given in Figure 5 for bath 
concentrations of 0% through 25y0 and spinnerette diameter 0.005 in. 
(Total tension rather than Frheo is presented here, only because actual data 
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points are available for the former quantity. As shown above, the be- 
havior of these two quantities is always qualitatively similar.) It is seen 
from Figure 5 that tension goes through a maximum with respect to bath 
concentration in the vicinity of 10% NaSCN. This is extremely in- 
teresting since it is known that commercial spinning of this type of poly- 
mer-solvent-bath system is usually performed at  a comparable bath 
concentration and at low  temperature^.^^^^^ 

The effect of spinnerette hole diameter upon Frheo can best be seen in a 
plot of tensile -stress (4Frheo/~D22) versus jet stretch, with spinnerette 
diameter as a parameter. Here, D2 is the diameter of the filament at the 
take-up roll. Assuming a constant density fluid, D2 is calculated from the 
following equation : 

D2 = ( ~ Q / T V ~ ) ’ ’ ~  (39) 

where Q is the volumetric flow rate through the spinnerette and V2 is the 
velocity a t  the takeup roll. 

Figure 6 shows the important effect of spinnerette hole diameter upon 
tensile stress. It is seen that as the diameter increases from 0.005 to 
0.015 in., the tensile stress decreases by a factor of approximately 10. 
This is due to the fact that the tensile stress depends, of course, upon the 
square of the filament diameter. It is also interesting to note that the 
three curves of Figure 6 are of very similar shape. 

It should be noted from the above results that the jet stretch V2/V1 
is in most cases less than unity, indicating apparently that the take-up 
velocity is less than the throughput velocity. However, if, instead of Vl, 
one uses the free jet velocity V,, which is always lower than the through- 
put velocity V1, the jet stretch V2/V, becomes larger than unity. The 
free jet velocity V ,  can be calculated from the measurement of the free 
jet diameter D, by 

J‘r = Vi(Di/D,)2 (40) 

where D, and D, are the diameters of the spinnerette hole and the free 
jet, respectively. Since D, is larger than D1 due to extrudate swelling, the 
free jet velocity V ,  is smaller than the throughput velocity V1. An al- 
ternative way of interpreting the results, in terms of the jet stretch defined 
by V2/V ,  instead of V2/V1, will be extensively discussed in connection 
with the problems associated with “fiber spinnability” in part I1 of the 
series. 

Diameter Measurements 

Fiber diameter versus distance is shown in Figure 7 for two values of 
spinnerette diameter. Since the shear rate in the spinnerette is kept 
constant, the throughput velocity VI is increased proportionately to the 
spinnerette hole diameter according to the following equation : 

(41) + = 4Q/rRS = 8VI/D1 
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Fig. 7. Fiber diameter vs. distance (cm) from the spinnerette face. Bath conditions 

same as in Fig. 6; + = lo4 sec-". 

where -i is the shear rate at  the wall of the spinnerette capillary. It is 
seen from Figure 7 that diameter decreases with distance and with take-up 
velocity, as expected. It is also seen that the change in diameter with 
distance is greater for larger V,/Vl and is greater for larger spinnerette 
diameters. 

For a constant density filament, the axial velocity of the filament, V(x) ,  
is related to the diameter D(x)  at any position x by 

V ( x )  = 4&/7rD(x)2 (42) 

and hence, the velocity gradient, dV/dx, is obtained as follows: 

where Q is the volumetric flow rate. Thus, diameter measurements 
as a function of the position x yield the axial velocity and its gradient 
as functions of position x.  

Figure 8 shows, as does Figure 7, that larger elongation rates can be 
expected as jet stretch VZ/VI increasw and as the spinnerette hole diameter 
increases. Curves at different (intermediate) values of jet stretch lie 
within the envelope formed by the two given curves. The same relations 
apply at  different bath concentrations (and temperatures), although the 
absolute value of filament diameter is a function of the bath concentration, 
since a higher bath concentration allows more swelling of the filament. 
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Effect of Bath Concentration on Free Jet Diameter 

The diameter of a freely extruded filament, which has been mentioned 
previously in a discussion of the free velocity, is very important in the 
determination of the diameter of the filament under tensile stress. In 
general, it may be expected that the larger the free diameter, the larger 
will be the drawn diameter of the thread. This free diameter is strongly 
dependent upon the coagulating bath conditions for a given throughput 
rate. 

It is known that “skin” formation is extremely important in the wet- 
spinning process, since the rigid “skin” acts as a solid boundary which 
limits the degree of jet swe11.22-24 Furthermore, the rate of “skin” 
formation, which is primarily determined by the coagulating bath con- 
centration, is important because a rapid rate of coagulation actually 
impedes further coagulation of the fluid core of the filament. 

Figure 9 is a plot of free jet swell ratio (Df /DJ versus bath concentration 
for three spinnerette diameters. As the concentration of the coagulating 
bath increases from 0% NaSCN (pure water), the free jet diameter increases. 
This, of course, is caused by the decrease in the rate of coagulation which 



2988 HAN AND SEGAL 

a 

: 1.0- 
a 
IA 

0.5 

0.0 

allows greater jet expansion. However, a t  a certain value of bath con- 
centration (20% NaSCN for this system, independent of spinnerette 
diameter), the free diameter begins to decrease as the bath concentration 
is further increased. It may be surmised that a t  these high concentrations 
and hence at  low rates of coagulation, “skin” formation is inhibited and 
the entire extruded filament swells into a gel-like structure. The degree 
of swelling of the gel is controlled by the solvent-polymer interaction, and 

- 

I I I I I I 

3 3*5* .O 

i 

= 104 

therefore this behavior cannot be generalized for all systems. This would 
then explain the rather surprisingly low values of Df/Dl for 25% NaSCN 
in Figure 9. 

Since the critical value of bath concentration is independent of spin- 
nerette size, and since the free jet swell ratio Df/Dl  is a meamre of the 
degree of coagulation, minimum “hardening” is assumed to occur at the 
maximum of Df/Dl with respect to concentration. For our system, 
therefore, “true” hardening is effectively minimized at 20% bath concen- 
tration, rather than at  higher bath concentrations. 
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Experimentally Determined Behavior of Elongational Viscosity 

A t  a given set of operating conditions, i.e., throughput rate, take-up 
velocity, bath temperature, and concentration, the value of Frheo is uniquely 
determined, and values of tensile stress, p,, = Frheo/A (x) , as a function of 
distance x can also be determined from the measurement of fiber diameter 
(see Fig. 8). The values of tensile stress p,, and rate of elongation dV/dx  
at any fixed position x are easily calculable, and the quotient is equal 
to the elongational viscosity, according to eq. (37). Elongational viscos- 
ities very close to the spinnerette face are presented in Figures 10 and 11 
for a hole diameter of D1 = 0.005 in. The effects of bath concentration on 
elongational viscosity are shown in Figure 10, and the effects of bath 
temperature on elongational viscosity are shown in Figure 11. The 
values of elongational viscosity at  the spinnerette face (i.e., x = 0) corre- 
spond to the point where hardening effects are minimized, and so the 
elongational viscosities at  this position should be the lowest in magnitude. 
Furthermore, the results show that the magnitude of elongational viscosity 
decreases as bath concentration increases (Fig. 10) and increases as bath 
temperature decreases (Fig. 11). The effect of bath temperature on 

- 

5 

4 

/' 

P' 

I I I I I 1 1 1 1  I I I I I l l , ,  

RATE OF ELONGATION,(sec-') 

Fig. 10. Elongational viscosity vs. rate of elongation at different bath concentrations 
Spinnerette diameter = 0.005 in.; dashed curve for 10% 

10' I 
. I  

(10% and 20% NaSCN). 
NaSCN; solid curve for 20% NaSCN; bath temp. = 20°C. 
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T=O°C. 

T= 20T. 
P’ 

T=40W.’ 

3x105 I I I I 1 1 1 1 1  I I I I 1 l l l l  

0. I 0.5 1.0 5 10 

RATE OF ELONGATION (sec’l)  

Fig. 11. Elongational viscosity vs. rate of elongation at different bath temperatures 
(OOC, 2OoC, and 4OOC). Spinnerette diameter = 0.00.5 in.; bath concn. = 10% 
NaSCN. 

elongational viscosity qE is perhaps better seen in Figure 12, where qE is 
plotted against 1/T (OK-’), with jet stretch as parameter. The slope of 
the lines in Figure 12 is proportional to the “activation energy” E of the 
Eyring-Frenkel equation, eq. (2). It should be noted here that E is seen to 
be a function of the bath conditions and rate of elongation, since jet 
stretch is a direct function of rate of elongation. The values of E at given 
bath conditions are shown in Table I. Referring again to Figures 10 and 11, 
the behavior of elongational viscosity follows a pattern very similar to the 
data of ball mar^,^ i.e., the curves go through a maximum in all cases. It 
is to be noted that Ballman investigated the elongational viscosity for 
rates of elongation ranging from to lo-* sec-l. 

TABLE I 
Activation Energy of Polyricrylonitrile Solution 

in Elongationel Flows 

Jet stretch V*/V, 
Activation energy, 

cal/mole 

0.201 
0.273 
0.465 
0.657 

28.2 
26.1 
13.7 
7.56 

a Coagulating bath conditions are 10% NaSCN and at 2OOC. 
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Fig. 12. Elongational viscosity vs. temperature. Bath concn. = 10% NaSCN. 

It has been shown that both the tensile stress and rate of elongation are 
dependent upon the spinnerette hole diameter and the bath concentration. 
It would therefore be expected that the elongational viscosity is also 
highly dependent upon these variables. From Figure 9 one can assume 
that the degree of hardening is effectively minimized at  a bath concen- 
tration of approximately 20% NaSCN. It is therefore desirable to 
evaluate the elongational viscosity for different spinnerette hole sizes at 
this condition of “minimum hardening.” 

The determination of filament tension for spinnerettes of large diameter 
(0.012 and 0.015 in.) a t  a bath concentration of 20% NaSCN was found to 
be very difficult because at this concentration tension readings are too low 
to be measured accurately (see Fig. 5 ) .  This problem was circumvented 
by measuring the tension (and calculating Frheo) at  four different bath 
concentrations: lo%, 14%, 150/,, and 16% NaSCN, and then extrapolating 
these values to 20% NaSCN bath concentration. Figure 13 is a plot of 
Frheo versus V,/V, for spinnerette diameters 0.012 and 0.015 in., showing 
curves plotted from measured values (bath concentration 10% to l G %  
NaSCN) and then extrapolated to 20% NaSCN. The extrapolation 
procedure consists of crossplotting tension as a function of concentration; 
these curves are not presented here. In  the caIculation of elongational 
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JET STRETCH, V z / V ,  

Fig. 13. Frheo vs. jet stretch for different bath concentrations (14%, 15%, and 16% 
Bath temp. = 2OOC; -j = lo* sec-1; solid curves for 0.015 in. spinnerette NaSCN). 

diameter; dashed curves for 0.012 in. spinnerette diameter. 

3 x lo3 

W 
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0 
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2 , 3  4 5 6  8 D  20 30 40 5060 80 

ELONGATION RATE, 7 (sec-l) 

Fig. 14. Influence of spinnerette hole size on elongations1 viscosity. 
20% NaSCN; bath temp. = 20OC; = 10' sec-1. 

Bath eoncn. = 
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viscosity at 20% NaSCN bath concentration, the extrapolated curves of 
Figure 13 will be used. 

Figure 14 is a plot of elongational viscosity versus rate of elongation for 
spinnerette hole diameters of 0.012 and 0.015 in. and for the bath concen- 
tration of 20% NaSCN. The shape of these curves is very similar to 
those of Figure 10, while the magnitudes of their respective elongational 
viscosities are quite different. This is due to the fact that as the spin- 
nerette hole diameter increases, the tensile stress decreases but the rate of 
elongation increases. Therefore, the ratio of tensile stress to rate of 
elongation (i.e., elongational viscosity) then decreases as the spinnerette 
hole size is increased. 

A further interesting observation may be made about the effect of 
spinnerette diameter upon elongational viscosity. Clearly, any basic 
rheological property such as elongational viscosity should not be de- 
pendent upon the geometry of the system used to measure it. However, in 
the case of wet spinning, this geometry dependence may be misleading 
since we are actually using the spinnerette hole size as a means of control- 
ling hardening. As may be expected, the increase in the spinnerette hole 
size decreases the influence of coagulation. In the absence of hardening, 
the elongational viscosity should be independent of spinnerette hole size. 

Theoretically Predicted Behavior of Elongational Viacodty 
In order to compare the experimentally determined elongational vis- 

cosity with the theoretically predicted one, one first has to determine the 
material constants in a given constitutive equation. For this purpose, we 
have chosen the jet thrust instrument of ShertzerlZ0 because the shear 
rates in the spinnerette hole in our experimental work lie somewhere be- 
tween 5 X lo3 and 2 X lo4 sec-'. Because of the highly viscoelastic 
nature of the spinning dope used for this study, the capillary length-to- 
diameter ratio was limited to about 100 rather than the recommended 
200. Reynolds numbers ranged between 0.3 and 90, while the recom- 
mended minimum is above 100 according to Shertzer.20 In addition, 
previous thrust measurements were reported between 0.1 and 20 g, while 
in these experiments thrusts of from 12 to 100 g were measured. In 
view of these conditions, it appears that this apparatus is not ideal for 
measurement of normal stress in highly concentrated (highly viscoelastic) 
solutions, unless some modification is made. 

The shear and normal stress curves are shown in Figure 15 and the 
viscosity curve is shown in Figure 16. Only normal stresses corresponding 
to Reynolds numbers greater than 15 are shown, and the curve is evidently 
of limited usefulness. The shear stress and viscosity measurements, on 
the other hand, are not subject to any of the above restrictions, and these 
curves are much more precise. It is seen that the region of interest, i.e., + = 103-104 sec-l, is well in the power law region of flow. In the present 
study, Figure 16 is used to evaluate all material constants in the constitu- 
tive equations investigated. 
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Fig. 15. Shear and normal stresses vs. shear rate for spinning solution. 

Table I1 summarizes various constitutive models-expressions for the 
shear stress and the normal stress difference and the estimated values of the 
material constants. It should be mentioned here that the solid line in 
Fi,ge 16 is equivalent to the viscosity master curve of Graessley,a based 
on a molecular entanglement-network theory, and indicates that the 
polymer solution is probably of a very narrow molecular weight distri- 
bution. Furthermore, this molecular theory gives a molecular relaxation 
time of 3.6 X low3 sec, which is approximately equal to the relaxation 
times obtained with the continuum models described below. 

The material constants for the constitutive theories are estimated by the 
following method. For each model, a curve of q/qo versus y X  is drawn, 
where X is the material (time) constant. Superposing these master curves 
on Figure 16 enables us to evaluate the numerical value of X. The values 
of the material constants obtained for the Oldroyd model were XI = 1.8 x 

sec, and for the Spriggs model, X = 1.S X 10-3 
sec. From molecular theory one obtains the value 3.6 X sec. The 
orders of magnitude of the time constants are considered to be in fairly 
good agreement. No value can be obtained from Lodge's model, since his 

sec and Xz = 2 X 
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Fig. 16. Shear viscosity vs. shear rate for spinning solution. 
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integral theory predicts a constant shear viscosity. It must be noted 
that the two continuum models correlated reasonably well with the true 
behavior near the transition region of viscosity, but did not correlate well 
(in fact, very poorly) a t  high shear rates (say, above -i = lo00 sec-I). 

Figure 17, a summary of theoretical and experimental results, indicates 
that the constitutive theories are potentially useful in describing the 
observed elongational behavior. It should be recalled here that the 
spinning data of the present study represents a situation of minimum 
physically realizable hardening for the system chosen, i.e., with bath 
concentration of 20% NaSCN and no temperature differential. As such, 
the magnitude of the experimentally determined elongational viscosity 
would be higher than that which might be expected if hardening is com- 
pletely eliminated. Therefore, the difference in magnitude between the 
experimental and the theoretical curves (which is not great, but significant) 
may be attributable to the fact that the experiment has not met the 
condition of complete freedom from the influence of hardening. Also, 
the particular shape of the experimentally determined elongational vis- 
cosity curves may be equally dependent on the hardening process. Thus, 
the theoretical curves may be considered to be reasonable in predicting the 
elongational viscosity in the ideal case of “no hardening,” but should be 
modified to account for the real wet-spinning process where hardening 

The maximum rate of elongation encountered in our wet-spinning 
experiments is approximately 102 sec-l. Below this value, all the con- 
stitutive theories discussed above predict an elongational viscosity which 
is virtually independent of rate of elongation, that is, the Trouton vis- 
cosity, 3v0. This predicted behavior has come from the small magnitude 
of the time constants of the fluid dealt with. At higher elongation rates, 
the constitutive theories predict that the elongational viscosity increases 
indefinitely, but it is clear that this behavior would not be realizable in 
practice. For exa.mple, for a fluid with a time constant of loA3 sec, an 
elongation rate of lo4 sec-’ must be approached before the elongational 
viscosity becomes 10 times the Newtonian viscosity. This is physically 
impossible, since breakage would probably occur before such a high 
elongation rate is applied. Thus, while the constitutive theories discussed 
here do predict that the elongational viscosity increases with elongation 
rate, quantitative correlation between experimental and theoretical curves 
is not apparent. 

occurs. 

CONCLUSIONS 

Polyacrylonitrile fibers are wet spun in order to experimentally deter- 
mine the elongational viscosity. The magnitude of the experimentally 
determined elongational viscosity is a little higher than that of the theoret- 
ically predicted one, which may be attributable to the fact that the 
experiment has not met the condition of complete freedom from the 
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influence of coagulation. Therefore the magnitude of the experimentally 
determined elongational viscosity would be higher than that which might 
be obtained if hardening is completely eliminated. In light of this con- 
sideration, the present study indicates that the dependence of elongational 
viscosity on rate of elongation is rather weak, and for practical purposes 
one may consider the elongational viscosity independent of rate of elonga- 
tion. It is further found that in wet spinning the influence of coagulation 
(due to mass and heat transfer) on elongational viscosity is far more 
important than the rate of elongation. 

The work was supported in part by a grant from Solvay et Cie, for which the authors 
are grateful. The authors also wish to thank Drs. D. J. Johnson and S. N. Chinai of 
American Cyanamid Company who kindly supplied the authors with a large quantity of 
the materials for the spinning experiments. 

References 
1. H. S. Nitschmann and J. Schrade, Helv. Chim. Acta, 31,297 (1948). 
2. F. T. Trouton, Proc. Roy. Soc., 77,426 (1906). 
3. R. L. Ballman, Rheol. Acta, 4,137 (1965). 
4. V. A. Kargin and T. I. Sogolova, Zh. Fiz. Khim., 23, 540 (1949); ibid., 23. 551 

5. B. V. Radyshkevich, V. D. Fixman, and G. B. Vinogradov, Dokl. Akad. Nauk, 

6 .  A. Ziabicki and K. Kedzierska, J. Appl. Polym. Sci., 2, 14 (1959); ibid., 6, 111 

7. A..Ziabicki, Kolloid-Z. 2. Polymer, 175.14 (1961). 
8. A. Ziabicki and K. Kedzierska, Koliaid-2.2. Polym., 171,151 (1960). 
9. M. Yamamoto,J. Phys. Soc.Jap., 12,1148 (1957). 

( 1949). 

180,404 (1968). 

(1962). 

10. A. S. Lodge, Elastic Lipids ,  Academic Press, New York, 1964. 
11. J. L. White, J. Appl. Polym. Sci., 8,1129 (1964). 
12. R. Roscoe, Brit. J. Appl. Phys., 16,1567 (1965). 
13. W. Noll, Arch. Ratl. Mech., Anal., 2,197 (1958). 
14. B. D. Coleman and W. Noll, Ann. N .  Y .  Acad. Sci., 89,715 (1961). 
15. R. B. Bird and T. W. Spriggs, Phys. Fluids, 8,1390 (196.5). 
16. M. C. Williams and R. B. Bird, Phys. Fluids, 5,1126 (1962). 
17. T. W. Spriggs, Chem. Eng. Sci., 20,931 (1965). 
18. R. B. Bird, M. W. Johnson, and J. F. Stevenson, paper presented at  the Fifth In- 

19. R. I. Tanner and J. M. Simmons, Chem. Eng. Sci., 22,1803 (1967). 
20. B. C. Shertzer, Ph.D. Dissertation, University of Delaware, Newark, Delaware, 

21. R. M. Griffith, Ind. Eng. Chem., Fund., 3,245 (1964). 
22. H. F. Mark, E. Cernia, and S. Atlas, Man Made Fibers, Wiley, New York, 1967. 
23. D. R. Paul, J. Appl. Polym. Sci., 12,383 (1968). 
24. D. R. Paul, J. Appl. Polym. Sci., 12,2273 (1968). 
25. W. W. Graessley,J. Chem. Phys., 43,2696 (1965). 

ternational Congress on Rheology, Kyoto, Japan, October 1968. 

1965. 

Received May 4, 1970 


