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I. Introduction

The formation of a fiber structure is the basis of the growth of organisms
in the animal and vegetable kingdoms. Nature, in most cases, polymerizes
the appropriate compounds in situ and, in a process that is so far only
incompletely understood, combines the polymer chains to form physical
structures which are adequate for their specific purposes, such as muscle
tissue, seed hair, or fur.
The only exception to this rule in the natural formation of organic
fibers is the extrusion of prepolymerized protein compounds by such animals as spiders and silk worms. In these cases, fiber formation takes place
by a process which served as a model for the preparation of synthetic
fibers. The animal produces in its body a spin mass which is extruded
through the action of its glands. Contact with air hardens the solution,
and by making carefully controlled movements the animal provides the
physical fiber structure necessary for building a net, cocoon, etc.
This intricate process of first preparing a polymer mass, then extruding
and coagulating it, and bringing it into an appropriate physical pattern
serves as a model for the production of man-made fibers . There are two
ways of making such fibers: Natural polymers such as cellulose or proteins,
are transformed by chemical and physical changes into "semisynthetic"
fibers, or man-made polymers are, essentially by physical methods, spun
into "fully synthetic" fibers.
The chemical aspects of fiber-forming polymers are outside the scope
of this article and, therefore, emphasis will be placed in the following
sections on the phenomena which by controlled flow arrangements and
modifications of the chain structure form the basis for the physical changes
leading to the formation of fiber structures.
II. Description of the Problem

The formation of synthetic fibers is based on the form changes which
occur between the statistically random state of a spin mass (solution or
melt) and the controlled physical pattern of the preliminary or final fiber
structure which appears in the semisolid or the solid state. Simple as this
transformation may appear to the outsider, there are a number of com-
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plicating factors which control these changes and which are only partly
understood.
There is, first of all, the problem of spinnability ("Spinnbarkeit") : As
a spin mass is forced through the hole of a spinnerette—a mechanism
copied from the procedure the spider and silk worm are using—a continuous
"fiber"-shaped structure must be formed which is self-supporting enough
to be moved away by mechanical means. (In the case of biological spinning, the fiber structure is stationary and the "spinnerette" of the animal
moves away). It also must fulfill certain requirements as to dimensions,
uniformity, and physical properties, to name only a few. If the properties
of the spin mass or the extrusion conditions are inadequate, one will observe formation of polymer bubbles, of films, of a spray, or other undesirable shapes which cannot be considered as useful for the purpose.
We, therefore, have first to study the relationship between spin mass
characteristics and extrusion conditions. They will determine the formation of a continuous and uniform fiber-shaped structure, possibly still in
liquid state. Superimposed over these factors is the coagulation or hardening mechanism: The liquid or semiliquid, moving stream must attain a
certain minimum "strength" to make it a self-supporting structure. The
next step consists in the above-mentioned transformation of the preliminary, self-supporting structure into an arrangement in which the
polymer chains contribute to the fulfillment of certain physical and textile
requirements. Although the last step is, strictly speaking, not a part of
the spinning process, it is obvious that the foundation for the final arrangement is based on the rheological characteristics of the structure and
laid in the early stages of fiber formation. Therefore, it is necessary to
include in our discussions at least a part of these problems.
The term "spinnability" is very loosely defined. It may be applied to a
polymer or to a spin mass. If a polymer is "unspinnable," this implies that
no fibers can be obtained from it, regardless of the method used. An unspinnable solution, on the other hand, merely indicates that under given
conditions, such as solids content or nature of solvent, no fiber formation
takes place. This somewhat colloquial use of the term becomes more
obvious if one realizes that even an "unspinnable" polymer might become
"spinnable" by modifications in the spinning procedure.
By speaking of "fiber-forming" polymers we gain a little, although the
criterion for potential fiber formation is equally uncertain. The qualitative
micro- or macroscopic observation of elongated structures drawn by hand
from a solution or melt is often taken as proof for the fiber-forming character of the polymer. This is to some extent justified as the quick succession
of solvent removal or cooling conditions gives a better chance for the
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observation of the development of a fiber structure. Since in some cases
structures are formed which have the appearance of fibers but no fiber
1
character, the evidence is not really convincing. Erbring has studied these
phenomena and their relationship to the colloidochemical characteristics
of spinnable solutions.
The literature applies the term "spinnability" also to the formation of
liquid filaments. Methods for the measurement of this property have been
developed through determination of the maximum length of a liquid
2
filament prepared under standardized conditions, by Thiele and Lamp.
Summarizing, we may say that the ability of a polymer to form fiber
structures is jointly based on its inherent physical properties and on our
knowledge of processes by which it can be brought into a random system
(solution or melt) which under proper rheological conditions permits an
appropriate arrangement of the polymer chains.
III. Discussion of the Physical Characteristics of Spinnable Materials
1.

FLOW

REQUIREMENTS FOR FIBER-FORMING SOLUTIONS AND M E L T S

The actual rheological factors governing the flow of a spinnable mass
are rather complex. It will be attempted to enumerate the more obvious
component problems and to combine them into a pattern.
(a) A spin mass flowing through the capillary part of the spinnerette is
subjected to friction effects between capillary wall and the outermost
liquid layer. In a telescopelike pattern additional friction takes place
between concentric cylindrical layers, resulting in a paraboloid-shaped
profile of speed distribution.
(b) The rod-shaped polymer chains undergo an orientation in the
spinnerette which is strongest near the capillary wall, since the speed
gradient has there its highest value. It is, however, probable that the
chains are in most cases not sturdy, hard rods but rather of a bent, curled
shape which is straightened out to some extent during the flow. Therefore,
part of the flow energy is used up to "unroll" the chains before they can be
aligned in the direction of the flow.
(c) The dimensions of the spinnerette capillary must have a certain
relationship to the physical characteristics of the spin mass, to the dimensions of the primary filament, and to the feeding speed, and will depend on the type of spinning process used.
(d) The influence of temperature is an indirect one. The temperature
1

2

H. Erbring, Kolloid-Z. 98, 164-169 (1942).
H. Thiele and H. Lamp, Kolloid-Z. 129, 25-39 (1952).
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affects the mobility of the spin mass and the polymer chains, and can be
compensated for to some extent in spinning solutions by concentration
changes.
(e) Stationary flow conditions are important since no uniform fiber
formation can be expected in their absence. Therefore, turbulence and
other sources of irregular flow must be avoided.
(f) The actual fiber formation will be influenced by the surface tension
prevailing at the spinnerette exit. Therefore, the viscosity under the
conditions of flow must be in a certain relationship to the nature of the
coagulating medium (liquid or gas). (The spinning into vacuum is of only
theoretical interest and here omitted).
From these factors one may deduce that appropriate flow—preparatory
to spin—mass coagulation—depends on a variety of influences. In practical
spinning they are determined experimentally by varying the component
conditions. Since they mutually depend on each other, it is generally
impossible to change only one variable without affecting the others. Luckily,
most technically interesting spinnable polymers have a wide range of useful
flow conditions. By a trial-and-error method one can narrow the various
component conditions to adjust the flow to a combination permitting safe
coagulation of a uniform filament of desirable physical characteristics.
2. STRUCTURAL PROPERTIES OF F I B E R FORMERS

The investigation of various natural and synthetic fiber-forming polymers has shown that certain dimension and shape standards of the polymer
chains have to be met for spinnable compounds.
It is obvious that cross-links which reduce or eliminate solubility and
melting characteristics are harmful. (There is no objection against crosslinking imparted into the fibers after they are spun, however.)
Too high a degree of curling of the chains is equally a disadvantage.
In certain protein solutions it is necessary to first transform by special
chemical denaturing treatments the globular into a fibrous modification.
The absolute length of the polymer chain and the number of repeating
units will equally influence the rheological performance of the spin mass
and the properties of the obtained fiber. A minimum length—corresponding
to a minimum molecular weight—is necessary to make the compound
spinnable. While there is no limit to the maximum dimension, it is known
that extreme molecular weight values do not improve flow or fiber properties.
It is advisable to maintain a reasonable uniformity in chain length (molecular weight).
To obtain desirable flow characteristics in the spin mass, it is most
important that the polymer can be brought into a homogeneous solstructure
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or into a true melt. Only then a stationary flow can be expected which is
the basis of an undisturbed spinning process and of uniform fiber properties.
3. RHEOLOGICAL CHARACTERISTICS OF SPIN DOPES

The flow anomalies of polymer systems, especially spin masses, have
3
4
been the object of intensive studies by many workers (Philippoff, Meskat,
and others).
The basis of these anomalies is the rearrangement of the originally
random polymer chains, taking place under the influence of outside forces.
A unidirectional movement as it takes place in the passage through conduit
tubes, spinnerette capillaries, etc., will affect the relative position of the
chains, whether they are curled or straightened out. The unmoved spin
mass will oppose strongly any dislocation since there is a large number of
contact points between the entangled, randomized chains. As soon as the
controlled, unidirectional movement has started, the chains will begin to
be straightened out if they are curled, and a disentanglement will take
place. Accordingly, the resistance against flow movement will be reduced
and with it the apparent viscosity of the spin mass. This viscosity reduction
will approach a constant value which may be assumed to be due to a
complete straightening out and parallelizing of the chains. In many cases
this point will never be reached, however, since turbulence appears before
the straightening out and parallelizing process is completed.
For a quantitative description of the force causing these flow effects in
capillaries, one may use the intensity of shearing stress as expressed by
the term RP/2L (R being the radius of the capillary, L its length, and Ρ
the hydrostatic pressure under which the mass is moved.) If the absolute
value of this shearing stress is too low, the prearrangement of the chains
will prevent fiber formation. If it is too high or turbulence has started, it
will be difficult to synchronize the coagulation mechanism with the movement of the spin mass.
4. INFLUENCE OF SOLIDS CONTENT

In spinning solutions the ratio of solute to solvent is an important factor
affecting the conditions of fiber-forming flow.
Obviously, the chain length (or the molecular weight) will influence the
flow of a solution having a given solids content. A speed gradient sufficient
to uncurl and straighten out short chains should leave long chains almost
unaffected. Actually, it has been observed that polymers of increasing
6
molecular weight follow this pattern (see, for instance, K. Edelmann. )
3
4
5

W. Philippoff, "Viskosität der Kolloide." Dresden-Leipzig, 1942.
W. Meskat, Chem. Ing. Tech. 24, 333-8 (1952).
K. Edelmann, Faserforsch, u. Textiltech. 3, 341, 344, 412 (1952).
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It is empirically known that under practical conditions fiber-forming
flow can be obtained only within a certain range of solids content which
depends on the molecular weight (intrinsic viscosity) of the polymer, the
nature of the solvent, the temperature, etc. Below that value, the distribution of the chains is insufficient for establishing a network preliminary to
fiber formation. Also, the coagulation mechanism cannot be speeded up
sufficiently to transform the sol into a gel. (One has to realize that, for
example, in a 5 % solution, for each weight unit of polymer, 1 9 units of
solvent or at least a large part of them have to be removed to obtain a
fiber). If, on the other hand, the solids content is too high, impractical
pressures—meaning extreme values of shearing stress—have to be applied
to move the solution through the capillary.
Since the capillary dimensions R and L appear in the term describing
the shearing stress, it becomes understandable that a certain adjustment
can be obtained by modifying radius and length of the spinnerette capillary.
5. VISCOSITY-TEMPERATURE FUNCTION OF SPIN MASSES

Attempts have been made by various investigators to establish a fundamental relationship between temperature and flow curves of spin masses.
It appears probable that the shape of the flow curve (shear stress plotted
against speed gradient) is not affected by the temperature, but that its
location—absolute values in a given system of coordinates—is influenced.
One may, therefore, assume that such a family of curves corresponds
to parallel dislocation of an imaginary master curve for a given solution
type. Such a relationship seems to exist not only between flow curves of a
given solution at different temperatures, but also between those of a given
6
polymer in different concentrations at constant and at varied tempera5
tures.
The influence of increased temperature of a spinning solution is similar
to that of dilution. In other words, the flow resistance in movement through
a capillary is decreased as if the solvent content had been increased.
Actually, of course, the solute-solvent ratio is unchanged, and a quantitative comparison between dilution and temperature increase is not admissible. Also, the above-mentioned relationship between "spinnability"
and relative amount of solvent to be removed indicates that the spinning
mechanism is different in diluted and in heated spin masses, although they
may show similar flow characteristics.
Because a certain speed gradient range is a requirement for fiber formation, it becomes obvious that extreme changes of spinning temperature
can cause a normally well-spinnable spin mass to become unspinnable. If
the temperature is increased above a certain value at a given pressure, the
6

B . Rabinowitsch, Z. physik. Chem. (Leipzig) A166, 257-69 (1933).

560

BRUNO R. ROBERTS

danger of turbulence is an additional adverse factor. Lowering the temperature means the necessity of compensating—generally by pressure increase—
for the reduced flow speed; thereby, in addition to other disturbing factors,
extreme pressures become necessary. In the case of solution spinning, the
reduced diffusion and coagulating speed also must be considered. In melt
spinning a natural limit for temperature decrease is given by the melting
point of the polymer.
Increased temperature means in solution spinning an increased diffusion
speed of dope-solvent and coagulating medium. Their vapor pressures also
have to be taken in consideration. Apart from all influences on spin flow,
the sudden pressure release taking place at the spinnerette exit may lead
to abrupt, explosionlike solvent removal and to simultaneous formation of
bubbles or disruption of spinning continuity.
To keep a spinning process within a certain temperature range is therefore necessary for two reasons: to maintain appropriate flow conditions
and to avoid disturbances in the coagulation mechanism.
6. HEAT DEVELOPMENT DURING FLOW

While the principle of development of Joule heat in moving liquids is
old, little has been done so far to follow up the quantitative temperature
changes taking place in moving spin masses. It is obvious that friction of
a liquid against a solid, and of polymer chains within a liquid must produce
thermal effects. Under certain conditions the developed heat may be
dissipated by the disproportionately large system, such as, for instance,
the bath in which a spinnerette is immersed.
7
Experiments by the author were performed in an adiabatic system
(Dewar vessel) in which spin masses were subjected to controlled stirring
action by a cylinder rotating at constant speed. Low molecular liquids
like glycerin, water, or sugar solutions (bee's honey) and actual spin dopes
showed different time-temperature curves. The low molecular weight
liquids showed proportionality between stirring time and temperature
over a wide range, while the spinning solutions showed an exponential
increase of the temperature. In both cases, a flattening-out effect of the
time-temperature curve takes place after some time; its meaning is that
the temperature reached has lowered the viscosity of the system to a
degree where the frictional effects are significantly reduced.
The rheological conditions of flow in spinning, therefore, depend not
only on the known viscoelastic properties of the spin mass determined at a
given temperature, and the normally controlled extrusion conditions, but
also on the thermal behavior of the dope and the heat exchange which
7

B. R. Roberts, Paper given at the Gordon Research Conferences, Textiles, New
London, New Hampshire, July, 1952.
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takes place. Any temperature increase produced by the movement through
conduits, metering pump, or spinnerette will have the easily overlooked
effect of reducing the "viscosity," thereby affecting the speed gradient and
its influence on fiber formation.
IV. Flow Under Fiber-Forming Conditions
1. F L O W PROFILE IN SPINNERETTE

It is well known that a liquid moving through a capillary does not
proceed as a cylindrical plug but that the central portions move faster
than those in contact with the capillary wall. The layer which touches the
inside wall of the spinnerette has theoretically a zero speed, i.e., it stands
still. The speed of movement increases toward the center of the capillary
gradually, along a parabolic function, in telescopelike concentric cylinders.
The speed in the center, therefore, shows a maximum, as mentioned before.
It is the difference in speed between neighboring liquid layers which
affects the straightening out of the polymer chains. A chain lying vertical
to the capillary axis in the exact center of the capillary should theoretically
move parallel to itself without any turning to the capillary axis. A chain
near the capillary wall, on the other hand, is exposed to a maximum of
tilting action since the speed gradient is highest here. Intermediate cylindrical layers will, therefore, be exposed to an orientation effect gradually
8
decreasing toward the capillary center (see, for instance, Loebering. )
The capillary flow of a spin mass containing polymer chains will, therefore, provide an initial orientation which has a maximum at the outside
and a minimum near the center. The absolute value of the amount of
orientation will again depend on the shearing stress and all factors governing
the shearing stress-speed gradient relation. It does not necessarily determine the final chain arrangements, as will be seen later. However, the
chances of strong alignment at the outside are increased by high flow speed,
whereas isotropic or nearly isotropic structures may be expected from slow
spin-mass movement.
2. SPEED GRADIENT

The speed gradient of a spin mass is proportional to the applied shearing
stress at slow speeds but increases along an exponential function with
increasing shearing stress values. In some cases proportionality is again
observed at still higher shearing stresses. Early experiments by B. Rabino9
witsch showed increases with the second to fourth and higher power, until
turbulence set in.
8
9

J. Loebering, Papier fahr. (Tech.-wiss. Teil) 37, 9-15 (1939).
Β. Rabinowitsch, Ζ. physik. Chem. (Leipzig) A145, 1-26 (1929).
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The speed gradient may be expressed by Q/R in which term Q equals
z
the flow volume per unit time. By plotting values of Q/R against RP/2L
(shearing stress) representative flow curves are obtained which show how
the four variables (Q, P, P, and L) affect each other.
Since the speed gradient distribution is under otherwise identical conditions indirectly dependent on capillary dimensions, one may, to some
extent, adjust its absolute value by changing the spinnerette size and by
adapting it to the given system. Depending on the kind of spinning method,
one will use other spinnerette types for dry (fast) or wet (slow) spinning,
and still others for melt spinning where no mass exchange caused by solvent
removal takes place.
3. T H E R O L E OF SHEARING STRESS

Since velocity (speed) gradient and shearing stress are mutually dependent on each other, it is obvious that everything said in the previous
section is valid for the role of shearing stress. As the latter is easier to
control and well defined from capillary dimensions and applied pressure,
one can take it as the basis for flow specifications and extrusion under
fiber-forming conditions. The only practical disadvantage consists in the
fact that in all technical spinning the flow is controlled by a constant feed
rate (metering pump) and, therefore, in the above-mentioned shearing
stress term PP/2L, the pressure Ρ is indirectly depending on the feed
rate.
4. VISCOSITY CHANGES TAKING PLACE DURING COAGULATION (HARDENING)

The transition of the flowing spin mass at the spinnerette exit into a
self-supporting fiber structure is accompanied by a viscosity increase
of several orders of magnitude. The removal of solvent, or cooling, reduces the mobility of the polymer chains and the preliminary fiber structure
is affected by the relative position of the chains which prevails during the
rather short time interval of coagulation. One also has to consider the
mechanical changes taking place near the spinnerette exit: Up to this
point the spin mass is moved by a back pressure, "pushed," and surrounded
by the capillary walls. Beyond the spinnerette exit the hardening mass is
drawn away and is no longer in contact with a solid wall. In technical
spinning the drawing force is considerable, but in certain experimental
setups it may be reduced to the influence of gravity. (By spinning into a
bath having the same density as the coagulated fiber, even the gravity
influence may be eliminated.) Obviously, in a very narrow zone near the
spinnerette face the hardening mass is exposed to both forces: It is simultaneously pushed and pulled in the same direction. The friction between
spin mass and solid capillary wall is, of course, abruptly ended at the
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spinnerette exit and replaced by friction against the coagulating fluid
(liquid or gas). Therefore, the flow in the transition zone from sol (melt)
to gel is changing in quick succession through various stages. Superimposed
over the above mentioned effects is the influence of radial restriction caused
by solvent removal or cooling. In the case of solution spinning the volume
change is compared by various authors with an "implosion" effect meaning
a volume reduction comparable in suddenness with the volume increase
accompanying an explosion. On account of the small size of the coagulating
zone—both in radial and longitudinal direction—and the rather high speed
with which an individual section passes through the various stages, it is
difficult to determine exactly the sequence of viscosity changes. Observations of flow birefringence are probably the best method of studying the
transition from sol (or melt) to gel.
The fact that the extruded mass is able to undergo the changes necessary
for formation of an actual fiber, and the size of mechanical forces which
are now taken care of without breaking of the structure indicate the
enormous viscosity increase which has taken place in the hardening zone.
The coagulation (hardening) profile which is formed near the spinnerette
exit is typical for the transition stage in which a hardened or semihardened
fiber structure is formed. At the point where the spin mass passes the
spinnerette exit it ceases to move as a cylindrical stream. Under the influence of various physical forces the cylindrical stream will in most cases
change into a structure moving in the shape of a concave rotation paraboloid. Because of solvent removal, stretching forces, etc., a diameter
reduction will take place which after an intermediary stage of a conical
shape will lead to a nearly cylindrical fiber structure.
In some cases where the forces restricting the cross-section size are low,
a different profile will be formed. Near the spinnerette exit the fiber hardens
with formation of an onion-shaped profile. This effect is particularly developed in some cuprammonium rayon spinning processes. It was investi10
gated in detail by H. Pupke who calculated the dimensions of the diameter increase from the spinning conditions.
5 . G E L FORMATION COMBINED WITH M A S S TRANSFER (SOLUTION SPINNING)

a. Dry Spinning (No Chemical Changes Taking Place)
The industrial dry spinning processes do not combine coagulation with
chemical changes. In spite of this simplification, the rheological changes
taking place during the gel formation are rather complex. Since the dry
spinning process is based on coagulation by solvent evaporation, the mass
transfer of solvent toward the surrounding atmosphere must be taken in
10

K. Pupke, Faserforsch, u. Textiltech. 2, 440-442 (1951).
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account. The diffusion of solvent from the central parts of the coagulating
stream toward the outside, the evaporation of the solvent, and the resulting
volume reduction of the beginning fiber structure are some of the influences
affecting the relative position of the polymer chains. The diffusion of air
(gas) toward the core of the hardening structure is probably of minor
influence. The evaporation of the removed solvent may cause cooling
effects which result again in a brief viscosity increase. Since technical dry
3
spinning speeds are high, on the order of 10 m./min., the stages through
which the hardening structure moves are very short lived. The polymer
solution is transformed into a gel within a short fraction of a second with
an extremely sudden increase of viscosity. Although in technical dry
spinning the hardened fiber still contains a considerable amount of residual
solvent it is safe to assume that the overwhelming part of viscosity increase
is reached within a very short distance from the spinnerette face.
The relative movement of hardening mass and surrounding gas must be
taken in consideration equally. Concurrent and countercurrent direction of
fiber and air movement can be applied. The friction between hardening
fiber and surrounding air will, of course, be lower in the case of concurrent
movement, but other things being equal, the solvent removal will not be as
efficient as in the countercurrent arrangement.
b. Wet Spinning
Wet coagulation has, as principal rheological difference compared to dry
coagulation, the higher viscosity of the coagulation fluid, a liquid. This
causes a considerably higher friction between hardening structure and
surrounding bath. Consequently, there are two rheological influences
significantly superimposed : First, the flow taking place inside the hardening
spin dope. (Telescopic movement in axial, solvent-bath diffusion in radial
direction.) Second, the movement of the structure through the spin bath.
The second factor reduces the practical spinning speeds roughly by one
to two orders of magnitude, compared with dry spinning.
In the following, the rheological differences of wet spinning with and
without simultaneous chemical changes are briefly compared.
(1) Wet spinning combined with chemical changes. Since a large part of
the synthetic fiber industry (viscose process and others) combines coagulation with chemical changes (regeneration), this type of wet spinning is of
considerable technical importance. Complicated as the purely physical
rheological changes in the hardening zone are, the superimposition of
chemical reactions causes additional effects, such as reaction heat and
formation of reaction products.
The chemical precipitation of the spin dope is a nearly instantaneous
reaction as far as the outside zones of the dope stream are concerned. When
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the precipitant penetrates toward the center, it has to pass through already
swollen, regenerated zones, which causes a delay. Obviously, this delay
will be shorter for thin diameters than for coarser structures.
(2) Wet spinning without chemical changes. The rheological conditions
are to some extent here simpler than in "chemical" wet spinning, but still
rather complicated. The hardening is caused by the dissolution of the dope
solvent in the spin bath and the insolubility of the polymer in the latter.
Again, the outlying zones of the dope stream are hardened first, and only
by passage of solvent and bath through these semicoagulated zones can the
precipitation proceed toward the core.
In addition to the flow of polymer chains in fiber longitudinal direction,
and to the moving of the hardening mass within the bath, another type of
flow, therefore, must take place: the movement of solvent and bath in
opposite directions, roughly perpendicular to the fiber axis. The actual
angle will depend on the relative speed of the hardening structure.
The flow directions of dope stream and spin bath may again be concurrent or countercurrent. The relative merits of each arrangement will be
analogous to those observed in dry spinning.
6 . G E L FORMATION WITHOUT M A S S TRANSFER ( M E L T SPINNING)

The extrusion of a melt into an atmosphere having a temperature lower
than the melting point—or melting-point range—of the polymer is the
basis of the melt-spinning process. Since no solvent is used in this process,
there is no mass transfer taking place except in certain cases where some
depolymerization may occur.
The hardening begins again at the outside of the moving spin mass
but—in contrast to solution spinning—it can here proceed toward the
core without the difficulties caused by the diffusion through swollen shell
zones.
The mobility of the polymer chains decreases with progressing cooling.
As significant difference from solution spinning, one has to realize that no
appreciable volume reduction takes place in melt spinning except that
produced by thermal contraction and by tighter packing.
The flow of a cooling melt is again controlled by the viscosity changes of
the mass, the positive movement ("push-pull action"), and friction against
the surrounding atmosphere. The speeds used in melt spinning are of a
3
similar order as those in dry spinning, namely 10 m./min.
The absence of flow in fiber-radial direction promotes a nearly round
cross-sectional shape in melt-spun fibers. The symmetry in the micro- and
submicrostructure of the hardened fibers is generally much better than
in solution-spun fibers.
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7. T H E INVERSION OF THE FLOW PROFILE BETWEEN THE CAPILLARY AND
THE HARDENING ZONE
11

Schramek and Zehmisch have pointed out that the relative speed of
concentric cylindrical shells of the spin mass passes between spinnerette
and hardening through a stage where a complete reversal takes place.
This will be understood from the following considerations: Entering the
spinnerette, the spin mass moves at uniform speed as long as it is not in
contact with the spinnerette walls. In the spinnerette hole, a parabolic
flow profile is developed as the result of friction with the capillary walls.
The parabola has its apex in the direction of the flow, since the center
sections move at higher speed than those at the outside.
The hardened fiber structure, at a certain distance from the spinnerette
exit, moves again at uniform speed; i.e., center and outside zones show no
relative movement to each other. Obviously, the transition from a centrally
accelerated flow into flow uniform over the entire cross section must be
accompanied by a retardation along a profile which in each concentric
cylindrical layer compensates the original profile: a parabola with the apex
in a direction opposite to that of the first parabola.
The cross-section reduction taking place in solution spinning may obscure
this effect to some extent. But in melt spinning under a minimum of
drawing—where only thermal contraction has to be taken into consideration—its validity seems established.
In the first parabola the center particles, having a higher speed, pass
those located at the outside. In the second parabola, the outside particles
pass those in the center. (The arrangement is somewhat like a phalanx
walking at the start and end of their march at the same uniform speed,
while the center members increase their speed at the expense of the outsiders in the first period. In the second period the outsiders speed up, the
center members slow down until all march abreast again.)
Depending on their original shape and their flexibility, the polymer
chains will pass through various phases as far as shape and relative position
are concerned, during these apparently confusing, though actually rather
orderly changes of their relative speed. Straight chains may be bent, bent
ones straightened out, and alignment in flow direction may be expected.
Possibly the interaction of neighboring chains is an important contributing
factor in fiber formation. The physical properties of a fiber structure
coagulated after passage through a capillary are actually rather different
from those found on cast films, and have some analogy to those of films
extruded through slits. It is probable that the inversion of the flow profile
is in part responsible for these differences.
11

W. Schramek and E. Zehmisch, Kolloid-Beih. 48, 93-140 (1939).
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The apparent paradox of the inversion of the flow profile has more than
merely theoretical interest since it explains some of the structural effects
to which the polymer chains are exposed in the spinning process. Their
relative position is controlled, as shown above, by the speed distribution
during flow and, even more, during hardening. The flow resistance ("viscosity") during the inversion of the profile will, to some extent, determine
the differences in crystallinity and orientation prevailing between core and
shell of the preliminary fiber structure.
8. T H E ALIGNING OF THE POLYMER CHAINS

The technological properties of a fiber structure are based largely on the
arrangement of the polymer chains. In spite of the fact that in various
processing steps the original position of the chains is modified, the flow
taking place in the spinnerette and its changes during hardening are the
basis for all later treatments.
One has to realize that a technical fiber is an anisotropic structure. The
anisotropy is in part a morphological one (shape of cross section, etc.) and
in part based on irregular chain arrangement. The former can be seen in
the microscope while special physical methods are necessary to observe
the latter.
The morphological anisotropy will depend on the degree of uniformity
of flow prevailing in spin mass and coagulating medium. Completely
uniform flow of both systems relative to each other should result in fibers
of completely round cross sections. In technical processes it is very difficult
to realize such conditions. Hardening of neighboring filaments, limited size
of the coagulating system, etc., will always cause a certain asymmetry.
The latter is strongest in solution spinning where the above-mentioned
diffusion flow between solvent and coagulant makes it particularly difficult to obtain symmetric conditions. In melt spinning where the conditions
are simplified, it is easier to eliminate asymmetry and melt-spun fibers
actually show generally a nearly round cross section, equivalent to a
minimum of morphological anisotropy.
The anisotropy based on irregular chain arrangement is a result of the
telescopic movement of the spin mass during and after passage through
the spinnerette. The variations of the speed gradient from the center to
the outside determine the alignment of the chains. In most cases, it will
be highest at the outside—at least in the freshly coagulated and not yet
processed fiber. There are various methods by which the relative arrangement of the polymer chains over the cross section can be followed up. The
absolute intensity of the surface alignment can be controlled by details of
the spinning process which indirectly affect the flow properties. Variations
in chain length, solids content of spinning solutions, temperature, di-
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mension and shape of spinnerette, hardening mechanism, etc., are known
to influence the structural anisotropy of a fiber over a wide range. They
were the object of numerous investigations.
1 2 13
A fundamental study of these phenomena was made by Sippel ' who
investigated the relationship between coagulation and orientation. He
compared dry- and wet-spun acetate fibers having various amounts of
stretch, and concluded from birefringence and tensile measurements that
certain speed gradient values have to be obtained for optimum orientation
effects.
14
Elsaesser investigated for the cuprammonium rayon process the
structural changes taking place under various spinning and stretching
conditions. He determined the optimum coagulation conditions from several
series of experiments in which most spinning conditions were varied over
15
a wide range. (For a discussion of his calculations see Pupke. )
V. Evaluation Techniques
1. DETERMINATION OF DOPE

"VISCOSITY"

From the foregoing it will be understood that a rheological description
of a polymeric system as a spinning solution or spin melt cannot be based
on any single factor. It is necessary rather to determine the flow curve of
such a spin mass over a certain range, which should include shearing
stresses to which the mass is subjected in actual spinning.
Determination of values in the region of low shearing stresses often made
by the ball-fall method will give a means to compare spinning masses in
the initial region of Newtonian flow. It will not yield any information on
the deviations to be expected under spinning conditions, however. Even if
it were possible to calculate the shearing stress value for a ball-fall experiment one could not predict at which point the flow curve would show
beginning non-Newtonian flow, nor could any statement on the shape of
the diagram in this region be made.
On certain spinnable polymers these deviations are relatively low.
Polymers which are usually melt-spun, as polyamides, polyesters, and
5
vinylidene chloride copolymers were found by Edelmann to display in
solution only minor deviations from Newtonian flow. In these cases,
viscosity data determined by the ball-fall method will lead to relatively
reliable comparable values although they do not furnish any information
on the range where Newtonian flow ceases.
12
13
14
15
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Sippel, Z. Elektrochem. 50, 152-163 (1944).
Sippel, Z. Elektrochem. 50, 256-266 (1944).
Elsaesser, Kolloid-Z. I l l , 174 (1948); 112, 120 (1949); 113, 37 (1949).
Pupke, Kolloid-Z. 118, 33-37 (1950).
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In certain molten systems, as polyethylene terephthalates, there are
equally only minor deviations from Newtonian flow found as reported by
16
McKelvey.
To determine flow curves, a capillary or rotational instrument may be
used which permits variation and control of the shearing stress over a
sufficiently wide range. The shearing stress values are plotted against the
corresponding speed gradient values, preferably in a double logarithmic
system. In this way measurements made over several orders of magnitude
can be brought into an easily understandable pattern.
Although apparently no measurements on typical spin masses have
17
been made so far on Weissenberg's Rheogoniometer this instrument in
which rotational and vibrational stresses are combined may eventually
show interesting possibilities of coordinating rheological characteristics and
spinning performance.
On account of the unknown influence of temperature on the flow characteristics of a spinnable polymeric system, it is advisable to perform the
flow measurements of a spin mass at the temperature under which the
actual spinning takes place. Otherwise extrapolations are made which can
easily lead to errors, especially since changes in solvation, of chain shape,
etc., may cause unpredictable deviations because of the superimposed
influence of the temperature.
Since flow under higher shearing stresses may cause structural disruptions of polymer chains, resulting in changed flow characteristics, a given
specimen of a spin mass should be tested only once and not reused for
measurements. The influence of thixotropic effects is also reduced by this
practice.
2. INFLUENCE OF SHEARING STRESS ON MEASUREMENTS

As mentioned above, a controlled and known amount of shearing stress
and its variation over a certain range is a necessity for meaningful viscometric measurements on most types of spin masses. Comparing two given
spin masses one may, under certain conditions, obtain two flow curves
which intersect each other. The significance of the intersection point lies
in the fact that at the corresponding shearing stress values the "viscosity"
of the two masses is the same. At lower shearing stress values, one specimen
is more "viscous," at higher values the other. In comparing the spinning
performance of the two samples one will have to calculate the shearingstress range prevailing under spinning conditions before a meaningful
statement on the relative merits of the samples can be made.
16

J. M. McKelvey, Ind. Eng. Chem. 45, 982-986 (1953).
K. Weissenberg, Proc. Intern. Rheol. Congr., ist Congr., Scheveningen, 1948 Vol.
II. p. 114 (1949).
17
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The effect of structural viscosity causes a pseudo-Newtonian behavior
at high shear values, namely linear relationship between shearing stress
and speed gradient. If measurements are confined to the upper end of the
S-shaped flow diagram, one may easily be misled into believing that the
observed values correspond to the initial, Newtonian part of the curve.
Unless flow curves over a wide range of shearing stresses are determined,
in which the transition from (initial) Newtonian to non-Newtonian flow is
recognizable, one cannot be sure that the comparison of two samples is
meaningful.
The turning point of the S-shaped flow curve displays according to K.
6
Edelmann in the case of chemically similar polymers of different molecular weights a peculiar feature: In solutions having a given solids content
it is only a function of the shearing stress. In Edelmann's paper 4 % polyacrylonitrile solutions of widely varying molecular weights are shown to
3
have the turning points in their flow curves at approximately 5 X 10
2
dynes/cm. shearing stress. On the other hand, solutions of a given polymer,
but prepared at different solids contents, were found to have turning
points at various shearing stresses, but at constant speed gradient values.
3. U S E OF THE SPINNING MACHINE AS VISCOMETER

It has been suggested that the flow characteristics of a spin mass be
evaluated under conditions approaching those prevailing in actual spinning by studying the extrusion through a spinnerette in the spinning
18
machine. Such a setup has the advantage of eliminating supplementary
equipment and difficulties caused by instrument factors. Since the shearing
stress in capillary flow is a function of pressure, capillary diameter, and
length, and since the speed gradient is a function of extrusion volume and
capillary diameter, one may for a given capillary (spinnerette) dimension
either vary the feeding speed and measure the developed pressure, or vary
the pressure and measure the obtained speed. In technical spinning machines, the spin mass is fed at constant speed (metering pump) and the
developed pressure can be read at a pressure gauge near the spinnerette.
Through a slight adaptation the metering pump may be replaced by a
constant pressure device, and the extruded volume may thus be measured.
If, in the first case, the metering pump is run at technical speeds, or in the
second case the mass is extruded under pressures similar to those prevailing
in spinning, the obtained data may be used for describing the flow of the
spin mass in a range which includes the spinning conditions.
18

H. L. Bredée and J. de Booys, Kolloid-Z. 96, 24-29 (1941).
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VI. Interpretation of Phenomena Accompanying Fiber Formation
1. OBSERVATION OF D O P E COHESION

The various phenomena taking place during the short time elapsing
between the instant a spin mass particle leaves the spinnerette exit and its
transformation into a link of a self-supporting structure can only partly
be understood by studying the influences of flow, surface tension, diffusion,
etc.
19
Weissenberg has observed that polymer solutions brought into proper
mechanical conditions will exhibit a phenomenon which seems paradox in
view of what is known of the influence of shear, inertia, and other factors
on the flow of polymer systems. A polymer solution, e.g., a spin dope, is
brought in his experiments into a cylindrical cup or flat dish into which is
immersed from above—but not connected with it—a rod or a tube, in
such a way that the bottom of the rod (tube) is in contact with the solution. Upon rotation of the cup (dish) the solution is expected to follow the
centrifugal force and move away from the center of rotation. Actually it
begins to climb up on the rod or tube. By proper adjustment of solution
characteristics, cup, rod (tube) dimensions, and rotation speed, one can
realize various mechanisms in which the solution rises, overcoming the
influence of gravity. For instance, the solution rising at the inside of a
wide (e.g., }/& in. i.d.) tube will show a parabolic flow profile comparable to
that observed normally in capillary flow.
Instead of a rod or tube a plate may be used which is mounted parallel
to the bottom of the cup in such a way that it can slide up and down
without rotation. In this case, the polymer solution will, upon rotation of
the cup, form a vertical column which lifts the sliding plate under an
20
easily determinable pressure. Schreck and Wille have studied this phenomenon in more detail and in a paper "Bemerkungen zum Weissenberg Effect
vom Standpunkt der Kontinuumsmechanik" they report on experiments
in which gauge-like tubes are mounted in the sliding plate at different
distances from the rotation center in such a way that the rise of the solution can be observed during the experiment. They noted, as could be
expected, maximum pressure in the center, and compare the phenomenon
with the effect of the pressure of a ring surrounding a barrel. In other
experiments, these authors have used a Couette apparatus and spread a
powder on the surface of the liquid in order to study the speed distribution.
19

K. Weissenberg, Nature 159, 310-311 (1947); Proc. Intern Rheol. Congr., 1st
Congr., Scheveningen, 1948 Vol. I. p. 29 (1949).
20
C. Schreck and R. Wille, Kolloid-Z. 126, 98-102 (1952).
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Frei and Katchalsky offer "a tentative explanation of the Weissenberg
effect", while more recent theoretical and experimental work will be found
in Chapters 2 and 10 of Volume I, and Chapter 16 of Volume II of this
treatise.
It is safe to assume that dope cohesion has a major, although so far not
yet completely understood, influence on the flow of a spin mass, particularly
in the zone between spinnerette face and preliminary hardening.
It may be expected that in cases where such effects are observed, a
shearing stress applied in one direction causes a stress in a perpendicular
direction. If one tries to apply this assumption to the zone of fiber formation, it appears probable that the stress developed in fiber-axial direction
will develop another radial stress. This would indicate that the compressive
forces resulting from peripheral coagulation are counteracted by the
secondary radial stresses.
2. FRICTION BETWEEN THE COAGULATING FIBER STRUCTURE

AND C O -

AGULANT

In one of the previous sections it has been mentioned that the coagulation
of a spinning solution comprises at least three flow systems: The telescopic
movement of the mass in axial directions; the diffusion of solvent and coagulant in opposite and approximately fiber-radial directions; and the
relative movement of the hardening mass in the coagulant fluid.
The last of the three flow systems will influence particularly the coreshell development in the fiber structure. The semicoagulated mass is exposed at its surface to a retarding frictional effect which has a tendency to
straighten out the still mobile chains. This increases the effect which has
taken place during the flow through the spinnerette.
As mentioned before, this friction is minor in gaseous fluids (dry and
melt spinning) but considerable in the case of liquid spin baths. Therefore, the wet-spinning speeds are necessarily lower than those obtainable
in dry and melt spinning.
The peripheral friction suffered by the fiber while still easily deformable,
has an effect similar to that of a ring compressing a barrel. It is known
that radial pressure applied to a fiber structure is equivalent to stretch in
the longitudinal direction (example: a plastic sphere, as a balloon, will
under equatorial pressure be deformed into a longitudinal ellipsoid, as if
the poles were pulled apart).
The absolute amount of fiber-bath friction will, of course, depend on
shape and size of fiber cross section, relative speed between fiber and bath,
their nature, length of contact, and similar factors.
21

Ε. H. Frei and A. Katchalsky, Bull. Research Council Israel 1, 113-6 (1951);
Rubber Chem. and Technol. 26, 203-206 (1953); Chem. Abstr. 47, 6167 (1953).

RHEOLOGY OF SPINNING

573

3. FORMATION OF CRYSTALLINE ZONES

The various influences to which a coagulating fiber structure is subjected
will cause an arrangement of the chains which is dependent on their
mobility and their relative position during the period of hardening. It has
been mentioned before that the three types of flow which occur during
coagulation will affect the relative position of the chains. Since each of the
three flow systems (two in case of melt spinning) take place in a nearly
symmetric way, it is understandable that at each instant a large number
of polymer chains is subjected to similar conditions. These conditions may
and will vary, however, at different distances from the fiber axis, at different
intervals of time elapsed from the start of coagulation, etc. The nearly
symmetric arrangement of the various forces will cause chain arrangements in concentric layers. As a result of the action of the various physical
forces, a parallelizing effect will take place between neighboring chains.
A perfect orientation (complete parallelization with respect to fiber axis)
can neither be obtained in the coagulation nor would it be desirable.
Parallelization in zones of limited dimensions and not necessarily with
respect to the fiber axis (crystalline zones) may be expected as consequence
of the flow changes during coagulation. The development and stability of
crystallinity is, of course, also influenced by various physical factors as
moisture, heat, solvent content, etc. Therefore, it must be realized that
the crystallinity developed during the spinning process has merely a
preliminary character. Depending on the subsequent treatments applied
to the fiber, the crystalline zones may be rearranged into zones showing
orientation with respect to the fiber axis.
The importance of the development of crystalline zones during the
spinning process lies in the fact that the arrangement obtained is the
basis for all subsequent changes. Unless the flow in the hardening process
has been controlled properly, it will not be possible to obtain technically
useful fibers which can be subjected to the stresses encountered in the
various processing steps without too great a danger of fiber breaks.
4. T H E DEVELOPMENT OF ANISOTROPY IN THE F I B E R STRUCTURE

Although the spinning of a synthetic fiber is, strictly speaking, the
process of fiber formation, some subsequent steps are intimately related
to the spinning process. It is only in a few cases (e.g., acetate) that the
physical properties obtained on the fiber in the spinning process are sufficient for certain applications. No major physical changes are necessary
in such processes, except removal of residual solvent and similar aftertreatments. In most other fibers, however, where the requirements in
mechanical performance are higher, the preliminary fiber structure is not
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yet sufficient and technical processes have been developed to increase
certain physical characteristics above those shown by the original fibers.
Most of these processes are accompanied by a rearrangement of the
structural units inside the fiber, and by development of anisotropy. The
movements of polymer agglomerations are based on rheological laws. The
mobility of these agglomerations (crystallites, micellae) will depend on
specific factors such as polymer structure, temperature, presence of swelling
agents as water or solvents, and state of (longitudinal) tension. (See, for
22
23
24
instance, Happey, Krebs, and Mueller. )
In a perhaps oversimplified way one can make the statement that by
proper combination of the above factors an over-all desirable degree of
molecular arrangement is obtained which, however, includes desirable and
undesirable anisotropy effects. Stretching, relaxing, insertion of permanent
crimp or twist, heat setting in fabrics (including ironing) are some of the
structural changes obtained by flow arrangements. In addition to mechanical rearrangements chemical modifications also take place indirectly
and in subsequent steps. For instance, crystallinity and orientation will
affect accessibility to chemical treatments; a rather typical example is the
relationship between the physical structure and the dyeability of fibers.
Anisotropy in radial or axial fiber direction will cause differences in dye
penetration (and actual color intensity) since the flow of a dye bath is
slower in tightly packed than in loose zones. Observation of dye penetration in cross-sectional and longitudinal view will demonstrate such effects
of anisotropy which are caused by, and are causing, flow anomalies.
There are many other phenomena based on fiber anisotropy because of
rheological bases. Their discussion would be outside of the scope of this
article, however.
5. STRETCH SPINNING

The flow taking place during fiber formation leads, as mentioned above*
in general only to a preliminary fiber structure.
In most cases, it is necessary to subject the hardened fiber to an additional, subsequent treatment in which the relative position of the polymer units or their agglomerations are rearranged. Such treatments require
a plastic state which may already be existing as in cold drawing of polyamide and other fibers, or which may be produced by swelling or heat
action in nearly hardened fibers.
In some cases, the plastic state prevailing during coagulation can be
used for this stretching treatment by combining it with the spinning
22
23
24

F. Happey, Brit. J. Appl. Phys. 2, 117-126 (1951).
G. Krebs, Kolloid-Z. 98, 200-212 (1942).
F. H. Mueller, Physik. Ζ. 42, 123-129 (1941).
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process ("stretch-spinning"). The oldest example of such a mechanism is
the spinning of cuprammonium rayon in which the hardening fiber is led
into a conical spin bath container (Thiele funnel).
The bath moves concurrently with the fiber, and as the funnel narrows
with increasing distance from the spinnerette, the bath speed is increased.
Resulting from bath-fiber friction an accelerated fiber movement will
result and a certain orientation effect will take place in the gradually
25
hardening fiber. This is enforced by the compressive action of the bath
toward the fiber core, an effect equivalent to stretching in longitudinal
direction.
It is not possible to stretch-spin by merely increasing the speed (and
tension) of a coagulating fiber, since the structure in its transition from sol
to gel is not able to absorb the stresses necessary for a desirable deformation. In other words, instead of developing a sufficient amount of flow
orientation, the fiber would merely break at its weakest point, near the
spinnerette. However, if one takes care to distribute the stresses appropriately by protecting the weak section from extreme deformations, the
flow of the micellae inside the fiber can be arranged in a way which leads
to satisfactory orientation. Such an arrangement can be made by mounting
"fiber-brakes" between spinnerette and stretching zone. These brakes may
consist of an arrangement of thread guides around which the fiber is
forced to move, thus changing its straight movement into one of an S11
shaped or similar curve. Schramek and Zehmisch have investigated the
effect of such a fiber brake by careful control of the directional changes
(distance of thread guides and angle to original direction of fiber movement.)
An attempt to establish for such cases a mathematical relationship
12
between spinning conditions and fiber dimensions was made by Sippel.
By making diffusion measurements on the coagulating structure, under
various conditions, including those of stretch spinning, he was able to
analyze mathematically the influence of spinning speed, coagulation
length, spinnerette diameter, solids content of spinning solution, and other
variables. Experiments on stretch spinning of acetate fibers showed good
agreement with the calculated values.
VII. Summarizing Discussion of Present Knowledge of the Various Rheological
Problems Involved in Spinning

It has been attempted to show in the foregoing sections how the relative
position of the polymer chains affects the various stages of spinning. There
are only relatively minor differences between the rheological performance
25

In some cases the fiber will move faster than the bath and thereby suffer a
' 'friction-squeeze. ' '
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of a chemically heterogeneous system (spinning solution) and a homogeneous one (melt or fiber). The systematic studies of the last 20 or 30
years have shown that for a given polymer type—even under standard
conditions of molecular weight distribution—the flow taking place during
spinning will control to a large extent the later developed basic fiber
properties. The flow in the formed fiber structure is the basis for many
subsequent processing steps and various mechanical and even some chemical properties of the fiber.
Properties such as tenacity, stiffness, toughness, recovery power, energy
absorption,—to name only a few—are largely based on the relative position
of the polymer chains resulting from flow in spinning and subsequent
steps.
There are no universally ideal flow arrangements in spinning as there is
no ideal fiber. The various methods of spinning, the requirements for the
preliminary and final fiber structure, and finally the use of the fiber in
knitted, woven, or other structures, all depend on a combination of flow
characteristics. However, a detailed discussion of these factors would lead
beyond the limited space of this article.
One may summarize the problem by stating that one of the basic tasks
of the synthetic fiber industry consists in finding for a given polymer type
appropriate flow conditions which lead to technically satisfactory spinning,
and to fibers of desirable characteristics.
VIII. Appendix

In order to illustrate the influence of rheological factors on the spinning
process, a few quantitative data and diagrams are given in the following.
They should show with the aid of specific examples how laboratory measurements and actual spinning performance are affected by the flow anomalies
observed in the case of spinnable compounds.
1. DESCRIPTION OF THE VISCOSITY BEHAVIOR OF A SPIN D O P E

It is obvious that the "viscosity" of a polymer system (as a spinning
solution) cannot be described by any single value. Nevertheless, there is
an inclination, on the part of some to describe the viscosity of a dope
sample in poises, to make statements that a given sample is more viscous
than another one, and so forth.
While in certain cases such comparisons may refer to the Newtonian
branch of the flow diagram (45 deg. straight line at low shearing stresses)
there exists seldom any certainty on this point. The location of the turning
points of the curves cannot be predicted unless a flow diagram over a wide
range of shearing stresses has been determined. Figures 1 and 2 will illustrate this.
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FIG. 1. Flow diagram of two dope samples. From data of Edelmann

2

Dynes/cm.

FIG. 2. Flow diagrams of three fiber-forming polymer types. From data of Edel-

Figure 1 shows the flow diagram of two dope samples marked A and
B, selected in such a way that the two curves intersect each other at a
point 0 . The meaning of the intersection point lies in the fact that at the
corresponding shearing stress value (RP/2L) the apparent viscosity is the
same for both samples. However, at lower shearing stress values, Β will
appear to be more viscous, while under shearing stresses exceeding those
prevailing in 0 , A will seem to have the higher viscosity.
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A quantitative example of such intersection points of flow curves can
be seen in Fig. 2. This diagram reproduces the performance of three solutions: (a) "P.E.T." (a 16% solution of polyethylene terephthalate in
cresol), (b) "A.C.A." (a 16% solution of an epsilon aminocaproic acid
polymer in cresol), and (c) "P.A.N." (a 16% solution of polyacrylonitrile
in dimethylformamide " D . M . F . " ) .
The dotted lines in this diagram show the behavior of the two solvents
used for the above spinning solutions, namely, cresol and D.M.F. Both
solvents are Poiseuille liquids, show Newtonian flow, and appear in the
logarithmic scale of the diagram as straight lines inclined under an angle
of 45 deg. to the abscissa.
The above curves are condensed from data in Edelmann's paper.
It will be seen that the P.A.N, curve intersects the other two solution
curves (A.C.A. and P.E.T.). If the shearing stress range could be extended
by a few more orders of magnitude without turbulence effects, the P.A.N,
curve would approach its solvent curve.
However, by merely comparing the actual solution curves, one will see
4
2
that up to a shearing stress value of approximately 3 X 10 dynes/cm.
the P.A.N, solution appears more viscous than that of A.C.A. Above this
value, conditions are reversed and the A.C.A. solution seems to have the
4
2
higher viscosity. At a shearing stress of 3 X 10 dynes/cm. both solutions
display, of course, the same "viscosity."
The P.A.N, and P.E.T. solutions show a similar intersection point at a
5
2
shearing stress of approximately 10 dynes/cm. , and analogous statements can be made for their relative flow performance at shearing stresses
below and above the value corresponding to the intersection point.
How these viscosity changes affect the actual performance of a spin
4
mass is illustrated in Fig. 3 (taken from Meskat's paper). A typical spinning solution (cuprammonium) was investigated by that author over a
4
2
shearing stress range of approximately 1 to 9 X 10 dynes/cm. By calculating the actual shearing stresses prevailing at various points of the
technical spinning process, Meskat was able to enter the respective ranges
in the flow diagram (diagonally shaded areas). Thus, it can be shown in
which part of the flow curve the individual steps are performed. For
4
instance, in the conduits at a shearing stress of approximately 1 X 10
2
dynes/cm. , the "viscosity" of the cuprammonium dope is 3200 poises,
4
while it drops in the spinning pumps at a shearing stress of 4 to 9 X 10
2
dynes/cm. to values between 900 and 100 poises. Assuming that two
spinning solutions, having an intersecting point in their flow diagrams are
investigated at such shearing stresses, one will find for the two samples
different relative fluidities at the different stages of the spinning process.
Figure 4 illustrates the inversion of the flow profile, as described by
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Schramek and Zehmisch. The mechanism of this inversion is described in
Section IV, 7 and therefore, the diagram should be self-explanatory.
Figure 5 shows the temperature rise obtained by the adiabatic deformation of two liquids. By stirring a sample in a Dewar vessel at constant speed
and taking thermometer readings at regular intervals, one obtains rather
different curves for Newtonian liquids (in this case a motor oil) and a
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FIG. 5. Adiabatic deformation at constant speed

polymer solution (spin dope). The heat developed in the oil over a period of
8 hr. caused only a temperature rise of 7.5° C. The spin dope (polyacrylonitrile in dimethylformamide) developed within the first 3 hr. a temperature
increase of 28.5° C. After that time, the simultaneously decreasing viscosity
caused a somewhat reduced rate of temperature rise (in 5 hr. approximately
12.5° C ) . Even this reduced rate of heat development exceeds, however,
that observed on the Newtonian motor oil of comparable viscosity.
By varying the stirring speed (shearing stress) and calculating from the
observed temperature rise the amount of calories developed in the system,
a significant difference between Newtonian liquids and polymer solutions
becomes apparent. Furthermore, by applying the obtained values to the
data shown in Fig. 3, and making certain assumptions with regard to the
approximate time a dope unit spends in each of the described phases, one
can predict the temperature rise taking place in the spin mass during the
various steps between conduits and spinnerette.
Figure 6 shows a diagram of the coagulation profile observed in ordinary
solution spinning. It is not drawn to scale and merely reproduces an approximate picture of what is going on in the wet coagulation of a spin
dope, without a chemical reaction taking place.
The various superimposed flow systems in the coagulating fiber structure
are based on the solvent- spin bath diffusion, the telescopelike sliding of
the still movable (not yet completely hardened) concentric cylinder shells
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FIG. 6. Coagulation profile in solution spinning

in the structure and the over-all movement of the coagulating fiber in the
bath.
2
The spinnerette diameter is generally below 10~~ cm. while the "spinning speeds" (take-up speeds of the coagulated fiber structure from the
3
4
bath) vary between 10 and 10 cm./min. The friction between the moving
fiber and the surrounding bath causes a considerable drag which is the
main factor limiting the wet-spinning speed.
In dry spinning where the spin "bath" is in most cases air, the drag is
much lower and, therefore, considerably higher spinning speeds can be
realized. Also, in the radial diffusion exchange between outgoing solvent
and ingoing bath, the relative amount of air and the vapor nature of the
solvent being removed affect the speed of coagulation. These factors explain
the fact that dry spinning speeds are 1 to 2 orders of magnitude higher
6
than those obtained in wet spinning, and are on the order of 10 cm./min.
The melt-spinning process is in many respects similar to the dry-spinning process, except that there is no solvent removal. Therefore, spinning
speeds as high as, or even higher than those obtained in dry spinning, can
be applied.
Figure 7 shows a diagram of an onion-shaped coagulation profile as
investigated by Pupke on cuprammonium spin dopes. His calculations
indicate the following:
The maximum diameter is proportional to the volumetric extrusion
speed, inversely proportional to the linear extrusion speed and to the
spinnerette hole diameter, and independent from the removal (take-up)
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FIG. 7. An onion-shaped extrusion profile

speed. The location of the "equator" of the onion profile depends to some
extent on the removal speed, however. At higher take-up speed, the
diameter increase will be obtained within a shorter time than at lower
speeds.
Finally, as an illustration of the fine structure inside a hardened fiber,
birefringence measurements made by G. Bozza (reported in Elsaesser's
14
paper ) on a cupra fiber of 1.2 denier are reproduced in Fig. 8. Bozza
0.04 r

0.03

V- 0.02 h

0.01

FIG. 8 . Birefringence measurements on a cupra fiber of 1.2 denier. Bozza's measurements as reported by Elsaesser.
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measured by a special technique the birefringence of that fiber at different
distances from the fiber axis. While the shape of the reproduced birefringence distribution curve is restricted to a cupra fiber prepared under
special conditions, it is obvious that such curves can be used for the study
of the relationship between the flow characteristics of a spin dope—while
hardening—and the physical properties of the obtained fiber.
2. ANTICIPATED DEVELOPMENTS FOR THE FUTURE

While the past decades have brought about considerable progress in the
understanding of rheological factors in spinning, there are still quite a few
unknown influences.
26 1 2 6e
Technological advances * " have confirmed what textile technologists
have always realized : that the rheological parameters of a spin mass have a
far reaching influence on its actual performance in the spinning process.
However, to a large extent, the interpretation of this relationship is mainly a
descriptive one. It is possible to explain certain basic phenomena and to
give reasons for their occurrence. It is at present, however, not possible to
predict beforehand the exact rheological requirements for a desirable
fiber-forming mechanism, e.g. by giving ranges of key characteristics.
It is not even possible at present to define the term "spinnability" in a
logically unobjectionable manner. Certain restrictions are due to accessible experimental techniques: a polymer, solution, or melt might be
considered "unspinnable" under ordinary conditions, as mentioned before.
However, it might be found to be fiber-forming by a radical departure from
established techniques, by proper adjustment of apparently unimportant
or unfeasible mechanical, thermal, or colloidochemical experimental
conditions, etc. An example of a development in this direction is the
recently achieved technique of "emulsion spinning" as developed by the
du Pont Company for the Teflon fiber (polytetrafluoroethylene). An
emulsion of the polymer is extruded into a liquid medium and the formed
fiberlike structure is subsequently heat sintered. This technique, yielding
commercially valuable fibers, is novel in its concept and original in its
26
engineering features. The rheological basis of fiber formation from
26

J. F. Lontz, U. S. Patent 2,718,452 (Sept. 1955); British Patents 686,438, (Jan
1953) and 689,801, (April, 1953) all assigned to Ε. I. Du Pont de Nemours & Co.
2 6a
J. C. Arthur and H. G. Many, Am. Dyestuff Reptr. 4 1 , 385-386 (1952).
2 6b
H. Nitschmann and W. Aeschlimann, Ange. Chem. 6 5 , 261-262 (1953).
2 60
T. Nakagawa, Bull. Chem. Soc. Japan 2 5 , 88-97 (1952); 4 7 , 10857 (1953).
2 6d
Theory of Extrusion. Ind. Eng. Chem. 45,969-993 (1953). Symposium comprising
the following seven papers: J. F. Carley and R. A. Strub, ibid. p. 970; J. F. Carley,
R. S. Mallouk, and J. M. McKelvey, ibid. p. 974; J. F. Carley and R. A. Strub, ibid.
p. 978; J. M. McKelvey, ibid. 982; R. S. Mallouk and J. M. McKelvey, ibid. p. 987;
J. F. Carley and M. M. McKelvey, ibid. p. 989; C. H. Jepson, ibid. p. 992.
2 6e
J. F. Carley,
Appl. Phys. 2 5 , 1118-1123 (1954).
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emulsions and subsequent heat-sintering are, to say the least, rather
complicated and probably unexplored at present. However, the process
may serve as an example of the changing picture of rheological aspects in
spinning. Such and similar problems are being studied by various researchers, but final solutions are in most cases still open.
The research trends in the field, as they are taking shape at present,
center on the qualitative observation and quantitative determination of
those factors which offer the best chance of understanding the superimposed
variables. While the rheology of spinning is primarily concerned with
physical effects, it is impossible to eliminate the influence of chemical
factors from our studies. Mass transfer (as in the coagulation of a solution
or an emulsion) is often accompanied by chemical reactions and they
contribute to a further complication of the problem.
Specifically, the interest of fundamental and industrial research is focused on the following problems, as illustrated by a cross section through
some recent reports.
a. Melt Viscosity of Polymers
The rheological characteristics of polyamides, polyesters, polyolefins and
other fiber-forming melts are of direct and indirect importance. Desirable
melt properties will insure a technically safe spinning process. Impurities,
often present in only minor amounts, and difficult to determine by analytical methods, may show up in a magnified scale by their effect on flow
characteristics of the melt. Obviously, the rather high melting points of
the used polymers pose a problem in the experimental performance of
satisfactory viscometric methods. Such problems are discussed in the
following papers and patents:
Studies on polyamide melts of nylon 6 (before and after extraction of
low molecular weight fractions) and on nylon 66 of a wide m.w. range were
27
performed by Kokhomskaya and Pakshver.
The influence of normal and elevated pressure, also of partial vacuum,
on the melt viscosity of polyamides was investigated by Steffens and
28
Sauerwald.
29
Imperial Chemical Industries has patented an apparatus for the performance of continuous measurements of the melt viscosity of various
thermoplastic materials.
b. Solution Viscosity
Parallel to work on the melt viscosity of melt spun polymers go solution
viscosity studies. There are numerous investigations of solution viscosity
having the object of determining the molecular structure, especially the
27
28
29

T. N. Kokhomskaya and A. B. Pakshver, Kolloid. Zhur. 18, 188-192 (1956).
H. Steffens and F. Sauerwald, Kolloid-Z. 148, 144-150 (1956).
Imperial Chemical Industries, British Patent 755,613. (Aug. 1956)
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molecular weight, of the polymer. These are outside the scope of this
chapter, and only a few papers having a direct connection with spinning
proper shall be mentioned below.
In a paper on the observation of the polycondensation of Perlon by
measurement of melt viscosity and solution viscosity, Steffens and Sauer30
wald report on data determining the viscosity changes observed during
the first 13 hr. The authors note periodicity effects (including reversals) and
influences of movement (stirring conditions).
Solution viscosities of nylon 66 in a number of solvents were studied by
31
Liquori and Meie. These comparative investigations serve for determining
the shape and size of the polymer molecules.
32
Tordella published a paper on fracture in the extrusion of amorphous
polymers through capillaries. He observed in various polymers, including
nylon 66, that a critical stress causes the stream to become irregular in
shape. The effect originates in the approach to the capillary, with tearing
or fracture of the molten polymer.
c. Flow Curves of Spinnable Polymers
Various fundamental studies are concerned with a better understanding
of the flow curves of spinnable polymers. For instance, Edelmann, in a paper
on the structural viscosity of solutions of polyacrylonitrile and polymerized
33
amino caproic acid explains the deviations from Newtonian flow by the
combined influences of bundle structure, solvent, and shearing stress of
34
the system. The same author also studied the influence of shear stress,
concentration, and polymerization methods on the flow characteristics of
acrylic and polyamide solutions. He thus determines the heterogeneity of
polymers from rheological measurements. Based on Edelmann's and other
35
authors' work is a paper by Schurz in which the properties of flow curves
serve as basis for an understanding of the relationship between molecular
weight and the location of the shear stress-velocity gradient turning point.
A paper by F. Schultz-Grunow on viscosity and the role of thermody36
namics on rheology of liquids discusses the various attempts to interpret
the flow principles of non-Newtonian systems.
An increase of the apparent viscosity, due to flow inhomogeneity, is
calculated in a paper on the viscosity of polymer solutions in fine capil37
laries by Lifson. The author observes that the increase depends on mo30
31
32
33
34
35
36
37

H. Steffens and F. Sauerwald, Kolloid-Z. 149, 73-83 (1956).
A. M. Liquori and A. Meie
Polymer Sei. 13, 589-594 (1954).
J. P. Tordella, / . Appl. Phys., 27, 454-458 (1956).
K. Edelmann, Kautschuk u. Gummi 5, 120-124 (1952).
Κ. Edelmann, Faserforsch, u. Textiltech. 6, 269-277 (1955).
J. Schurz, Kolloid-Z. 147, 57-61 (1956).
F. Schultz-Grunow, Kolloid-Z. 141, 173-177 (1955).
S. Lifson, J. Polymer Sei. 20, 1-6 (1956).
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lecular and capillary dimensions, but that it is independent from the flow
rate.
An interesting attempt to convert rotational or capillary viscometric
data into flow curves corresponding to an "equivalent radius" is made in
a paper on the determination of non-Newtonian flow curves from vis38
cometric data by Cram and Whitwell. The obtained "absolute flow curves"
give instrument-independent data for the shear rate - shear stress relationship.
d. Measuring Techniques
Improvements of rheological measuring techniques are numerous. There
is a growing need for increased precision, wider measuring ranges, for apparatus capable of using smaller specimen sizes, etc.
A paper by Frind on limitations of error in the viscometry of high poly39
mer solutions discusses the accuracy limitations of visual flow time readings ( 1 - 2 % ) . The sources of error (limitations in calibration, stop watch
reliability, capillary uniformity, etc.) suggest the use of automatic recording
methods.
40
In a probably independent study Kooy and J. J. Hermans discuss the
use of moving picture techniques for the exact determination of flow times.
The authors obtain in this way an accuracy of 0.003 sec, while controlling
the temperature within 0.001°C.
"A new consistometer for wide gradient and temperature ranges" is
41
described by Kepes. The described plate-cone viscometer can be used
over a temperature range from —70 to + 3 5 0 ° C , for small size specimens
8
(1-4 c a ) , over a range from 0.01 to 10 poises. The gradient may be varied
3
3
1
between 10~ and 10+
seer .
42
Another attempt to reduce the specimen size was made by Hart. The
author describes a "semimicro dilution viscometer" permitting measurements on 1 cc. of a solution.
e. New Instruments
Of new instruments to determine rheological characteristics should be
mentioned the following: "the Caplastometer: a new melt viscometer" by
43
Karam and co-workers; an "apparatus capable of use for the study of
rheological phenomena," which makes goniometric measurements of flow
44
and pressure distribution of a material; "automatic and continuously re38
39
40
41
42
43
44

Κ. H. Cram and J. C. Whitwell,
Appl. Phys. 26, 613-618 (1955).
H. Frind, Faserforsch, u. Textiltech. 6, 25-28 (1955).
J. Kooy and J. J. Hermans, J. Polymer Set. 16, 417-427 (1955).
M. Kepes, J. Polymer Sei. 22, 409-422 (1956).
V. Ε. Hart,
Polymer Sei. 17, 207-214 (1955).
H. J. Karam, Κ. J. V. Modern Plastics 32, No. 7, 129-134 (1955).
J. E. Roberts and K. Weissenberg, U. S. Patent 2,752,778.
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cording viscosimeters" which permit indication of the viscosity of a fluid
flowing through a line by a variety of thermal and flow variations.
Thus, a variety of theoretical and experimental approaches are being
used by physicists, chemists and engineers. The obtained results reflect the
common aim: to explain the rheological phenomena involved in spinning
and thereby to show the way to technological improvements. The last 30
years have yielded impressive research results but the picture is still obscured in some respects. However, it may be expected that the knowledge
of the fundamentals of spinning will keep pace with the development of new
fiber types and novel spinning methods.
Nomenclature
RP/2L
R
Ρ

Shearing stress
Capillary radius
Hydrostatic pressure

L Capillary length
z
Q/R
Speed gradient
Q Flow volume per time unit

J. M. Jones, Jr., U. S. Patent 2,791,902, assigned to Texas Company.

