VII FORMATION FROM SOLUTION

VII.1 Principles

The first method used for the formation of fibers utilized polymer solutions.
The first patent for fiber formation was for wet formation and was issued in 1885."
Historically, the second was dry formation, introduced around 1904.2 Both of the
methods using polymer solutions continue to be used today, with a large volume of
fibers being manufactured commercially using the solution techniques. Moreover,
the newest high performance fibers are produced mainly in wet processes. In the
future, wet processes may be even more important, though formation from the
melt is the choice technique today.

In essence, there is only one significant difference between formation from so-
lution and from melt: the presence of a solvent in the polymer stream. Neverthe-
less, the solvent has a dramatic influence on many of the “unit” processes of fiber
formation.3~® The crystallization rate increases with increasing concentration of
the solution, even at the same degree of undercooling.®~9 The process of crystal-
lization from solution takes a much different course than the crystallization from
melt. There is no maximum in the rate of crystallization from solution versus
temperature, or the maximum is shifted toward much higher degrees of under-
cooling. Strain, or mechanical stretching of dissolved polymer molecules, initiates
crystallization as it does in the melts. Relaxation and retardation times of poly-
mers in solution are substantially shorter and this has great significance for the
processing. The polymer habits in crystallization from solution show why it is
practically impossible to obtain a low degree of crystallinity in spun fibers, unless
the particular polymer crystallizes slowly and poorly by its nature.

Another factor needs to be stressed: we shall discuss only a system consisting
of a polymer and a given solvent. Change of solvent changes everything else, at
least to some degree. System properties depend on the both components alike, on
polymer type and on solvent type.

The viscosity of solutions is lower than the viscosity of melts. The viscosity
dependence on the molecular mass is of the same significance, as is the influence
of abnormalities of any kind in the polymer architecture. Shear affects solutions
in the same way, but the effects are shorter lasting due to the short relaxation
times. Similar differences are in molecule entanglements and their persistence.
The effective temperature of crystallization is equally important as in formation
from the melt. All that concerns neck drawing retains its importance and its
influence has similar power.

The concentration of a polymer solution changes during processing, and this
must be respected in the material balance. The equation describing strain must
include the local concentration, the volume of polymer sclution decreases with
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increasing distance from the spinnerette, Qn 1 > @n and thus @,/Qn—1 <1
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In effect, then, the true extension ratic in formation from selution is always smaller
than it would appear just from the measurement of filament diameter.

Very few processes of fiber formation from solution permit us to obtain the
spun fibers completely free of solvents. The residual solvents swell the fiber struc-
ture to some extent If the crystallization is not complete, then the residual solvent
may cause it to proceed further as a kind of secondary crystallization. In practice,
however, low crystallinity in fibers formed from solution is exiremely rare. A low
degree of crystallinity in spun fibers may be obtained if the polymer crystallizes
badly. For these reasons, conventional extensive neck drawing may be difficult. If
there is a need for a high degree of neck drawing, more drastic drawing conditions
must applied, for example several stages of high temperature to allow “recrystal-
lization” through a chain translation.

The above consideratiions indicate that the selection of a proper solvent presents
a task as difficult as it is important. Unfortunately, there are no ready-made recipes
to help. At this point one may suggest only a certain number of general criteria
which a solvent must satisfy.? As such criteria one may quote:

e ability to form concentrated solutions
e convenient boiling point
e good heat stability

e ease of recovery

low heat of evaporation

physiological inactivity

chemical inertness 10 the dissolved polymer, e.g. no cross linking.

The last point, naturally, does not concern processes which are built on a chem-
ical modification of the polymer to achieve solubility, like in the cases of processing
cellulose. When such a reactivity is needed, this becomes an additional strict re-
quirement. For commercial operations, the price of the solvent is a matter of
great significance. Conventional formation of commaon fibers from solution is thus
far satisfied by only a few solvents: acetone, carbon disulfide, dimethylformamide,
sodium thiocyanate in water, and tetrahydrofuran. The “ideal” solvent would have
the ability to form relatively highly concentrated solutions of high molecular mass
polymers at relatively low viscosities. Although there is a contradiction in these
criteria, there is a matter of extent. Some solvents perform better than others, are
closer to the “ideal”. Safety of operations benefits when the solvent does not have
too low an electrical conductivity. These criteria are essential from the point of
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view of the ease of processing, of fiber quality, and process economy, as well as for
the safety of the operating crew and equipment. Formation from solution present
additional hazards, but modern technologies are able to cope with the hazards
easily.

If one considers the technological aspects, the formation of fibers from solution
differs from the formation from the melt by one more important point. In forma-
tion from melt the main parameters of fiber solidification are filament temperature
and diameter profiles, with the other process variables playing a somewhat aux-
iliary role. If the velocity of take-up and rate of extrusion are constant, then
the rheological properties govern the attenuation of the filament diameter. The
diameter profile is a result of the temperature profile and its influence on the rhe-
ological properties of the pelymer. Constant cooling conditions, with the other
parameters constant, determine the actual temperature profile. And in this way
the magic circle is closed. In fiber formation from solution, an additional member
has to be added to this ring - diffusion. The removal of solvent, in a dry process
or wet, is governed by the rate of diffusion and on the filament diameter. The
diffusivity depends on the temperature and polymer concentration.!®~!? For those
processes where besides diffusion osmosis also appears, the question becomes more
complicated.!* When the solvent removal from the fiber is rapid in relation to the
velocity of the solvent diffusion from the fiber core towards its surface, a sheath
of solid or almost solid polymer may be formed around a relatively low concen-
trated solution core. When this takes place, further solvent removal is additionally
complicated by the necessity of solvent osmosis through a layer of solid, or almost
solid, polymer. Such a course of events is also behind the mechanism which causes
the fibers to have nonround cross sections. The almost solid sheath is unsunally
formed in the beginning of solidification when the volume and diameter of the
fiber are still large. The subsequent loss of solvent through the sheath is governed
by osmosis and can cause a decrease of volume of about the same size as the solid
sheath. The vacuum created inside causes the oversized skin to collapse and form
wrinkles on the surface, or forms cavities in the fiber core, or both. In such a way
microvoids or microcracks dispersed across the whole filament are formed.!5—17
The degree of the process dependence on osmosis and the degree of collapse of the
cylindrical fiber are strongly interrelated.

VII.2 Diffusion in Fiber Formation

Several papers describing diffusion in fiber formation from solution have been
published,'?18~20 they pertain mainly to the wet process. The important ap-
proaches are quoted here.

Griffin and Coghanowr?! have considered diffusion of copper ions into fibers
beginning with the following equation of diffusion:
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R(T)<r < Rq (VIL3)

where ¢; is molar concentration of the diffusing matter, £ is time, r represents
radial position inside the fiber, Ry stands for fiber radius, and R; = R(%) is the
radial position of the diffusion surface, where ¢(R,t) = 0.
The material balance at the diffusion surface is presented as
Oc 1
D—(R,t)=—>bR VIL4
=3 (VILY)
Griffin and Coghanowr assume diffusivity, as well as concentration of the dif-
fusing agent at the fiber surface [c(Rp,t) = cg = const] to be constant. They
assume also absence of convection in the filament, As a result the authors arrive
at the following sclution to the problem:
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where ¢y is molar concentration of the diluent around the filament, b is molar
concentration of the polymer in the fiber, Jy and J; are solutions of Bessel functions
of zero and first order, respectively, and A, is an eigenvalue, 0 < Ay < As... which
are roots of Jo(A) = 0.

From equation VIL5 describing concentration and from the condition ¢(R, t) =
0, result the two following equations which describe the moving boundary.
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For long diffusion times, the first term in the solution of equations VII.6 and
VIL.7 has been given as

X exp [~—

fob dR _ _'\1J1(/\1R/R0)
200D dt ~  Jo(MR/Ry)

The equations are fit to be solved with use of a computer. If solving the
problem wersus time, it is possible to introduce corrections for changes of those
parameters which were assumed constant at the derivation.

Equation VI1.2 may be solved graphically,?® if the accuracy of a graphic solu-
tion is sufficient. The relationship between the dimensionless parameters r/R and
¢¢/eq is presented in figure VII.1. The different lines in figure VIL.1 correspond to
another dimensionless parameter, D¢/R?, values of which are given as parameter
in the figure.
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Figure VIL1: Graphical solution of the equation for diffusion in a cylinder.?® Explana-
tion in text.

If the values of ¢g, ¢4, ¢, and R are known from experiment, then from the graph
in figure VIL1 one may read the values of the parameter Dt/R? corresponding to
each r/R. For each value of r/ R one may construct a separate plot between ¢;/¢co
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and the values of Dt/R?, as read off the graph. From these graphs one may obtain
the diffusivities, D.

In cases where the experimental data are available only for the average concen-
tration across the diameter, solution is also possible, but is a little more laborious.
One may assume that the whole area of the graph in figure VIIL.1 is equal to the
amount diffused, ¢g, until an equilibrium is established, that is, when ¢; = ¢p. In
such a case, the amonnt which will diffuse in the given time, Dt/R?, will be equal
to the area under the corresponding curve and to the right of it, z;. Then it is
necessary to construct a plot of the ratio of the integrated areas, z; over the total
area z, as ¢, /co against Dt/r?. Here c is the average concentration of diffusant in
a fiber cross section at time {. The further steps until obtaining the diffusivities
are self evident.

Considering the diffusion in a wet process, A. Rende?? assumed a different,
somewhat more methodic approach. Namely, he considered two simultaneous
diffusion processes: the diffusion of solvent cut of the fiber, and the diffusion of
the coagulant {nonsolvent) intc the fiber. When the concentrations of polymer,
solvent and nonsolvent overcome the phase equilibrium, coagulation takes place.
This proceeds gradually from the filament surface toward the fiber axis, which
results in a moving interface between the coagulated polymer in the outer layer
and the uncoagulated dope inside.

At the first contact between the extruded filament and coagulation bath, a
sudden desolvatation on the surface and the formation of a skin of coagulated
polymer take place. This skin has different properties from the remainder of the
fiber, even after the entire coagulation and drying process has been completed. The
skin acts as a semipermeable membrane, such that no polymer passes through it
but the low molecular mass solvent and non solvent diffuse. The volume ratio
of the polymer, v, is considered constant during the entire process. It is also
assumed that the filament is isotropic to the z-axis (along the fiber axis) and to ¢
- the angle in cylindrical coordinates.

Considering the above, the diffusion of solvent and coagulant are regarded as
obeying Fick’s law

dun dey

el Dy T (VIL.10)
d’UJ2 dCQ

—t = =Dy — VII10
dt 22 0 ( %)

where w; is the weight of the ji* species that entered the system, t is time, D;
coefficient of diffusion, Q; is diffusion surface area, and ¢; stands for concentration
of the jt* species in the filament at the radial distance a. The diffusion process is
schematically presented in figure VII.2.

After a given time, #;, the coagulant penetrates over a distance a; radially
from the skin. The concentrations £, and ¢; will reach their equilibrium values c; *
and cp* at a distance a;; in this way ay determines the position of the interface
between the uncoagulated dope and coagulated polymer. Across the distance ey,
forms a gradient between the external ¢,; and ce2 on one side, and e;* and co* on
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Figure VIL.2: Schematic representation of the diffusion process in a fiber.

the other. After a time t3 > ¢;, the same process will be repeated on the radial
distance as > ai.

. As a consequence of this process, the diffusion surface, §1;, for the solvent will
decrease as the process progresses.

0 = 2raz (VIL11)

where, in agreement with Fick’s law, a really means a(t). The weight of the solvent
passing through this surface is determined by the difference of the concentrations
between the inner face and the external face of €1y, as well as by the time involved.

wy = Aey - mz{al — a?) (VIL.12)

where a = a(t) and Ae) = ¢y — ¢1*. And further

d.'wl _ d_ﬂ.
e 27rzAc1adt (VIL.13)
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For the coagulant Q2 is always the same and is the inner surface of the diffusion
plane toward the interior of the filament.

Qs = 2magz (VIL.14)

where w; stands for the weight of the nonsolvent passing through the skin inside
the filament, and it is determined as

wy = Acymz(a) — a?) (VIL15)
where a = a(t) and Acy = cep — co*, and further
d’ufz da
— = - — VII.16
= 2mzlAcoa o ( )

After substituting equations VIL.12, VIL.13, VII.14 and VII.16 into VIIL.10, one

obtains
da

ACIE = —D; grad c; {VIL17)
da
A@ad—t = —Daay grad ¢ (VIL17 a)

Since the term da/dt, the wvelocity of progress, is the same for VIL1T and
VIL17a, one may write

D
=L grade; = Dz a grad o (VIL.18)
Ay Acy a
The analytical form of grad ¢; can be determined when d wo/dt = 0. Phys-
ically, it determines grad e; across the uncoagulated filament at steady state. If
one rewrites equation VILI5 using Acy = cep — €3, it results

dw d d _
d_tz =0=mnz [(Cez - cz)a(ag —a?) + (a - a2)g£(ce2 = 02)] (VIL19)

which on integration gives

®d(af — a?) _ [ d(eer — cz)
B el A s (VIL20)

In equation VII.20 we encounter for the first time ¢z = ¢;2. The value of @ in
the integration limits means that e is the inner concentration of nonsolvent, After
integration of VII.20 with the limit @ — 0 one obtains

of

VIL.21
aj — a? ( )

[
CQ-:C62—AC2

In connection with equation VII.18, the concentration gradients may be calcu-
lated as

Dy Aey a},, d 1
doy=-22.8a G, df 1 VIIL.22
grag & Dy Acy a2 Aer da \ o — a2 ( )
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grad co = —agﬁlcz di; (%-1?) (VIIQ2 a)
where Ac; = co; — ¢;* and A'c; = ¢ej — ¢;; when ¢;; stands for the inner concen-
tration of the 7** species.

Equation VII.22 may be integrated with respect to @ with limits as for equation
VIL.20 to yield ¢; as a function of ¢, similarly as for ¢z in equation VII.21.

The velocity of coagulation (the velocity of interface progression), u, may be
calculated from equations VII.22a and VIIL.17.

we 38 _ ZDA‘:z-l-d(—l ) (VIL23)

= —q 5 —_—
dt U"“Ac; a da\ai-a?

The integral time required for complete coagulation is

2
te = f wit = %0 L. A (VIL24)

To solve equation VI1.24, one needs the value of ¢;*. To satisfy this, Rende??
conducts the following considerations.

In view of the counterdiffusion of solvent and nonsclvent, a volume V; of solvent
will leave the filamnent and a volume V; of nonsolvent will enter it. It is assumed
that the total (original) volume of dope (filament) Vi, will remain constant, only
a change of concentration takes place. When phase equilibrium point is reached,
a phase separation into two phases with volumes d - Viy; and e - Vi, diluted and
concentrated phases, respectively takes place. Naturally, d + ¢ = 1. The volume
fractions of the j** species, v;* in the total volume Vi, are related to the values
of ¢;* by v;* = ¢; * /p;, where p; is the density, and may further be given by the
following equations.

dvy +(1-d)v), = v =
dvg + (1 =d)vy = v
dvp +(1—djv, = wp*
vp ¥ ug k vk = 1

(VIL25)

where v; and v} represent the volume fractions on the 7" species in the diluted
and concentrated fractions at the thermodynamic equilibrium, respectively.
It is assumed that at equilibrium the chemical potential z of each species must
be equal in both phases, that is
ti = B (VI1.26)

where the subscript refers to the most concentrated phase.
According to Flory®? these equations may be written as

z @
lno + (1 =) - ’Ug"—l' - ﬂp—l+
T Ip
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where x;; is a pair interaction parameter, x,; = f(kT)™!; z; describes the number
of segments of the jt* species molecule.

The system is rather complicated, but may be simplified by the following as-
sumptions: Both solvent and nonsolvent are monomeric compounds, so 21 /2 = 1.
Further, x;; = x;(v;/v;), where V; and V; are molar volumes. Additionally, for
polyacrylonitrile additional simplifications are valid:?? for dimethyl formamide -
water system Vo = 411, so x12 = 0.25x2:. Furthermore, ¥, = 10*V; (or V), and
in effect z1 /7, 2 20 /2, = 0 and Xx2p = Xp2 - 10~* = 0. Lastly, x1p = 0, therefore
also xpy = 0. For other solvent-nonsolvent systems similar simplifications may be
possible.

Even with all the simplifications, the system of equations cannot be solved
analytically; only numerical solutions are possible, but in the era of easily available
fast desktop computers such tasks belong to accessible methods. Nevertheless,
Rende?? introduces still further simplifications.

One may admit that the more diluted phase does not contain any polymer,
and the movre concentrated phase consists only of the precipitated polymer. As a
result », = 0; 'u;, = 1; and »; = vy = 0. Consequently one may rewrite equations
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VIL.25 and VII.27, in a version for polyacrylonitrile, as

dvy = v *
d’uz = 9%
(1-d) = v
(VIL28)
and
Inw +0.25x2102 = Inof +1
Invy 4+ xa1t? = Ilnwy+1
Mt = 1
(VIL.29)

Due to the approximately constant V. it results that v, = ¢,/pp. Rende
solved equations VIL.29 by using the approximate series expansion of logarithms:
In(1 + z) =z — 22/2. In this way the solution is

va  _ 1—sqril — (1.5 = x91)(x12 +0.5)

VII1.30
I~y x12 +0.5 ( )

Rende?? claims that the solution offered by equation VIL.30 is “quite reliable”,
however, the values of x21 must be determined experimentally, together with D;,
in the diffusion equations.

VI1.3 Wet Process

In the wet process. we resort to the extraction of solvent by another liquid which
is freely miscible with the solvent used, but it does not dissolve the polymer. The
second liquid is usually called a nonsolvent. The depravation of the system of
a sufficient amount of solvent leads to the coagulation of polymer. In another
type of wet process, a polymer insoluble in any acceptable solvent is transformed
chemically into a derivative which is soluble. Such a solution is extruded inte
a reactant, or a nonsolvent containing a reactant, which transforms the polymer
chemically back to its original, insoluble form. The chemical reactions taking place
in the coagulation bath may be taken as far as extruding a liquid prepolymer, which
after extrusion is further polymerized to a high molecular mass solid polymer.
Polyurethanes may serve here as an example.?* Attempts have also been made to
form fibers from emulsions instead of solutions.?* Emulsions usually have much
higher concentration of solids than solutions do. Viscosity of emulsions may be
too low for good “spinnability”, and increasing it to some necessary minimum
level may be difficult without the use of auxiliaries adversely affecting important
polymer properties.!*
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The concentrations of polymer solutions {dopes) used for fiber formation range
rather widely, starting from about 3% all the way to 20% or possibly 30%. Pro-
cesses are known which use much higher concentrations, all the way to a plasticized
melt or semi-melt formation systems (40 to 60%) or so called gel spinming.25=27
Concentration of the polymer solution used for fiber formation represents a major
point in the economy of the process, thus the low concentrations may be applicable
mainly for high performance fibers the customers of which may be willing to bear
the extra high costs.

One may encounter opinions that the upper limit of concentration is limited by
the high viscosity of solution and with the resulting difficulties to handle the high
viscosity solutions. On the other hand, the physical properties of the resulting
fibers improve with increasing solution concentration.? It seems, however, to be
only partly true that high viscosity is the main obstacle here; melts of much higher
viscosities are used with great success, fibers are formed from gels, so viscosity is
nat an unsurmountable problem. Use of low concentrations appears to be partially
rooted in the tradition of formation from solution and partially in the difficulty
of finding a solvent which would dissolve more polymer or fit all the other impor-
tant requirements. The main reason for using solutions for fiber formation is the
decomposition of a polymer at elevated temperature. The nature of wet processes
is such that at higher temperatures, the high vapor pressure of the solvent may
increase health and/or fire hazard beyond any acceptable level. The problem lies
then in finding a solvent which gives sufficiently highly concentrated solutions at
low temperature which is non-toxic and possibly easy to handle. Last, though not
least for wet formation, a nonsolvent which is miscible and that also fulfills the
other criteria valid for solvents must be available.

Theoretically speaking, mixed solvents can be used, but in practice it is very
difficult to find such a mixture of solvents where the components would have
similar diffusivities, and or evaporation rates. Azeotropes might be the best such
possibility, but to find a suitable one may be even more difficult.

For design of spinnerettes the same general principles may be used as in case
of melt spinning except that the pressures involved are most often correspondingly
lower, so the plate thickness is smaller. In the majority of wet operations, the spin-
nerette is submerged in the coagulating bath and is connected by a transfer tube
to the block containing the metering pump and filter assembly (see figure VI1.3).
The spacing between the spinnerette capillaries may be substantially smaller, as
the easy access of the coagulating fluid provides sufficient antisticking protection.

Serkov and co-workers!! have published an interesting study of fiber formation
from polyacrylonitrile in dimethyl formamide as the solvent. The results of their
investigations are presented in figures VII.4 and VIL5. The problems of diffusion
were solved with the use of the graphic method®® described in the preceeding
section. The results are quoted here not because of the exactitude of the solution
but because of the general idea of the time and distance scales of diffusion in the
process.
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Figure VIL.3: Schematic representation of a wet process of fiber formation.

In another publication Serkov and co-workers!” determine diffusivity experi-
mentally by placing a drop of solution between two glass Couette cylinders (or
glass plates) and observe the flattened drop as it gradually precipitates (becomes
hazy) upon introduction of nonsolvent between the glass surfaces. The necessary
critical concentration for precipitation must be determined for a range of polymer
concentrations, as there was found a strong dependence between the two param-
eters. The work was done with polyacrylonitrile dissolved in an agueous solution
of sodium thiocyanate,
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Figure VI1.4: Changes of diffusion coefficient for dimethyl formamide if polyacrylonitrile
with distance from spinnerette. After Serkov et al.!!

As may be seen from figure VIL4, diffusivity is by no means constant, and
in the quoted case it changes approximately by a factor of 2. This variability of
diffusion coefficient casts serious doubts about the “wholesale solutions” suggested
by some authors. A method to predict how diffusivity might change with increas-
ing polymer concentration has been published by D. Machin and C. E. Rogers.?
Their theory is based on comparison, analysis, and extension of free volume the-
oties which were found mathematically equivalent. From this the authors have
developed a method of determining diffusivity from the data on glass transition
temperature.

Fujita and co-workers3® have assumed that a penetrant requires a certain crit-
ical value, By, of free volume to promote diffusion and that the fraction of free



ViL.3. WET PROCESS 269

volume, f, increases linearly with the volume fraction of the penetrant, @;.
f=fo+ 8% (VIL31)

where fy is the mean fractional free volume of pure polymer at a given temper-

§ ! §
E‘ 305 WATERI 70 % ONF -6 E

{ 104 10
& 1 -1 &
z 1+ | ST £
T £
L7 - i | - wn
5 &2 12 -8 2
Q
g 13 13 &
w 9 -9y
[} 14- 14 o
2 | 2
& 10- 454 50 X WATER!- 50 X DNF Lis -10 7
& o | 595 xR asxow |, a

uf , u

= l =

b= F

Figure VIL.5: Distribution of dimethyl formamide and water concentrations in a poly-
acrylonitrile fiber in relation to the distance from spinnerette and residence time in the
coagulation bath. Extrusion velocity: 4m/min. After Serkov et al."'

ature, 8 = v — fo where v is the corresponding fractional free volume of pure
solvent. As gemnerally v > fo the diffusion coefficient D) increases with &,.
Further, the authors consider the theory by R. M. Vasenin®® according to which
a disturbance in a material is needed for the diffusing molecule to pass and this
disturbance requires an energy &. Further, Vasenin assumes that £ varies smoothly
from £} in pure polymer to ¢ in a pure solvent according to a semiempirical
relation.
—de Jid

dd;,  (1-@1)2

Another of Vasenin's relationships is:

(e —€)) (VIL.32)

InD=InDgy+ (In Dy —InDy) [1 — exp (;ﬁ zl )J (VI1.33)
-
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where D)y is the diffusion coeflicient in pure solvent. In the original work the
physical meaning of 8’ was unclear; it was related to the plasticizing ability of the
solvent.

The plots of In D wersus &, for solvents in glassy polymers show regions of
changing curvature; these regions correspond the passage through the glass tran-
sition temperature. The calculations predict that such transitions should occur
at ®; lower than those observed experimentally. Under the assumptions that the
energy £ varies smoothly with the composition below and above glass transition,
equations analogous to equations VIL.32 and VII.33 have been written.

de B
K . (VIL34)
de 1
e, - (1 —%1)2 (e-e) (Virste)
_
D = In Dy + (In Dy — In Dy) [1 _exp (Tﬁl—il)} (VIL35)
- ¥

—B3(D1 — 3,)
(1-a)(1- %))} (Vil35a)

Equations VIL.34 and VII,35 refer to the conditions below the glass transition and
the versions “a” to conditions above glass transition. The equations open the
possibility of a complete characterization of the diffusivities at &, = 0,%, = 1, at
the transition, where are &, and D,, provided that the parameters 8] and 3; can
be determined.

The measurements of the diffusivity below glass transition should be made
in the steady state of diffusion to avoid the effects of slow polymer relaxation
processes.

Fujita’s theory has been expanded to cover a whole range of concentrations,
not only the diluted ones, and to replace the linear dependence of free volume, f,
on the volume fraction of the penetrant, ®;, with a more realistic function.

f=/fo+ F(®,,T) (VIL.36)

InD=1nDy + (In D; —In Dy) [l—exp(

where F(1,T) =~ — fo.

Further, Machin and Rogers®® take into account the equations relating glass
transition temperature from the volume of the penetrant in four versions by four
different authors, and so the equation by Fox:3®

RyTy

T, = VIL3T
T (TP -T3) + T} ( )
by Kelly and Bueche:%®
. T+ % (% T2 -TO
T, = — ( L g) (VIL.38)

1+¢.1.(_§._1)

[a3
X
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by Jenckel and Heunsch:37

Ty=T0 - (T —T; - K)— K& (VIL.39)
by Kanig:38
Tgku;‘fl +T3K — —$—1+
_ k(i—®1)
Ty = P (VIL40)

In the above equations T0 refers to the glass transition of a dry polymer, TS is
the glass transition of the solvent, of t and o} are the differences in the therma,l
expansion coefficients above and below the glass temperature for the polymer and
the solvent, respectively, & = a} /a?,, K and K, are constants for the system,
respectively.

The function F{®,,T) from equation VII.36 has been derived as

A+ B3 +C'¢
& =&
Het) = (D’ +EB'®, + F'®?

(VIL41)

The coefficients A, B, ¢¥, I, E’, and F’, and their dependence on the equation
used for the calculation of glass transition temperature are given in table VIL1.

With the help of equation VII.41 one may calculate f from equation VIL.36
and further estimate the relation

1 fo  f2 (D’+E’<I>; +F’<D}2) 1
_r  _Jo Jo, — (VIL42
In(D/Dg) By By \A'+B® +0'82%] & ( )
The caiculated functions
1 F_0
_ =y 1l.

Y [ln(D/DO) Bd] (VIL43)

and 3

1
s S VIL44
¥ 1a(D/Do) (VIL44)

may be plotted versus &' and Y @, respectively, where

(A +B'% +C'¥
f(&,0) = (D' + B, 1+ P32

If the obtained plots are linear, then it is an indication that the dependence
between the diffusion and glass temperature is consistent. The value of fo/Bs may
be taken as the slope of ®;/[ln(D/Dy)] versus ®;' for small ®;. In practice, it
may be more convenient to evaluate graphically the relationship F(®,,T) versus
®, first, and then the D versus ®;. A high degree of accuracy may be obtained
by this method.

Figure VIL35 presents the distribution of solvent and nonsolvent in a wet formed
polyaerylonitrile fiber from the spinnerette on. The figure is drawn against time,
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Table VII.1
Expression for constants in equation VIL41
and their dependence on source of Ty,.28

Con- Fox Kelly & Bueche
stant eqn. VIL.37 eqn. VII.38
Al o (T9% - TT3) ay(T - T¢)
o THHT - TY) +af(T° T)
(a} - af) x(T—Tg’)
+(T? — T)(a% - af)
(ol 0 i
fal TS 1
E T;) - Tg oy -1
F' 0 0
Con- Jenckel & Keusch Kanig
stant equn. VIL39 eqn. VIL40
A GO -T-T -K) |y - KT = K1)
+a3(T - T7) +a%/aY
B" | o}(2K-TP+T3)+ a} [2K1 + K(TY ~T3)
+a}(I2 - T2 - K) (o /a% - 2)]
+a’ [JT{(IO“S‘;J T3)
-K i J/J + [1 + K]
t 5 _ a0 & oy _
c K(a% — a?) JEEDEE : 9
—K(T - T3)(a3 - ad)?/a
D 1 a%/o
E 0 1+ K — 5
! E.f_ aj
F 0 K(E-1)-(E-1

and distance scale is also given. The slowness of the diffusion process may be
here well appreciated; the consequences of the low rate of fiber formation in a wet
process do not need any more emphasis.

When jons are present in the dope and/or the coagulating bath, like in pro-
cesses involving water type solvents, e. g§. rayon processes, cuprammonium, or
sodium thiocyanate, the diffusion may be additionally complicated by the inter-
phase potential.®? The diffusion potential, A, between two phases, a and b, may
be described by the Henderson equation.

RT Y z,wi[ei(b) — ei(a)] % In [Zz w,ci(a)]
F Y- 22wile; (b) — ei(a)] 5 22wiei(b

where w; is molar mobility of the species 4, #; is charge of the species i, ¢; is

Ap =gy — by =

(VIL45)
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concentration of the species, and A is the interphase area. The equation gives
a fair agreement with the majority of ions involved in formation of the cellulosic
fibers.

In the presence of electrical potential hetween phases, the flux of the ion species,
Ji, is described by the Nernst-Planck equation.

Ji = ~w; RT x dei) _ ziFwie; X do (VIL46)
dx dx

The ion flux, as given by equation VIL.46, depends on the interphase potential.
In processes of wet fiber formation involving ions, the rate of coagulation would,
certainly, depend on the ion flux.

From the point of view of fiber properties, it is beneficial to have the diffusion
process less drastic, slower. The different nonsolvents have different precipitation
powers, so for the full precipitation of certain volume of polymer solution, different
volumes of nonsolvent may be needed, depending on the physico-chemical nature
of the nonsolvent. For this reason it is customary to have a lower precipitating
power close to the spinnerette, and to increase it gradually along the moving
tow. Usually this is achieved by using a mixture of sclvent and nonsolvent as the
precipitating bath. The concentration of nonsolvent should increase as the degree
of fiber coagulation increases.

Additionally, to provide for some concentration gradient in the coagulation
process along the path of the fiber travel, the coagulation bath is pumped either
counter- or co-current to the movement of fibers, To facilitate the transport of
coagulation medium, the fibers are often led through several baths of increasing
precipitant concentration. This, however, does not solve, nor describe the whole
problem. The strength of a nonsolvent may sometimes be changed by some addi-
tives or by change of pH. For example, pH of the mixture of water and dimethyl
formamide (DMF') unsed to precipitate poly{acrylonitrile) from DMF sclution has
a strong influence on the precipitating power at the same solvent-nonsolvent con-
centration. The effect of pH on the cross section of poly(acrylonitrile) fibers co-
agulated in a water - dimethyl formamide mixture may be seen in figure VIL6.1®
The stronger the deformation of the circular cross section of the fiber, the more
drastic is the precipitation.

©Q0&LE¢

pH* 4.0 pH»2.3 pH* 1.5 pH+1.2

Figure VILB: Cross sections of fibers obtained in a wet processes with coagulants of
different strength; the strength increased with decreasing pH. After Grébe and Gieske.'®

The filament surface, as it moves through the coagulation bath, does have some
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boundary layer across which is a gradient of solvent - nonsolvent concentration.
Griffith® has developed an approximate analytical solution to the changes of con-
centration, or temperature, in the radial direction from the inside of the filament
out into the fluid. The approximation is based on the following assumptions:
constant filament diameter, the filament moves at an uniform (constant) velocity,
and the fluid in which the fiber moves is homogeneous. The final solution for the
concentration changes is suggested as

og
or= 2T exp [— (_lll) uz] Jol{u, ).y (u)du {VILAT)
Cfo—Cp 0 R’Uf
where c* is concentration, ¢; is bath concentration, ¢g is initial bath concentration,
¢y stands for initial concentration in the fiber at the distance from spinnerette of
[ expressed in the units of R, where R is filament radius, D represents mass
diffusivity, vy is filament velocity, u stands for medium velocity divided in vs. Jo
and J; are Bessel functions of zero and first order, respectively.
An analogous equation for temperature changes in the radial direction r is

In analogy to the equation for concentration, T} means the medium temperature,
T is the initial medium temperature, Ty is initial filament temperature, and « is
thermal diffusivity.

The sclution of equation VI1.47 and VIL.47a is given in the form of a graph in
figure VIL.7. The different curves given in the graph represent the radial distance
from the filament axis in units of filament radius, R, as indicated in the figure.
For an average wet spinning operation, the graph given in figure VIL.6 covers
some 15 to 20 cm distance from the spinnerette before the different curves join
together. Velocity profile in the fluid may be estimated from the boundary layer
theory suggested by Sakiadis and described in section VI.1.b, or by using any of
the experimental relationships.

In today’s era of the computer, numerical solutions are preferred and easily
available, though the approximate graphical solution of figure VIL.7 may be used
for quick rough estimates if the proper computer programs are not available.

It is intuitively quite obvious that in the nearest vicinity of a wet formed
filament, throughout the boundary layer, the concentrations of solvent and non-
solvent are not constant; there are gradients, and the gradients are not necessarily
constant. The motion of the filament also must be expected to affect those con-
centration gradients. G. A. Danilin®® has devoted some attention to the problem
and in effect he published a group of equations to calculate those effects.

Danilin uses the following definition of the used symbols: z and y are the
cylindrical coordinates for the system, the first one coinciding with the fiber axis;
u and v are projections of the precipitating bath velocities in the boundary layer
on the © and y axes, respectively; u, and v, are the values of « and v on the
filament surface; u, is the value of u at the outer edge of the boundary layer, it is
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Figure VILT: Temperature, or concentration, inside and outside of a filament during
the wet formation, as calculated according to equation VIL45 or VIL.45a. After R. M.
Griffith.*

the lengthwise velocity of the coagulation bath; » is the kinematic viscosity of the
coagulation bath; ¢ and e; are the concentrations of solvent in the bath and the
initial concentration in the fiber {dope); ¢, is the initial concentration of solvent
in the coagulation bath; D and D; are the diffusion coefficients of the solvent
in the precipitating bath and in filament and usually D # D;; K is distribution
coefficient; p; is the density of the solvent exiting the filament; o represents the
angle between the tangent to the generatrix of the filament surface and z-axis, it
describes the local rate of diameter reduction; V' is the projection of the velocity
of the liquid exiting the filament onto the normal to the fiber surface; @ is the
volumetric flow rate of the polymer solution at a distance from spinnerette. The
relationships describing the problem, as well as the boundary conditions are given
as follows:

oyu  Oyv
bt el A 4
o+ 5 0 (VIL48)
fu du fue v 8 { Ou
“or TV T Ty By (yé‘_y) (VIL49)

de de D 8 { B¢
= — = I y== L5
uz= + Uﬁy Y By (yﬁy) (VIL.50)
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8c1 ] 8u1 361 D] a ( Bcl)
el TPt VIL51
he 5c "7 2 bz 9y y Oy \” 9y ( )
w= Uy =+ Va (1 - El) cos & - Sin & (VIL.52)
cos o p
V=17 =ustana + AL {VIL53)
€Os &
if c= K¢y and for ¥y = R and = > 0 then
de 3
D12 A/ (VIL54)
By By COS &
u=ueand c=ce if R<y<ocand z=10
er=c]if0<y<Randz=0
u—1uand e — ¢ when y —+ ocoand z > 0
wheny:[)andx>0then—aa—9;:0
And further definitions are: iR
tano = — (VIL5S)
dz
prp 1 d VI
= —— . — .56
COS & 2rR dz ( )

when g = pQ and Q = 7R?u,.

To solve the equations VIL.48 through VII.56, one needs to have the information
on the change of fiber velocity in the bath (u;) and the volumetric flow rate of the
spinning dope, @, as a function of the process parameters.

The author?® indicates, however, that in the real processes, the equality of the
velocity components of the bath and filament does not occur, u, # u,. The last
inequality would hold true if the densities of bath and fiber surface were equal,
1 = p, or if there were no mass flow on the filament surface, V), = 0. Nevertheless,
the author claims that in real processes, despite the fact that p1 # p and V, # 0,
the values of the component velocities are very close, so in the first approximation
they may be taken as equal, U, = w,.

With a more complete process analysis the equations given by Danilin may
be sclved, though the task is not exactly easy. However, no simpler method is
available.

In commercial operations of wet formation of fibers, the number of filaments
extruded from one spinnerette is very large, reaching several tens of thousands.
The dense bundle of filaments presents an obstacle for the coagulation bath to
penetrate inside the tow. An attempt to describe the problem has been published
by Szaniawski and Zachara.??31 As the problem is quite complex, the authors
make the following simplifying assumptions: The interior of the fiber bundle is
taken as uniformly anisotropic porous medium in which the fluid flows according
to the Darcy’s law. The coagulating fluid is taken as homogeneous, viscous, and
with constant demsity. The fibers are taken as rigid cylindrical rods. The mass
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exchange and the influence of gravity are neglected. Flat and cylindrical geometries
of the tow are considered.

When we designate as A the cross section of the tow, as N the number of
filaments in the tow, as d filament diameter, and as s cross section of a filament,
then one may define the ratio of the volume of fibers to the volume of the tow as

o= (VILS)
43

where s = A/N. In typical cases ¢ < 0.05, or generally ¢ < 1. Considering the
slow flow of fluid one may apply Darcy’s law in the form

wy = “‘3 Fi(¢) - gradyp (VIL58)

w. = —% FL(p) - grad.p (VIL58 a)

where w)| and wl are the components of filtration velocity in parallel and in
perpendicular directions, respectively, and correspondingly parallel and perpen-
dicular to the fiber axis: p — pressure,  — dynamic viscosity of fluid, F}, and F; -
coefficients of filtration resistance.

As the velocity of filtration, @, we define the output of fluid which flows through
a unit of porous surface in relation to this surface. Generally, the linear Darcy’s
law is applicable up to the Reynolds number Re < 10, though the limit is not well
defined and for Reynolds numbers somewhat over 10 it may still give acceptable
results. For this case, the Reynolds number is defined as
_ Jwld

Rey (VIL59)
Here |w| denoted the modulus of the filtration velocity, u is kinematic viscosity.

The coefficients of filtration resistance, F| and F);, basically depend on ¢ and
on the configuration of fibers in the considered space. However, since ¢ is very
small, one may take advantage of the simplified relationship which does not depend
on the configuration.

Fy=2F, = 4l - [ln (-1-) _ 1.5} (VIL6D)
i £4
In the case of a flat tow, the problem is considered in the Cartesian coordinates,
with cylindrical tow, cylindrical coordinates are to he used. The axis 2 — o0 is on
the surface of the spinnerette, while the axis o — z is parallel to the fiber axis. In
such coordinates, Darcy’s law has the form

3 dp
O RN I - W 4 1161
uy —v-{1—¢) ; FHBZ (VIL61)
Uy =Wy = —> - F op (VII.61a)

n' + oz
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Here w,; = w, and w, = w are the components of the fluid velocity in relation to
the tow; 4y and u, are the components of the velocity of fluid in the static system
connected with the spinnerette.
In view of the assumed constant fluid density and neglected mass exchange,
the continuity equation may be written as
Jw, Ow, . e
Oz dz T
where & = 0 for flat tow, and k = 1 for cylindrical tow with axial symmetry.
When we substitute into equation VIL.62 the values for w, and w; as obtained
from equation VII.61, and take into account that 5, s, Fj, F. do not depend on «
or z, we obtain the equation for the pressure

=0 (VIL82)

Fy &p &p k 8 _
E.52—2+@+.’1’:.3$_0 (VH.63)
The boundary conditions for equation VII.63 are as follows: On the axis of
symmetry = (, the transverse velocities are equal zero, u; = wy = 0. At the
spinnerette {z = 0) u, = 0 and at a large distance from the spinnerette (z — o)
the fluid velocity reaches the velocity of fibers (w, = 0). Considering all these and
equation VIL.63, one obtains the following relationships

9p(0,2) _
=0 (VIL64)
dp(z,0) _ vyl - )
o = T (VII.64a)
li’m p(z, z) = const. (VIil.6d b)

On the surface of the tow (x = %a), one needs to take into account the mutual
interaction of both areas of flow. Under the assumption that outside the tow the
flow resistance is relatively small, one may use Bernoulli’s equation

P+ g (w2 +ud) =py (VIL6S)

where p is fluid density and pyp is the pressure of stagnation. This condition the
authors consider in two versions:

pla,z)—p =0 version 1 (VIL66)

Py
pla,z) —po = 2” version 2 (VII.66a)

In version VII.66, the influence of dynamic pressure has been neglected, while
in version VIL66a only the main part of the dynamic pressure, pu2/2, has been
taken into account and the segment pu?/2 has been omitted.
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Upon introduction of dimensionless variables

=2 (VIL6T)
a
FJ_ z
=,/—.Z= VIIG6T
C=\F (VIL6Ta)
8 P—To
= SE i Fomy s — 0 VII6Th
I n F;pamllel Fpep ’U(l tp)ﬂ. ( )

the problem is reduced to the finding of a function which would fulfill Laplace’s
equation

&I 1k oll

VII.68
o o e e (VILES)
and the boundary conditions

om0, ¢)
& 0 (VI1.69)

8II(£,0) _
T 1 (VII69a)
Clim I(¢,) =0 (VII.69b)
(1,¢{) =0 version 1 (VII69cl)

2

I(1,¢) = —¢ [%—1’—0] version 2 (VI1.69c2)

In the last equation, the authors introduced a nondimensional parameter &,
which 1s defined as

= —{1= @)} F = VIL.?
€= = (1-p)F, 7 ( 0)
where A
Re= 2~ (VIL.70a)
2ap

The Reynolds number defined with the equation VIL.70a is related to the whole
tow and is different from that defined with the equation VIL.59, Regy, which pertains
to a filament and depends on the location in space.

Upon finding the function II{¢,¢) and using equations VIL.63 and VIL.59,
one may describe the flow conditions by calculating the field of flow parameters
plx, 2),uy (2, 2), u, (x, 2), as well as calculate the streamlines in relation to the sys-
tem moving with the tow, or in relation to the spiunerette. Using nondimensional
variables, the equations of the streamlines for both systems have the form

g= [ {(k+ 1)* (—dc - Ec—dg) = const. (VIL71)
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g =1 4+ G = const. (VIL71a)

where the nondimensional functions ¢ and § are proportional to the flow intensity
of the fluid as it flows between the surfaces located symmetrically ta the axis.

Analytical solution of equation VIL.68 for cylindrical tow (version VIL.66a) has
been found unsatisfactory, thus the equation must be solved numerically. The
calculated results give good insight into the studied problem and are reproduced
in figures VIL.8 and VIL9.

A satisfactory analytical solution has been found by Szaniawski and Zachara®!
for a flat tow with a pressure differential on both sides of the tow. The nondimen-
sional pressure drop is

II¢, ¢ = % Z (_253:-9_:)3 - exp [_(2n_—21)1r£] - DS [@n;—l)ﬂf] (VIL.72)
n=1

Pressure distribution is presented as

” (p - %’L) _
(£, ¢) = p =I- £+ T0{£,{) (VILT3)
where
0=11,¢)= @_t% (VIL73a)

ForlI=0is [T=1L

The knowledge of the pressure field allows us to calculate from equation VIL.61
the field of filtration velocity u.,u,. After integration of the equation of streamline
dz/uy = dz/u, one obtains the nondimensional function of stream

L e T () (VIL74)

g(é,¢) = -oa

where function § has the form

al§, ¢} = % Zl (2—(7:—1)—:)2 - exp [,%] +sin [(2—”—5—1}?—{} (VIL75)

) represents the volume of fluid flowing in the area between the spinnerette and
a given streamline ¢ = const.

Some additional equations connected to the problem are: Pressure on the
surface of the spinnerette at the point £ =¢ =10

8-G
- = —0.7424... (VIL76)

T1(0,0) = H(0,0) = —

where G represents the constant of Catalan.
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_ The coordinate £ on the spinnerette where the pressure is at a minimum

II(£2,0) = Ilin. and the streamline ¢ = O Jooses contact with the spinnerette
surface is defined as

£= %arctan [exp (—ﬁg)] ~1 (VILTT)

The coordinate of the point where the border streamline would be tangent to
the surface of the tow and the stream function reaches a minimum ¢{—1,{1) =
Omin. < 018 given as

_ 2 exp (311} +1 _2 _
== [_—exp (z1) < 1] =—In [coth {xIT)] (VIL78)

The results of the pressure and streamline calculations are presented in figure
VIL.10 and VIL11,

A
B
g
=
;
[17]
=
= =
& o ' .
| M | I T _
T=-05 [1 T="025 T=01 21 T=-00625 ]
2 3
8 DISTANCE FRON SPINNERETTE, z/a
. 4 dl=_:_|u5 E05  E-0125 E-006%5
= I 7/ R
£ £
¢ o
N\
= \ k
5 OLI;__I —t I VA -
1=-05 T--02 TH-0125  T=-00625 l |
1 2 3

DISTANCE FRON SPINNERETTE, 2/a

Figure VIL.8: Cylindrical tow. Isobars (I1 = const.) and streamlines (§ = const.); A -
flat tow, B — cylindrical tow. Full drawn line ¢ = 0, dashed line ¢ = 0.1, short dashed
line e =0.2. After A. Szaniawski and A. Zachara.®®
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(x = 0). Bottom of graph: pressure drop on the surface and on the axis of symmetry. Full
drawn line e = Q, dashed line ¢ = 0.1, dotted line e = 0.2. A - flat tow, B — cylindrical
tow. After A. Szaniawski and A. Zachara.’®

The derivations proposed by Szaniawski and Zachara3%:3! and quoted above
may be useful also for solution of similar problems encountered with the flow of
quench air in the fiber formation from melt or in the dry formation from solution.

The extrusion temperature has a strong and multilateral influence on the pro-
cess performance and on the resulting product. It, together with concentration,
determines the solution viscosity, coefficient of diffusivity, and interaction with the
nonsolvent used. Often, fiber density increases with the increasing temperature of
the processing.?® High density with strong skin effect, also depending on temper-
ature and diffusivity, may cause difficulties with subsequent drying of the fibers.
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Thus, a certain balance and compromise must be established between all of the
advantages and disadvantages of high temperature extrusion.

Quite naturally, temperature of the coagulation bath cannot deviate much from
the extrusion temperature, and since lacing up of the fiber tow is, more or less, a
hand operation, it may be difficult to hold the bath temperature higher than what
is possible for hand immersion and gloved manipulation (up to 60°C)."*

Both for the environment’s and economy’s sake, the solvent used in the forma-
tion must be regenerated. The same is true for the nonsolvent if it happens to be
other than water. If it is water, it must be purified prior to discharge back into
environment. The expenses connected with the recovery are often held against the
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viability of wet formation. In reality this notion may be or may be not true; it
depends on the compounds.

If water is the nonsolvent and if the boiling point of the solvent is higher than
water then water must be distilled off. This is energetically expensive, as water
has a very high heat of evaporation. If the solvent is more volatile than water then
the distillation expenses may be reasonable, and the rest depends on the expenses
of water purification. The bulk of recovery is concentrated around distillations.
Adsorption methods may be necessary to a small extent for the purification of the
plant atmosphere.

Different approaches are necessary in the majority of processes involving chem-
ical reactions during formation. Recovery of the solvent and chemicals must be
treated on a case by case basis, as required by the chetnistry involved.
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VII4 Dry Formation

Dry formation of fiber resembles formation from the melt much more than the
wet formation does. The concentration of solutions (dopes) used ranges from some
three per cent to a gel or plasticized melt. The processes involving the highest
concentrations are referred to as gel spinning or plasticized melt spinning rather
than a formation from sclution. In the case of gel spinning, the molecular mass
is usually very high (M > 1000000), so in such cases the dope concentrations are
not necessarily exceedingly high; they may be within some forty to sixty percent
range, or even less. 28— 27

The concentration of spinning solution is, as always, an issue of the process
economy. In the technical sense, however, the fiber properties obtained from dopes
of higher concentration are better.? Better fiber properties are also obtained from
a polymer of higher molecular mass, which leads to a higher solution viscosity too.
It has been found*! that tenacity of fibers decreases if the extrusion is conducted
above the point of fracture, which in some cases may occur at relatively low shear
rates, occasionally as low as 100s~!; an increase of temperature does not always
help. This is a good reason to keep the concentration low. The same authors?!
claim that at substantially higher shear rates fracturing may cease and fiber tenac-
ity goes up again. Similar effects have been found also in the case of melts of block
copolymers.*? Nevertheless, there is also a voice claiming that extrusion with frac-
turing may lead to higher fiber tenacities, provided that the fibers are extensively
drawn at high temperature.?®

There is no doubt that in some cases the low concentration of dopes used is
a matter of tradition, and in dry formation the tradition is quite old, reaching
the time when the knowledge of physical chemistry of solutions and their rheology
was much more limited than it is today. On other occasions, it may be a com-
promise between the most convenient solvent, viscosity of solution, and feasible
temperature of extrusion.

All of the polymers currently processed from solution, except for the high
performance polymers, have low thermal resistance, and this is the main reason for
solution processing. In dry formation, contrary to the wet processes, the extruded
filament enters into the air atmosphere, which may aggravate the tendency to
decomposition. Even if the drying process is carried out in the atmosphere of an
inert gas, it is rather difficult to keep the air completely out if the cost of equipment
is not to be excessively high.

Mixed solvents may be considered and their application in dry processes may be
easier than in wet ones. Again, tradition seems to be responsible for the fact that
we do not see them applied yet. Improper differences in the rate of evaporation
of the various components of the mixture may have some adverse effects on the
resulting fiber properties or on their appearance, e.g. matted surface, etc.

Formation of fibers from solutions undergoing phase separation may be con-
sidered as a border case with formation from the melt. According to Zwick*3,
solutions of three to twenty percent concentration may be spinnable at velocities



286 CHAFPTER VII. FORMATION FROM SOLUTION

of 100 to 1000m/min. The polymer-solvent system must be chosen so that af-
ter leaving the spinnerette, the solution undergoes a phase separation into a pure
polymer or its highly concentrated gel and a pure solvent phase. The expelled
solvent may be dried or eventually washed away before the fiber reaches the take-
up device. Solvents useful for snch a method of formation must satisfy one of the
following conditions:

e The temperature of extrusion must be closely above the theta- temperature,
but the temperature in the drying cell is lower than theta-temperature.

e The polymer is soluble only in the liquid solvent but the solvent solidifies at
temperatures a little below the temperature of extrusion.

e The solvent consists of more than one component, while none of the com-
ponents alone is able to dissclve the polymer. At the same time either mis-
cibility of the solvent components must be highly temperature dependent
or one component is highly volatile and evaporates quickly after leaving the
spinnerette.

Preparation of solutions for dry formation is usually carried out in conventional
equipment used for the purpose in polymer processing. Dissolution of polymers is
slow, often it takes around three hours. Consequently it is performed in batches,
with several groups of equipment in parallel put in-line with the entire operation.
Additionally, the phenomena of aging or ripening of polymer solutions need to
be taken into account. Depending on the polymer-solvent system in question, on
concentration, and on temperature used, it may be good to subject the solution to
a longer ripening, but a really long storage may be difficult to incorporate into a
contimious, in- line operation. When concentrated solutions are used, continuous
dissolution and transport may be easier to achieve, e.g. by coupling a mixer and
screw extruder in line.4*

The polymer solution for dry formation must be filtered. Commonly, there
are two stages of filtration. The first stage is placed immediately after dissolution
to remove accidental mechanical impurities and particles of undissolved polymer
(gel), etc.; the second stage filter is located just before the solution enters the
spinnerette, as in melt formation. The filtering assemblies are similar to the one
used for melt processes. The first stage is solely for the purification of the solution,
the second stage serves mainly for the rheclogical and morphological purposes.

The spinnerettes for dry formation are designed according to the same prin-
ciples as for the other processes. Naturally, the lower viscosity in many cases
requires thinner plates due to lower extrusion pressures. The lower viscosity of
solutions allows for the formation of very fine fibers, without applying excessively
large extrusion pressures. After drying, the filaments become even thinner due to
the loss of solvent.

Extrusion is commonly carried in a downwards configuration into a vertical
drying chamber (cell). Upwards extrusion is used only occasionally due to a po-
tential of dripping of low viscosity solutions. Similar problems may be assoctated
with large diameter of filaments.
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As a drying medium, the most often used is air, in rare cases an inert gas.
The equipment for drying the fibers is similar to an air quench with a counter-
current air flow, except that the air (or other gas) containing solvent vapors must
be carefully and quantitatively withdrawn and led to the solvent recovery system.
The air stream in formation from the melt serves only for cooling and is, if not
blown across the fiber bundle, usually led co-currently with the filaments. In dry
formation, the air is primarily a drying medium. In some processes, the solution is
also cooled, but the heat balance between the solution cooling and supplying the
necessary heat of evaporation usually leads to the need of heated air. According to
the material and heat balance, the air is blown either in co- or counter-current.?
There are processes known with a combination of co- and counter-current air
flow.4% In such “mixed” flow cases, the portion of filaments close to the spinnerette
receives counter-current flow, while the filament portion close to the receiving is
in co-current configuration. The mixed configuration requires that there is one
point of air injection point and two points of air withdrawal. Depending on the
heat balance, the walls of the drying chamber may need to be heated, though'in
all cases the wall temperature should be carefully controlled.

The volume of air and its temperature must be chosen so as to assure the fullest
possible removal of the solvent. The evaporation of solvent may not be permitted
to proceed too rapidly for the sake of fiber structure. Concentration of the solvent
vapors in the withdrawnm air must be kept below explosivity limits, which often
amounts to less than 2 or 3% by volume.? The aerodynamic drag forces acting on
filaments are also to be carefully ohserved; the rules are here the same as in the
formation from melt.

The profile of filament temperature during drying changes in a characteristic
pattern, which is similar in most of the dry processes. Shortly after leaving the
spinnerette, the filament temperature drops, and this drop may be large. This
is a cousequence of rapid solvent evaporation. The temperature drop takes place
despite the fact that the temperature of the drying air is at this point usually
substantially higher than the extrusion temperature. The magnitude of the tem-
perature drop is, as signaled earlier, related to the magnitude of heat of evapora-
tion of the solvent used, of the local heating intensity, and of the resulting rate
of evaporation. In the subsequent segments of the drying cell, the temperature of
filaments rises and the changes take place at a more moderate rates. The temper-
ature of the filaments should not be allowed to drop too low, as water from the
air may condense, or even freeze. Entirely water-free air is difficult and expensive
t0 maintain in the process.

A rapid loss of solvent takes place primarily on the fiber surface, which may
cause an increase in the skin-core effect in the fiber structure, and this effect is
rarely wanted, though in some cases it may be considered a “special effect”. For
this reason, the drying process should be carried out possibly gently. To provide
for gentle drying conditions, the filaments are given a long drying time by being
provided long drying chimneys (cells), on the order of three to six meters. The
take-up velocities generally range between 100m/min and 900m/min. 224
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The spin stretch in dry formation is normally very low, only of the order of two
to four times. The low strength of the extruded polymer solution rarely permits
higher extensions. Higher fiber velocities cause the obtaining of a higher stretch
to be more difficult.

There were not many attempts to solve the problems of dry formation theoret-
ically, at least not many appeared in publications. One of the earlier attempts was
by R. G. Griskey and 8. Y. Fok.*3750 These authors atternpted to calculate the
changes of the solvent contents during a dry formation starting with the equation

2
o + 10 _ Q de: (VIL79)
892  H0¢ wDp Bz
with the designations: ¢ is concentration of solvent in the radial direction, ¢, is
concentration of solvent along the fiber axis (z), ¢ is the nondimensional radial
position r/R, with R being the filament radius at any given z, € is volumetric
solution flow rate, @ = R®v,7wp, v, is velocity component in the z direction;
velocity components in the radial v,., and angular, vy, directions are assumed
equal zero; D is diffusivity, and p is density of the solution.
As boundary conditions were taken: at z = 0 c = ¢y at all 7; ¢ is finite at all
r=0andall z;¢; = f(2) at z=z and r = R.
Equation VIL.77 can be solved only numerically. For the solution Griskey and
Fok used the Gregory-Newton formulad!

(e:hmn [(Alqb)2 * m(;qﬁ)z] * (en {_%ﬁ - m(gqﬁ)? i vrpgAz]

e [zg| - @ |agaag] =0
(VILSO)

where (c,)?, = c,(¢g = m¢, zo + nz) is concentration of the solvent at the n**
position along z-axis and m*h position along the radius. The flow rate @ was
determined experimentally as a function of z alongside of the average concentra-
tions. The diffusivity was takes as constant. At z = 0, the concentrations inside of
the filament are known and equal, however, the concentrations at the two points
outside the filament need to be known too. The authors computed them from
equation VII.79 and from the following equation.

n q 4 4 n Q el _
(8 | oo~ (agp) * p I mppay €KY =0 (VI8

Equation VII.81 holds at ¢ =0, it is m = 0 and d¢/dr = 0 and gives only (c,) at
m + 1 position. The value of the concentration at position m + 2 was calculated
from the average concentration using Simpson’s rule.

The results, experimental average and the concentrations calculated for R/2,
by Griskey and Fok are reproduced in figure VI1.12.
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Figure VII.12: Concentration of solvent in polymer during a dry fiber formation from
poly(methyl methacrylate) in benzene. Line and circles give the experimental data av-
erage per radius, star points give the results calculated for the half of the radins. After
Fok and Griskev'? .

The experimental line presented in figure VII.12 goes though a quasi plateau
after the initial rapid drop of solvent concentration and before a second rapid
concentration decrease. Such behavior is rather usual in commercial dry formation
operations and does not have any plausible explanation as of yet. The agreement
between the calculated and empirical results is relatively good, and it is likely
that the results might be substantially improved by more dense calculation, more
points along the radius and more points along the fiber axis. It needs to be taken
into account that the data for half radius do not represent the average.

A somewhat more refined solution is offered by Barzinsky and co- workers.*?
These authors consider a set of five equations. The first of these equations repre-
sents the diffusion of a solvent in the filament.

2
v@=D(16°+6C)+(@ BD) (VIL82)
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Here v stands for axial filament velocity, ¢ stands for solvent concentration in the
filament, z is position along the filament axis in relation to the maximum in the
die swell, r is position along the fiber radius, and D stands for diffusivity. It is
worth stressing that this solution considers changes of diffusivity.

The differential energy balance is described as

orT 18T & 8T  8A
pCp’UE =\ (;‘5; + ﬁ) + (E"_ ® 5;) (VI183)

where p is density of the filament, T is temperature in the filament, A is ther-
mal conductivity, and C, represents specific heat. The second bracketed term in
equation VII.83 describes the variation of thermal conductivity.

The total material balance is given as

d
g = 2t RM,0m (c* — ca) (VIL84)
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and the symbols here mean: ) is flow rate, R is filament radius, M, is moalecular
mass of solvent, oy, is coeflicient of mass transfer between the filament interface
and air, c* is the concentration of solvent in the vapor phase and in equilibrium
with the liquid at the filament interface, and ¢, describes the sclvent concentration
in the air.

The filament momentum balance is represented by

dF = d(pAv®) + Fpdz — Fydz — dFsury (VIL&S)

where F' is tension acting on the fiber, Fip is aerodynamic drag force, Fy, is force of
gravity, Feurs is surface tension force, A is the cross sectional area of the filament,
and pAv? represents the rate of transport of momentum.

The constitutive equation was taken to be the same as for a Newtonian fiuid

g = CT— (VII.SG)
dz
with the designation of o as stress, and {7 as elongational viscosity. From equation
VIL.86 results that d ‘
v

F =A% (VIL8T)
dz

where 7j represents the integrated average elongational viscosity across the fila-
ment.
The boundary conditions are taken as:

e At z = 0 the values of r, ¢, T, and (} are assumed as equal to the values of
the solution being extruded.

e At the take up point, the filament velocity is assumed to be equal to the
circumferential velocity of the roller.

e At =10, and all z is assumed axisymmetric nature and circular cross section
of the filament what means that 8¢/dr = 8T/9r = 0.

e At r = R at any z: —pDdc/Or = amM,(c* ~ co), and —adT/0r = a(T, -
T2) + HMan(c® — ¢,); and «a is the heat transfer coefficient between the
filament interface and the surrounding gas, H is the enthalpy of solvent
evaporation, and o, is mass transfer coefficient.

The set of equations needs to be solved numerically. Tension at the take-up
point can rarely be measured, and thus may need to be assumed. Calculations
according to this system show that the most dramatic changes in the process take
place during the first ten millimeters from the spinnerette face. This applies to
filament radius, temperature, and velocity. The filament velocity becomes con-
stant (plug flow), while the diameter changes only due to the solvent losses taking
place. The drastic changes taking place during the first instant after leaving the
spinnerette are attributed to the rapid increase of viscosity due to quick solvent
evaporation and the accompanying temperature drop.
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The confrontation of the calculated values with the experimental data has been
moderately successful. Filament radius decreased even more abruptly than pre-
dicted. Incidentally, a similar deviation is seen in the calculations by Griskey and
Tok. Velocity, naturally, changes in line with the diameter changes. The deviations
of the theory from the experimental data seem to be smaller here than in the cor-
responding theoretical solntions for fiber formation from the melt published thus
far. One may speculate that the smaller deviations result from the lower viscosi-
ties and consequently smaller discrepancies between the use of the constitutional
rheology equation rather than creep, which gives substantially better results for
formation from the melt.

It may be important to mention that there is an analogy between the heat
transfer coefficient, a, and the mass transfer coefficient in diffusion, o,,.>® Based
on this analogy, it is possible to calculate the mass transfer coefficient, ay,, from
the heat transfer coefficient, which may be easier to determine.?%:%5 An apparatus
for the measurements has been described by T. Mitzushina and M. Nakajima.5

In (1 + Cs0 — Cs,co) - o [1 + gCPE(TOO - Tﬂ) (VIISS)
1l—¢50 ames Hyr

where ¢, g and ¢; o are the mole fractions of the solvent in the air before and after
the solvent contact, respectively; e is heat transfer coefficient; ., is mass transfer
coefficient; To, and Tj are wet bulb and dry bulb temperature, respectively, Cp,
is heat capacity of the solvent vapor; H,r is heat of evaporation of the solvent
at the dry bulb temperature; £ is a correction coefficient which depends on the
apparatus used and usually amounts to little more than one,?

The heat transfer coefficient may be calculated from the equations developed
by Ohzawa and Nagano.?® For the heat transfer related to a situation where the en-
trained convection is superimposed on the forced parallel convection, the proposed
equation is

0.896)* 1.120v/AU o
o= — 03540146 —————E+ R (VI1.89)
VA v

where

0.36
R=|1076 (@) — 0.685 (VII.89q)

where ¢ is heat transfer coefficient, A\* is heat conductivity at the interface, 4 is
filament cross section area, Up is the velocity of forced air (gas) parallel to the
filament, v is kinematic viscosity in the interface, v, filament velocity in the axial
direction.

For the case of the entrained convection and superimposed perpendicular con-
vection the equation is

0.886A" | - 1.129vAU os

VA
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where

0.36 2
R= {0313 (@) ~0.20 (VII.90a)
14

Here U, means air velocity in cross flow.*

The spun fibers in the dry processes are mostly highly crystalline and of low
crystalline orientation.? Normally, it is difficult to remove the solvent completely
from the spun fibers. When fibers are subjected to a neck drawing, it is performed
in a separate operation. For this reason, a substantial secondary crystallization,
enhanced by the presence of the residual solvent, takes place after the extrusion
and drying and before drawing. These processes depend, naturally, on the crys-
tallization propensity of the polymer in question; on the other hand, there are few
polymers which crystallize poorly in the presence of solvent, if they crystallize at
all.

When fibers have a strong skin-core structure, which may be considered as a
structural inhomogeneity, highly inhomogeneous drawn fibers, with a large volume
of cracks and voids may be formed. If there is any stronger orientation in spun
fibers, then most probably it is limited to the skin, which has coagulated earlier and
was exposed to the tension longer.5? Such a structural inhomogeneity may cause
further deepening of this effect in the subsequent drawing operation. To remove
residual solvent from spun fibers, washing ~ extraction may be used,? though this
is usually done when the fibers are not subjected to neck drawing operation.

The large amounts of solvents used in the dry fiber formation must be recovered
ta prevent pollution of the environment. Also, the solvent must be removed from
the air not to create an explosion or fire hazards. At the same time the recovery is
needed to enhance the process economy. The content of solvent in the drying gas is
normally very low, condensation alone is normally entirely insufficient or outright
inappropriate and therfore it is rarely used. To remove the solvent from gas (air),
the mixture is separated through adsorption of the solvent on activated carbon,
or sometimes on silica gel. It is rather expensive process, both in investment and
maintenance of the carbon beds.

By subjecting the spun fibers to neck drawing, their tensile properties may be
improved. However, the high degree of crystallinity present in dry formed fibers,
the voids in the internal structure, as well as the non-uniformities of the fiber
cross sections due to the skin roughness make it difficult to perform a drawing
operation, particularly a more extensive drawing and at commercially interesting
speeds. Naturally, the drawing operations, if performed, are carried out at elevated
temperatures, similar to the analogous treatment of fibers formed from melt. If
a high degree of porosity, is present in the solution formed fibers, the drawing
operations become additionally troublesome. In very difficult cases, one may resort
to swelling of the fibers just prior to, or during, neck drawing. Hot water,®
or glycerol bath,3%% or water steam®"-5% may be used as the swelling medium.

*Data on some of the physical properties and their functions of temperature are given in the
Appendix.
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The liquids or vapors used must be able to swell the polymer, but any stronger
dissolving power is to be avoided. The most ideal are liquids or vapors then which
are not able to swell crystalline and criented polymer structures. Preferably, they
should affect only amorphous portions of the structure. In such ideal cases, a large
portion of the swelling agent is expelled from the fiber structure in the necking. If
the swelling agent is strong, then it must be removed immediately after drawing;
otherwise the fibers would shrink back to unde the gains obtained in drawing.

Like in the other methods of formation, dry formed fibers may be subjected
to post treatments. Sometimes a post treatment is simply necessary. The most
frequently applied means are: washing and annealing. The purpose of washing is
mainly to remove residues of solvents and/or processing finishes remaining in the
fibers, and sometimes quite stubbornly. Annealing is used primarily for general
stabilization of the fiber structure, though it may also help in removal of the
unnecessary residuals. A successful structure stabilization through annealing is
possible only when all solvents or swelling agents are removed from the fiber.

Heat treatment of some polymers may result in some degree of cross linking,
even without the use of cross linking agents. In some fibers, a small amount of
cross linking introduced into already formed fibers may have a highly beneficial
influence on the fiber properties. Such fiber modifications are occasionally taken
advantage of .2
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