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(i)

ABSTRACT

A comparison of the wet-spinning and dry-jet wet-

spinning of acrylic fibres has been carried out using a

commercial acrylic polymer (Courtelle) redissolved in dimethyl
formamide. The higher speeds possible in dry-jet wet-spinning
have been related to the higher free velocity and the higher

draw ratios possible. It is believed that the presence of the
air-gap in dry-jet wet-spinning allows the removal of the die-
swell effects as well as other viscoelastic behaviour before
coagulation and that this leads to fibres with superior mechanical
properties, especially in improvements in extensibility.
Conditions are described which allow the production of high
tenacity acrylic fibres with tenacity up to 5.8 g/d tex.

In an attempt to produce fibres with better mechanical
properties under hot-wet conditions, copolymershave been prepared
using bicyclo [2,2,1] hepta-2,5-diene as a comonomer. Fibres
from such copolymers have low extensibilities and satisfactory
fibres could be made only by incorporating, in addition to the
bicyclo [2,2,1] hepta-2, 5-diene monomer, itaconic acid and by
dry-jet wet-spinning., In one such case a fibre was obtained

with a slightly higher hot-wet modulus and a considerably

reduced hot-wet extensibility when compared with Courtelle

fibre.
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CHAPTER 1. INTRODUCTION

1.1 About a century ago the first successful man-made
fibre created a sensation at the 1889 Paris ExPosition1; this
was Chardonnet's "artificial silk". During this past hundred
years, scientists have developed a comprehensive, well ordered
background of basic science, as a result of which, fibre

production has improved enormously. In the man-made fibre

industries the main process is the conversion of the raw material,

which is polymer solid in the shape of chips, powder, etc., to
the fibre form. This process involves changes of the physical
state of the polymer, in that the solid polymer is converted

to a liquid state, by means of heat or solvent (to give a polymer

melt or polymer solution), and after shaping into filament form

is converted back to the solid state (fibre). These processes

have been done usually, either by the melt spinning method or
by solution spinning methods. In the latter systems the

fibre could be formed either by dry-spinning or by wet-spinning

processes., Apart from these three spinning systems, which are

fundamental procedures of fibre formation, there are less

important methods, including spinning from emulsion and

. 2,3 o . . _4 C
suspension » Spinning with phase separation”, and spinning

with chemical reaction controlling the solidification of the
5,6

spinning fluid. There are also modifications of the

fundamental spinning methods such as gel-spinning (semi-melt

spinning7) and dry-jet wet-spinnings.
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1.2 Fibre production from polvacrvlonitrile polymer and
coEolzmers
1.2.1 Introduction

In 19489, the Du Pont company of the United States

announced its intention to produce and market fibres prepared
from polyacrylonitrile, and in 1950, acrylic fibre was produced
commercially. Although acrylonitrile polymer and co-polymers
had been known for many years, it was initially regarded as a

useless raw material for fibre productions. In fact acrylo-

c91310

nitrile was discovered in 1839 ~, but the polymer and co-polymers

oons v A7
of high acrylonitrile content could neither be melted, because

of decomposition, nor could they be dissolved in all known
solvents up to the 1930's. In 1938 Rein11 discovered that

polvacrylonitrile could be dissolved in certain agueous solutions

of some inorganic salts, such as zinc chloride or calcium
thiocyanate. Also a wide range of organic solvents were found

during the 1940512_22, which could dissolve the polymer and co-

polymers. The concentrated solutions (dope), which were

prepared from polyacrylonitrile in these organic and inorganic
solvents are used for fibre production. Therefore, the usual
processes for fibre production from acrylonitrile polymer and
co-polymers are the solution spinning methods.

Since 1950, when the first commercial acrylic fibres
were produced, production has increased very substantially.
Although, in some years there was a decrease in production,
related to a recession or a sudden increase in the price of

raw material, the overall rate of growth of output has been



rather rapid during the last 30 years. The production of these
fibres in 1952 was only 6.37 x 10° tonne823, while the production
of acrylic and modacrylic fibres for 1980 was 2083 x 10° tonnes24

!

which means there has been an average annual rate of growth of

23% in the production of these fibres.

Table 1.124 and Fig. 1.1 show the annual production

figures for acrylic fibre during the period 1974 to 1980 and
the available capacity for 1981 and 1982 together with the
annual production of the all non-cellulosic man-made fibres for

the same vears. Today there are about 60 plants in 29 countries,

which are producing fibres from acrylonitrile polymer and

co-polymers, (Table 1.224).

This rapid growth has been attributed to some of the

physical and chemical properties of acrylic fibre, namely those
of lightweight, handle, warmth, good chemical and weathering
resistance, and its resemblence to wool. Another factor for
this growth 1s certainly related to the methods of synthesis of
acrylonitrile monomer, especially those processes based on the
use of propylene, such as the Sohio process, which was a
considerable break from the traditional technology of acrylo-
nitrile production. Owing to the availability of propylene

at a low cost as the by-product of refining and cracking

processes, the production cost of acrylonitrile using propylene

therefore, could be as low as about one third of that using

other methods.25

The success of these fibres has been almost entirely

in staple form, while the production of filament form in



Table 1.1 World acrylic and total synthetic fibres

production (in metric tonnes x 103)

Year Acrylic and modacrvlic
fibre
metric tonnes x 103

Total synthetic fibre 3

metric tonnes x1032

1973

1577

7674 20.64
1974 1449 7487 19,35
1975 1391 7353 18.90
1976 1742 8601 20.25
1977 1790 9149 19.56
1978 2021 10034 20.14
1979 2069 10608 19.50
1980 2083 10487 19.86
1981% 2602 13283 19.59
1082* 2681 13969 19.19
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Table 1.2 World distribution of acrylic and modacrvlic
plants
Place No. of countries No. of plants

Western Europe 11 23

Eastern Europe 6 7

America 6 13

Asia, Oceania 6 17

Total 29




comparison with staple is very low (less than 0.3%)24. The

main use of these fibres is in the knitwear trade, imitated
fur, upholstery, blankets and carpets. The success of acrylic

fibres in different applications is mainly due to their ecase
of processability on a variety of textile processing machinery,
including woollen, and cotton spinning systems, (and to some

extent on worsted spinning systems), and essentially all knitting,

tufting and weaving machinery which are used for spun varns.

1.2.2 Fibre sEinning

The solution spinning for acrylonitrile polymer and
co-polymers can be done either by the wet-spinning system, or

through the dry-spinning method. Both methods are used

industrially at present. Apart from solution spinning methods,

the fibre can also be produced by some other methods, such as

semi-melt spinning 6’27, which operates with the aid of a

suitable plasticising substance, such as DMF, propylene carbonate,

or ethylene carbonate, which is mixed with the polymer before
spinning. However, due to the difficulty of obtaining a stable
phase of the molten polymer, the melt-spinning of acrylic fibres
has not been used commercially. Therefore, in order to produce
acrylic fibres, it has been the common practice to prepare a
spinning solution by dissolving an acrylonitrile polymer or
co-polymers in a concentrated aqueous solution of an inorganic

salt or in an organic solvent, and to form fibre therefrom by



a wet-spinning or dry-spinning system. Table 1.328’30

shows
the spinning systems used for most of the commercially produced
acrylic fibres. As can be seen from Table 1.3, it is obvious
that the majority of the commercial acrylic fibres are produced
by the wet-spinning method. Also, there is a good deal of

published work29 dealing with this process of fibre formation

reflecting the importance of this method of spinning for acrylo-

nitrile polymer and co-polymers.

In the wet-spinning process, a polymer solution with

very high viscosity is extruded through the small holes of a
spinneret, which is immersed in a liquid bath (coagulation bath)
at angles which may vary from +90° to -90° with respect to the
liquid surface. As the gel-thread passes through the coagulation
bath, it solidifies in a process which is called coagulation.
During coagulation in the coagulation bath, there is a

diffusional interchange between polymer solution and the
coagulation bath. The spinning solution contains 10 - 30% of
polymer and the spinnerets which are used in the wet spinning

have a minimum of 1000 holes and a maximum of 120,000 holes31'32‘

of diameters from about 60 to 150 micron. Generally speaking,
the speed of spinning is considerably lower in this process than
in the dry-spinning process (5 to 20 m/min). This has the

advantages of allowing the after treatment and the finishing

processes be effected continuously.



Table 1.3

Spinning methods of some commercial acrylic

fibres

Trade name

Acribel
Acrilan
Beslon
Cashmilon
Courtelle
Creslan
Crylor
Dolan

Dralon

Euroacril

Exlan
Leacril
Nitron
Nymacron
Orlon
Pan
Redon
Sircril
Tacryl
Toraylon
Velicren
Vonnel
Wolpryla

Zefran

28,30

Producer

Fabelta
Monsanto
Toho
Asahi
Courtaulds
Cyvanamid
C.T.A.
Hoechst
Bayer
A.N.I.C.
Exlan
Chatillon
U.S.S.R.
N.V.Nyma
Du Pont

Cassella F.
Phrix G mbh
S.1.R.
Stockholm S.
Toray

Snia Viscosa
Mitsubishi
Wolfen

Dow-Badische

Spinning procedure

Wet

Wet,dry
Dry
Wet

Dry

Wet
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The dry-spinning process consists in extruding the
polymer dope through a spinneret into a heated shaft (chamber),
where the solvent evaporates gradually. The spinning system
is generally carried out with DMF as solvent. The type of
spinneret used has a varying number of holes usually from 200
to 600, and the polymer dope is fed at a temperature of 80-150°C,
while the temperature of the air in the heated chamber is about
230-260°C. Since the boiling temperature of DMF is 153°C it
evaporates, causing the filaments to solidify as solvent diffuses
from the thread-line, so that a substantially dry fibre leaves

the bottom of the shaft and is wound onto bobbins at a speed of
100-300 m/min ., An additional washing of fibre is usually
included because the last residues of solvent are very difficult
to remove.

Particular attention must be given to the possible
formation of turbulence in the heated shaft which can disturb
the regular formation of the varns. Another factor that must

be carefully checked is the hygrometric state as well as the
oxygen content of the atmosphere used in the shaft to accelerate
the removal of the solvent. This is to prevent discoloration
and spoiling of the vyarns.

The major advantages of this method, if compared with
wet-spinning, lies in the several times higher spinning velocity
and in the 1.5-2 times higher concentration of spinning solution

(and, thus, in a higher output of the equipment and a smaller
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amount of solvent to be recovered). The disadvantages of
dry-spinning are the considerable losses of the solvent and

the considerable height of the device, if a reasonable spinning

velocity is to be achieved.

However, both, dry-spinning and wet-spinning have
various drawbacks of a technological nature which considerably
limit their application. Thus the dry-spinning method,
permitting a much higher speed of take~-up compared with that
possible in the wet-spinning system, requires, in view of the
low volatility of the solvents normally employed, the use of
very high temperatures in order to be able to eliminate the
solvent in acceptable guantity and in an acceptable period of
time. The use of such high temperatures can sometimes lead to
the phenomenon of degradation and to the production of discoloured
varns. On the other hand, in the wet-spinning process, the
extruded polymer dope leaves the spinneret hole forming a jet
streaming through a surrounding fluid medium; in this case,
because of hydrodynamic resistance together with the viscoelastic
behaviour of the polymer dope, the spinning speed is very low,
especially in comparison with the dry-spinning speed. However,

because of the compact nature of this method of fibre spinning

it can achieve a high productivity.

In Table 1.4 some of the advantages and disadvantages

of these two spinning systems for polyacrylonitrile are

summarised.
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Table 1.4 The main advantages and disadvantages of the wet-spinning
and dry-spinning processes
Wet-spinning Dry-spinning
ADVANTAGES
1. Economic: 1. Higher spinning speed
(a) continuous system 5 Boei t ot —stretch tio f
(b) elimination of heat ) OSlt;Ye Ji.;s retchl ratlo 1o
(c) use of more holes per very tine tibres
spinneret _ _
3. Higher dope concentration
2. Use of any solvent (volatile or | 4 Fibre hac b Luet
non-volatile) . lbre has Dbetter cove?, ?s'rous,
softer handle, and soil-hiding
3. Simple process: properties.
(a) a much wider choice of
temperature, coagulation
rate, and dope concen-
tration ‘
(b) greater flexibility of .
equipment |
(c) relatively easier solvent :
recovery i
4. No danger of degradation |
DISADVANTAGES
1. Low spinning speed 1. Discoloration and degradation of
the polymer due to heat
2. Maintaining of the uniformity of v
composition and temperature of 2. Difficulty of solvent recovery
the coagulation bath
| 3. Hazard and danger of the plant
3. Use of finer spinnerets and solvent
4. Low jet stretch ratio 4. Use of very high temperatures
in the dry spinning
5. Health hazard
©. Limited choice of solvent

(volatile only)
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1.3 The drz—jet wet-sEinning method
1.3.1 Introduction

The known spinning methods, which have been used

commerically up to now, for the production of fibres from

acrylonitrile polymer and co-polymers are the dry-spinning and
the wet-spinning methods. However, such methods have various
drawbacks of a technical nature, which limit considerably their
application. To overcome the drawbacks, without sacrificing
the advantages at the same time is an attractive goal and some

research has been directed to this end. From the beginning of

the 1960's, there have been some patent58’33'35_60

paper561_64 describing methods in which, in contrast to the

and a few

above mentioned methods, the solidification process takes place
in two stages, namely, the non-liquid stage and the liquid

stage. In this method the polymer solution is extruded through

a spinneret, which 1s positioned vertically above a liquid
surface, initially into the air or into a stream of an inert gas
(non-liquid stage), the spinneret never entering the ligquid.

Then the fluid thread lines enter a coagulation bath (liquid

stage) as shown in Fig.1.2.

The principle of both dry-spinning and wet-spinning

methods are thus employed in this method. Hence, it is called

the dry-jet wet-spinning methode, though some other names, such

as dry-jet spinning, wet-dry spinning47, dry-wet spinning64, and

air-gap spinning62 have been used. This method is a modified
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Fig. 1.2 Drv-jet wet-spinnin

JA 7
1. Spinneret
2. Filaments

3 Coagulating bath
4, Guide roller

5. Take-up roller
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system for wet-spinning, because all other procedures for
fibre processing in this system are the same as in the wet-
spinning method, and the only difference between these two
methods of fibre production is the way in which the solidi-
fication of the polymer solution takes place.

The main object of this method is to increase the
speed of the wet-spinning process though it also gives rise
to an improvement in the physical and the mechanical properties
of the fibres produced. So in all patents, which consider
this method of fibre spinning, high speeds of spinning, up to

1500 m/min52 have been claimed.

1.3.2 Spinning

The essence of a dry-jet wet-spinning process is
that the spinning solution is extruded through a suitable

spinneret into a gas medium (air-gap) for a relatively short
distance and then passes through a coagulating bath liquid.
Ordinarily, the gas between the spinneret and the coagulating
bath is air, although any other gaseous medium that does not
adversely affect the filaments may be used. The distance
that the spinneret is positioned above the coagulating bath
may be varied. During their brief passage through the space

above the surface of the coagulating bath and below the facec

of the spinneret only a small amount of the solvent is believed
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to be removed by evaporation from the extruded streams of

the polymer dope, with the result that little solidification
takes place in this region. Then almost complete elimination
of the solvent takes place in the coagulating bath by the

normal solvent and non-solvent diffusion processes between

the spinning solution and the coagulating liquid. Thesc
freshly formed filaments are then removed from the coagulating
bath as undrawn and swollen thread-like filaments, and subjected

to the same procedure for washing and drawing as in wet-spinning..

It is claimed that a spinning system of this type
constitutes an improvement over the dry-spinning or the
wet~-spinning systems, since in the air-gap region, there are
retained the advantages of dry-spinning, while in the subsequent
passage through the coagulating bath, there is the advantage of
obtaining coagulation under preferred conditions47. On the

other hand, the coagulation of a filament in a ligquid bath is

a dynamic operation which occurs as the filament is being drawn
along. The force required to draw the filament to the take-up
roller is opposed by a number of tensions; surface tension,

internal frictional tensions, and hydrodynamic and frictional

drag565. In dry-jet wet-spinning, because of the high fluidity

of the thread line of the spinning solution in the zone between

the spinneret and the coagulating bath liquid, the longitudinal

force applied to the coagulating filaments to pull them through

and out of the coagulating bath is accepted by the extruded

streams of the polymer dope, in the main, in this zone. Also
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dry-jet wet-spun filaments have smoother surfaces than wet-
spun filaments. Apparently, the coagulating filaments, as
a result, are passed through the coagulating bath under a
minimum tension; that is, the tension exerted on the
coagulating filaments would only be that tension required to

overcome the forces within the thread like filaments and tne
drag forces in the coagulating bath.

The spinnerets which are used in this process can
be of the type ordinarily used in the dryv-spinning operation.
However, it is necessary to consider, in selecting a spinneret,

the distance between adjacent holes. Holes should not be too

close to each other, otherwise this will disturb continuous
spinning, An important variable in any spinning process 1is
the hole diameter of the spinneret, and it is often desirable
to employ the largest diameter consistent with good spinning.
In the dry—-jet wet-spinning sygtem, one may employ holes
having relatively large diameters due to the fact that the
filaments may be given a considerable attenuation immediately

after extrusion of the spinning solution. It is also claimed

that spinnerets with holes of a non-circular cross-section can

also be used in this system51.

The coagulating bath liquid suitable for use in
dry-jet wet-spinning normally consists of a mixture of a solvent

and a non-solvent for the acrylonitrile polymer and co-polymers.
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Whilst water is typically the non-solvent, the solvent used

in the coagulating bath is preferably the same as the one used

in preparing the polvmer dope; however, such need not be

the casea. Although good spinning can be accomplished while

using a coagulating bath composed essentially of water, it is
preferred that the bath contain either an agqueous solution of
the organic solvent in a concentration of 20% to 70% or, an
aqueous solutiom of the appropriate inorganic salt in a
concentration of less than 20%. However, normal organic
solvent concentrations for coagulating baths are 40% - 55%,

though coagulating baths with concentrations of 78%62, 75%49
70%36,,‘417‘,,50,541:

4

have been claimed. On the basis of available

data, the temperature range for the coagqulating bath is from
-40°C to +80°C. It is preferred that the bath contain rather
high percentages of the solvent at the lower bath temperature.

The filaments may be given a travel in coagulating

baths for example, from 5 to 60 cm. or more by employment of

at least two suitably spaced guides, the first of which is
located vertically below the spinneret and at the maximum
possible distance from the upper surface of the coagulating
liquid, and the second one between the coagulating bath and
take-up roller.

Since in the dry-jet wet-spinning system, the spinning
solution extruded from the spinneret is not immediately

coagulated as in an ordinary wet-spinning process, the obtained
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gel filaments may be more rapidly extruded into air or gas
before they are dipped into the coagulating bath. Therefore,
it is possible to set the rate of extrusion at much higher
values than in the ordinary wet-spinning process. There has
been considerable difficulty in the actual operation of higher
spinning speeds, such as in the application of high take-up
speeds due to the resistance caused by the static coagulating
bath. The bath liguid restricts the movement of the bundle
of filaments, particularly in the final sections of the bath,
immediately before the emergence of the filaments, and hence

can cause filament breakage. In addition, in the high speed

spinning of filaments of less than 1 d tex, for example, when

the unoriented filaments are stretched directly at a high
stretching ratio in a static draw bath, the breaking phenomenon

can again occur in such filaments of low tensile strength to

such an extent that i1t becomes impossible to carry on the spinning.

To overcome these limitations and drawbacks of the dry-jet

wet-spinning process, some improved methods of dry-jet wet-

spinning have been described in many patent58’33'47’59 These

improvements are related to the coagqulating bath, and to the
subsequent stages of the spinning process, i.e. in the stretching
bath. In some methods, the coagulating ligquid is allowed to
flow with the freshly extruded filaments. Such spinning is

described as a "flowing bath type"s. In the flowing bath type,

the coagulating liquid is made to flow in the same direction as
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the freshly extruded filaments are drawn, so that the contact

resistance between the coagqulating liquid and filaments is
reduced and filament breakage is thereby reduced, , It has been

claimed59 that making the coagulating liquid flow in the same

direction as the direction of the advance of the filaments allows
the take-up velocity to be greatly elevated to higher values

than when using a static bath. The increase in the take-up
velocity can be as high as a factor of two and at the same time

makes it possible to produce filaments which have low counts:

When such flowing bath type spinning is used in the

coagulating step, the solvent will be extracted from the gel
filaments into just that portion of the coagulating liquid that
flows with the filaments. As the coagqulation of the filaments

progresses, the concentration of the solvent in the coagulating
liquid will become higher. Thus in the flowing bath type
spinning unit, the filaments can be stretched while not fully
coagulated. Therefore filaments which have finer counts can

be produced under stable high speed conditions in which filament
breaks are negligible.

The most preferred flowing bath type spinning uses a
coagulating bath having a frustoconical tube, provided vertically

at a fixed distance from the lower surface of the spinneret (Fig.
1.3). A spinning solution extruded out of the spinneret passes

through the air-gap and then passes through the tube body filled

et
o= N':l?m
L:a'mmf

iaﬁi“iﬁif
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with moving coagulating liquid, always kept at a constant
liguid level. Here, the filaments and coagulating liquid
advance 1in the same direction through the tube. Then the

filaments are led out from the coagulating bath by a godet

roller and subjected to other after treatments. Due to the
frustoconical shape, the tube narrowing toward the bottom of
the bath, the speed of the coagulating ligquid increases as the

diameter of the tube decreases. This increase helps to

increase the jet stretch by reducing the resistance of the

coagulating liquid. The coagulating liquid is fed through a
pipe located about the tube, and the excess of the liquid in
the coagulating bath is taken out through an outlet pipe
provided on the side wall of the coagulating bath and is trans-

ferred to a recovery bath.

Another improved system claimed uses a "spinning

shaft“33, in which the spinning solution is extruded through

spinneret holes into a spinning shaft (Fig. 1.4). The
spinneret is in a gas-tight connection with the shaft, while
the lower end of the shaft is placed under the level of the
coagulating liquid in the coagulating bath. The upper part
of the shaft can be filled with a preheated gas at a lower
pressure, which is reduced by means of a suction pipe, and the

lower part of the shaft is filled with the coagulating liquid

up to a height determined by the pressure in the upper part of
the shaft.
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Fig. 1.3 Flowing type bath sEinning

Z
11
/
Fig. 1.4
7
1. Polymer dope 6. Pipe to vacuum pump
2. Spinneret 7. Spinning bath
3. Hot air (gas) inlet and 8. Take up roller
outlet

9. Guide roller

4. Spinning shaft
10. Pipe for coagulation solution

5. Filament inlet and outlet

11". Funnel
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1.3.3 The effect of the spinning conditions on the
sEinning process

The main feature of the dry-jet wet-spinning process
in comparison with wet-spinning is the relatively high speed of
the spinning process. However, some of the spinning conditions,
such as polymer dope viscosity and concentration, the diameter
of the spinneret holes, air-gap distance, and some other
variables have an effect, to some extent, on the process.

It seems that the effect of the polymer dope viscosity
is more important than the other. variables. Although dry-jet
wet-spinning 1is a modified wet-spinning,a polymer dope prepared
in an appropriate solvent, or, the polymer solution obtained
directly in solution polymerisation can be used in a similar way

to that used in wet-spinning. Because this process differs
technically when compared with conventional wet-spinning, there

is usually some limitations with respect to the spinning solution
viscosity. The polymer dope concentration or the spinning
solution viscosity depends upon the particular polymer or
copolymer and solvent employed, as well as upon the temperature
at which the spinning solution is to be extruded. It is
desirable to use a solution containing rather a high percentage
of polymer. It is recommended that the viscosity of the
spinning solution to be used in the dry-jet wet-spinning process

be in the range of 2 x 104 to 1 X 107 centipoisesg, oY more
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preferably 4 x 104 to 2 x 106 centipoise at 30°C. In another

patent51 the preferred viscosity of the spinning solution at the
time of extrusion through the spinneret was claimed to be in the

range of 1.5 x 104 to 3 x 106 centipoise. In particular, when

the polymer dope viscosity at 30°C is lower than the recommended
value, the spinning solution extruding from the spinneret will
cause problems, such as the breaking of the liquid thread lines
of the dope on the surface of the spinneret or the bonding of

the filaments to themselves and will disturb the continuous
production of fibres with high uniformity. In the case when

the spinning solution viscosity at 30°C is higher than 1 x ‘IO.7
centipoise, in order to continue a favourable spinning operation,
it is necessary to elevate the spinning solution temperature to
above 100°C. In this case, such high temperatures applied to

the spinning solution cause the acrylonitrile polymer and
copolymers to become coloured. This limits the maximum polymer
concentration in the polymer dope. On the other hand, if the

spinning solution viscosity is larger than a certain value, the

spinning characteristics are reduced so much that the breaking
of the filaments at the time of spinning increases to such an

extent that continuous operation becomes impossible.

Another factor which determines the spinning solution
viscosity is the polymer molecular weight. The acrylonitrile
polymers and copolymers used in dry-jet wet-spinning, so far,

have had average molecular weights corresponding to an intrinsic
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viscosity,[n], of 0.1 to 4.0 dl§1, as measured in DMF at
30°C38'8. If the intrinsic viscosity, [ n], is larger than
4.0, the spinning characteristics of the solution are claimed

to be poor, the obtained filament is very brittle and the

practical value of the filaments markedly reduced. On the
other hand, if the intrinsic viscosity, [ n], is smaller than
0.1, it is difficult to impart to the filaments a strength and
elongation required for the purpose of textile fibres.

However, it seems that acrylonitrile polymers and copolymers
used in the dry-jet wet-spinning process mainly have average

molecular weights coresponding to an intrinsic viscosity, [n]

ranging from 1.0 to 2.0.
The usual air-gap distance in dry-jet wet~spinning

, 38 . :
is between 0.5 and 5 cm . However, one can increase this

range from 0.2 to 10 cm47 by taking precautions that adjacent

thread line of the dope do not come in contact with and cohere

to each other, or by preventing the change of dry-jet wet-
spinning to false dry-jet wet-spinning.,. It 1s also preferable
that the air-gap distance should be more than 0.2 cm., otherwise,
even the slightest vibration of the spinneret device or
coagulant level may cause the spinneret to dip into the coagu-
lating ligquid and hence change the spinning system. However,
for the best results, it is claimed that there should be a

combination of some of the spinning variables such as flow

rate, dope temperature, take-up speed, and air-gap distance,
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in such a way that less than one per cent of the solvent (based

on the weight of the solution) is evaporated into the gaseous
medium from the thread line of the d0pe51. When a spinneret

with non-circular cross—-section holes was used to produce
filaments with cross—-sections other than circular (using an
aqueous solution of sodium thiocyanate as solvent), it was

shown that with increasing air-gap distance, the cross section

of the filament was increasingly deformed to a substantially
circular cross—section shape. It was also claimed that if the
spinning solution viscosity at the time of the extrusion is
smaller than a certain value, the cross-section of the filaments
will be deformed towards the circular51. Howevexr, it was

shown that as the polymer dope viscosity at the time of extrusion

was increased, the filament cross-section became closer to the

shape of the spinneret hole, though on further increases, the
spinning procedure was impossible. Table 1.5 shows the effect
of the polymer viscosity on the cross-section.

Other variables in the dry-jet wet-spinning process
are the diameter of the spinneret holes and the amount of solvent

in the coagulating bath. The patent literature survey shows

that any spinneret having hole diameters in the range of 75 to
38,47

650 microns can be used in the dry-jet wet-spinning process '

although with spinnerets with hole diameters of less than 150
microns, it is difficult to have a proper spinning63. It was

indicated that as the spinneret hole diameter increased, there
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Table 1.5 Effect of dope viscosity and air-gap on
57

fibre cross-section

Dope viscosity at the

time of extrusion

(centipoise )

1 X 104 <::)

AYAYAISNS
T PAYAYATARORS

350 x 104 spinning was impossible

- spinneret shape
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was an increase in the maximum amount of the jet stretch-ratio.

On the other hand, a significant increase in the maximum jet
stretch value occurred when the solvent content of the coagu-
lating bath was about 50%. Jet stretch ratios about 10 were
obtained. It was claimed that unlike conventional wet-spinning
where the opposite relationship holds, the maximum jet-stretch
in dry-jet wet-spinning decreased with increasing amounts of

water in the coagulating bath38.

1.3.4 The effect of the spinning conditions on the
properties of the fibres

The amount of work published on dry-jet wet-spinning
is, unfortunately, not large. However, by reference to papers

and patents published so far, it was found that some of the

spinning conditions such as air-gap distance, dope concentration,
coagulating bath composition, and spinning jet stretch-ratio
have an effect on the physical and mechanical properties of the
final fibres.

Due to the ailr-gap distance between the lower surface
of the spinneret and the upper surface of the coagulating
liquid, initially the filaments behave differently than in
wet-spinning. Therefore, this air-gap distance plays an
important role in the dry-jet wet-spinning produced fibres.

Yunitskiieﬂ:a162, using DMF as solvent and 78% DMF - water



29.

as spinning bath liguid, have found that, generally, as the
air-gap distance was increased, the tenacity of the fibres
first increased and then decreased. The optimum value for
this air-gap distance, based on the tenacity of the final
fibres, varied with the take-up speed,v, , polymer molecular
weight, Mw , and the dope concentration. However, in their
work, these optimum values were between 15 and 50 mm.

Apart from the air-gap distance effect, the tenacity
of the fibres increased as the polymer molecular weight
increased, and so, the viscosity of the spinning solution.
But there was a decrease in the tenacity with increase in the
spinning speed, i.e. take up velocity,v1 . They considered
the possibility that.in the dry-jet,wet-spinning process, the
total force exerted by the take-up device is transmitted to a

large extent to the thread line of the spinning solution above

the coagulating bath liquid and this portion of the thread

62

line is stretched correspondingly ~. However, in a later

study of the deformation of the extruded filaments in the

air-gap distance and in the coagulating bath liquid, Yunitskii
et al62 showed that this is not quite correct, because they
found that the diameter of the extruded filaments entering the

coagulating bath is not equal to that of the filaments

emerging from the bath. This they claimed suggested that the

alr—-gap distance is less important than the time for which

ﬂv



30I

extruded filaments remain in the air or inert gas.

Patel63 studied the effect of the spinneret hole
diameter and jet stretch-ratio using 25% Courtelle polymer in
DMF and 50% DMF - water as coagulating bath. He found that,

by increasing the spinneret hole diameter and the jet stretch

ratio, the tensile factor, TE%, decreased. Also as the

spinneret hole diameter increased, the initial Young's modulus
and yield stress of the fibres decreased.

The effect of the bath concentration has also been
studied by Yunitskn et al, who showed that a decrease in the
DMF concentration of the coagqulating bath results in a consider-
able decrease in the regularity of the fibre cross-section.
In addition, it was shown that as the amount of the DMF in the
coagulating bath was increased, the maximum jet-stretch ratio

increased as shown in Table 1.6.

The effect of the temperature of both the spinning

solution and the coagulating bath has been studiedsg, and it

was shown that an increase in the spinning solution temperature
from 25°C up to 120°C did not have any effect on the tenacity
and the elongation of the fibres, while, a gradual reduction

in the coagulating bath temperature from +50°C to -10°C resulted

in corresponding increases in the tenacity and a significant

change in the elongation (see Table 1.7).
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Table 1.6 Fffect of the bath concentration on the
59

maximum jet—stretch ratio

Bath composition
DMF/Water

Maximum

jet-stretch

Table 1.7 Effect of the coagulating bath temperature on the

59

mechanical properties of the fibres

Coagulating bath
temperatures

(T°C)

Tenacity Elongation

(g/den) (%)

- 10 4.4 13
0 4.4 15
+ 10 4,2 15

+ 50 3.6 18
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The study also indicated a general improvement in

abrasion resistance as coagqulating bath temperature is decreased.
Their results also showed that the relaxed samples had a
significantly higher elongation as compared with the unrelaxed
samples. However the filaments not permitted to relax have
tenacities comparable to the filaments permitted to relax.

Hence, while relaxation is important to obtain optimum properties
when relatively high temperature coagulating baths are employed,
the step of relaxing may be omitted with low temperature
coagulating bath spinning without substantial sacrifice of
tenacity. They also found that the elongation increased for

a given draw stretch in a hot drawing bath as the temperature

in the bath was decreased without an appreciable sacrifice in

the tenacity (Table 1.8).

Table 1.8 Effect of the temperature of the hot-drawing
bath on the mechanical properties of the fibres

59

Hot drawing bath temperature Tenacity | Elongation

(T°C)

80 2.6 31.3
90 2.6 28.3

100 2.7 26.9
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1.3.5 Advantages and disadvantages of the dry-jet
wet-spinning process

The major advantage of dry-jet wet-spinning, if
compared with wet-spinning, lies in the several times higher

spinning velocity which has been claimed by many patents and

paper58'33'35_39'41'43’46'53’54'62. Other advantages of

dry-jet wet-spinning included the production of fibres with

higher tenacitie88'33'35_37'39'42’63, smooth and void free

fibre535'36’38'63, improved dyeability42’44’48'50'55,

33,38,39,50

and

improved lustre These advantages are derived by

employing an air-gap, a polymer dope with a higher than ususal

concentration, and using a spinneret with a larger than usual

hole diameter, as well as improvements in the different spinning

stages.

An advantage of the dry-jet wet-spinning process, due

to the air-gap, 1is the fact that a spinning solution having a
much higher temperature than the bath can be employed than
ordinarily possible in wet-spinning. Hence a greater percentage
of polymer in the solution can be used successfully, The
spinning solution can be maintained prior to and at extrusion

at temperatures from 20°C to 180°c38+ Since the viscosity of
acrylonitrile polymer and co-polymer solutions varies inversely

with temperature, the advantage of employing a high dope spinning

temperature 1s that it permits the use of low extrusion pressures



for a given percentage of polymer. Normally, the polymer

dope temperature for a successful wet-spinning should be
closely correlated with the temperature of the bath65 ‘

In order to spin acrylonitrile polymer and copolymer solutions
by the conventional wet-spinning method, it is necessary to
avoid elevated coagulation bath temperatures, since such
temperatures substantially accelerate the rate of coagulation
to the point where the fibres produced are too brittle.

In dry-jet wet-spinning, as mentioned before, it is
possible to employ spinnerets with relatively large hole
diameters. The benefits derived by employing a large hole
diameter are the higher spinning speeds as well as improvements
in the physical properties by the attenuation of the filaments

that can be attained. In conventional wet-spinning this 1is

not possible because the maximum jet-stretch ratio that can be

imparted to the freshly spun filaments is usually less than a

factor of two, and in most cases is less than one66, due to the
coagulating behaviour of the normally spun filaments. On the
other hand, it is possible to stretch the freshly spun filaments

in dry-jet wet-spinning to the extent of as much as 15 times.33

Moreover, filament counts below 1 d.teX can be spun readily

without difficulty whereas 1 to 2d.tex per filament is

generally the least that can be spun in the ordinary wet-spinning

process., Another advantage of the dry-jet wet-spinning

process 1s that a wide range of filament counts can be spun from
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a single spinneret. For example, it is claimed that filament
counts from 0.8 d tex to 22 4 tex and higher, having satisfactory
textile properties, may be spun from a single spinneret having
a hole diameter of 125 microns. In other words, filaments
having various counts may be spun conveniently without shut
down being required to change from production of one diameter
to another. The use of a spinneret with rather large holes is
very convenient for production of bicomponent and biconstituent
fibres, as in these cases it is necessary to use a split
spinneret and to feed polymer solutions with different properties
into each part of the hole. By increasing the diameter of the
spinneret holes, the filtration of the spinning solution becomes
less important, and the number of the spinneret changes due to
blockage thereof will be reduced.

As mentioned before, most of the reported work that

has been done in dry-jet wet-spinning relates to patents, and

naturally, these emphasise only its advantages. However,
there are some disadvantages in this system of spinning in
comparison with wet-spinning. The first depends on the
spinneret type. The minimum distance which can be maintained
between two adjacent holes on the spinneret useable in dry-jet
wet-spinning is higher than that in wet-spinning. This means
a lower number of filaments per spinneret can be produced in
dry-jet wet-spinning.

Another difficulty is due to the higher speed Of this
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method, especially, in a hot water bath for hot drawing
operations and other after-treatments. The hot drawing 1s

difficult due to such troubles as frequent filament breaks

f . 5
where the filaments are hot drawn at speedsaabout 300 m/min 2

There has also been considerable difficulty in the actual
operation in increasing the running speed of hot drawn filaments
of finer counts (d tex), for example, in the high speed spinning
of filaments of less than 1 d tex. If undrawn filaments are

drawn directly at a high speed, the breaking of these filaments
of low tensile strength will occur to such an extent that it

will be impossible to carry on the spinning.

Another disadvantage is the difficulty of starting

up the spinning in some cases, which is mainly due to the need

to keep the spinneret surface clean. According to some workers6

in dry spinning, the greatest difficulty is encountered in
starting up, and the spinneret face must be wiped in a certain
way to start spinning. In dry-spinning, circulating hot air
and in wet-spinning coagulating liquid overcome the starting-up
difficulty to some extent, while in dry-jet wet-spinning neither
hot air nor coagulating liquid acts to keep the spinneret
surface clean. There 1s also a difficulty of adhesion of

adjacent filaments together before they enter the coagulating

liguid. This difficulty appears when either the air-gap

distance 1is rather long, or the distance between two neighbouring

holes in the spinneret 1s too short.

7,68
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In addition, it was noticed in the present study,
that a polymer dope viscosity of less than a certain value of
viscosity cannot be processed as the breakage of the thread
line of the spinning solution at the air-gap occurred to such
an extent that it was not possible to carry out the spinning,
i.e. in the case of Courtelle acrylic polymer, a polymer dope
with less than 20% concentration in DMF was not suitable in a
dry-jet wet-spinning process, which means that spinning solution
viscosities should be above 150 P. However in wet-spinning,

polymer dopes of much less viscosity can be processed without

any difficulty.
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1.4 Aims of this studx

The aims of the present study were to compare the
wet-spinning and the dry-jet wet-spinning of acrylic fibres
to clarify the basic reasons for the differences in fibre
properties and furthermore to examine the full potential of

dry—-jet wet-spinning to produce acrylic fibres with enhanced

properties.
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CHAPTER 2. EXPERIMENTAL

2.1 The spinning equipment

A laboratory scale spinning apparatus which was
suitable for wet—-spinning processes, was used throughout the
work. Fig. 2.1 shows schematically this versatile spinning
equipment, that consisted of the extrusion unit, coagulation
bath, stretching bath, drying rollers, and wind-up unit.
Plate 2.1 shows a photograph of these units in a running

condition.

2.1.1 Extrusion unit

Plate 2.2 shows the extrusion unit, together with the
coagulation bath and the first pair of advancing reels. The
extrusion unit consisted of the dope reservoir with 1lid and

spinning block, together with the gear pump (meter pump),
spinneret holder, and the spinneret assembly. The dope
reservoir had a capacity of about 2 litres and was surrounded
by a 1 kw. Jacket-heater, which provided uniform heating,

The dope reservoir 1lid was screwed down onto a teflon-washer,
to make the whole reservoir airtight and the reservoir was
screwed into the spinning block. The spinning block was

fitted on two sides with two separate heating plates. Each
plate was drilled with two pockets for two 150 watt cartridge

heaters, and it was also drilled with one hole for g3 thermistor.
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Plate 2.1

Plate 2.2
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The temperature of the dope reservoir and the spinning block

could be set and controlled individually by means of two
separate temperature controllers, from 20°C up to 400°C.

The gear pump which was bolted to the spinning block,
was driven by a three phase electromotor with a variable speed
by means of a build-up Kopp rotary regulator between 3 and
27 r.p.m. The capacity of the gear pump which was used was
0.4 cc/rev., so the minimum feed of the polymer dope to the
spinneret was 1.2 cc. per minute, and the maximum feed was
10.3 cc. per minute. For pushing the polymer dope from the
reservoir to the gear pump, an arrangement was made to apply

nitrogen pressure at the top of the spinning solution in the

dope reservoir.

To attain a satisfactory run from a spinning unit, it
was of the greatest importance to extrude a very homogeneous
and regular dope free from any undissolved matter and any
foreign impurities. It was therefore essential to filter the
dope thoroughly; this was done by using wire gauze with different
mesh sizes. In some cases, an additional filter such as
gamgee tissue (cotton) and cheesecloth was used. To ensure
efficient filtration during the spinning procedure, two types

of filtration were used. One type of filter was used to

improve the filtration process as well as to reduce the load

on the main filtering system which was situated just above the

spinneret. This filter consisted of three wire-gauzes. The
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first one was a 50 mesh/inch round wire-gauze filter with a
diameter equal to the inner diameter of the dope reservoir.

This filter was held firmly by two rings, and was placed

inside the dope reservoir about 8 cm. from the top of the
reservolr, supported on four stainless steel rods. The second
filter was a 170 mesh/linear inch wire gauze, which was fixed
between two teflon-washers, and situated between the lower end
of the dope reservoir and the upper end of the spinning block.
There was another filter of a 170 mesh/linear inch wire-gauze,
which was placed between the lower end of the spinning block and

the upper end of the spinneret holder. These filters were

changed each time a newly prepared dope was to be spun.
- The main filtration system was varied depending on the

system being investigated. For fine spinneret holes, with
diameters less than 150 micron, the system consisted of a teflon-

washer, a 370 mesh/linear inch wire gauze, a layer of a half
thickness of gamgee tissue (cotton) with the cheese cloth support

downwards, two layers of a closely woven plain weave cotton fabric
a 370 mesh/linear inch, wire-gauze, a 170 mesh/linear inch wire-
gauze, a 50 mesh/linear inch wire gauze and finally a teflon-
washer laid behind the spinneret in that order. This type of
filter was found to give efficient removal of all residual
foreign matter from the dope. The wire-gauzes acted as filter

supports on both sides. For spinnerets with larger hole

diameters (greater than 300p ), the filter consisted of a
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teflon-washer, two 370 mesh/linear inch wire-gauzes, a 170
mesh/linear inch wire-gauze, a 50 mesh/linear inch wire gauze,
and finally a teflon-washer laid behind the spinneret in that
order., This filter assembly was removed after any spinning
operation, which could last between 20 minutes and 4 hours.
The spinning assembly acts as a mechanical support
for the spinneret and the final filters. It was possible to

heat the spinning assembly by a jacket heater, and the temperature
could be requlated by means of the variac regulator. The type

of spinnerets used during experiments were suitable either for
wet-spinning or dry-spinning processes, ranging from 75 micron

up to 500 micron, with the number of holes varied from 1-24

holes per spinneret. Of course, for the dry-jet wet-spinning,

the distance between the individual holes must be such as

to prevent coalescence between adjacent neighbouring filaments.

In general therefore, spinnerets which were suitable in
dry-spinning were used mostly in the dry-jet wet-spinning, though
in some cases spinnerets designed for wet-spinning were used

too. It is of the greatest importance that all holes of each

spinneret be completely clean, otherwise, dope delivery will
vary from one hole to another, and the filament cou;t will be
very variable. At the limit, some holes will deliver an
insufficient flow of dope and spinning breakage will occur.

For this reason all spinnerets were stored in chromic acid

solution. Also every four months all spinnerets were cleaned

in an ultrasonic bath in D.M.F.
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2.1.2 The coagulation bath

A static coagulation bath, containing a mixture of
DMF and water was used. A constant coagulating length (33 2 cm)
was maintained through most of thefexperiments, unless otherwise
stated. The coagulating length was set by using two adjustable
glass rods as thread-guides, one in the coagulating bath and
one pbetween the bath and the first roller of the advancing reels.
It was also possible to adjust the height of the coagulation
bath to fix the required clearance (air-gap) between the lower

surface of the spinneret and the upper surface of the coagulating
ligquid 1level. The coagulating bath tank and bath glass rod
thread-guides were fixed on the adjustable stand, so that the

filament length within the coagulating liquid did not change

on raising or lowering the coagulation bath, and the distance

between the two glass rods was kept constant (Plate 2.3).

2.1.3 The drawing unit (plate 2, 4)

A hot water bath fed with running water to maintain

a constant level and with two extra heating elements to

supplement the existing heater was fixed between the two

pairs of advancing reels, and was used for hot drawing. There
were two glass rod guides immersed in the hot water bath fixed

at a constant separation (83 cm). The speed of the first pair
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of reels could be varied in the range of 0 to 30 r.p.m., and

the speed of the second pair of reels could be varied between

0 and 90 r.p.m., with the aid of two rotary requlators
separately. These operated by means of Carter Junior Hydraulic
Controllers. There were two washing baths, one of them under
the second roller of the first pair of the advancing reels, and
the other one on the first roller of the second pair of the

advancing reels. These two washing baths were filled with

distilled water, and were changed at the beginning of each

experiment.

By adjusting the speed of each pair of these two pairs
of advancing reels, it was possible to adjust the jet stretch

ratio (J.S.R.) and the draw ratio (D.R.). In some cases the

jet stretch ratio was adjusted by means of changes in the speed

of the gear pump

2.1.4 The drying unit

A set of drying rollers consisting of two chrome
rollers, two idler rollers, and two radiant heaters, was used
to carry out the drying of the drawn filaments. The drying
rollers were positively driven, and their speeds could be
controlled by means of a rotary regulator, The surface speed
of these rollers was adjusted to equal that of the secong pair

of the drawing rollers in each experiment, so that no extension
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Plate 2.4
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or relaxation took place at this stage. The temperature
produced by the radiant heaters could be varied individually
by means of two Variac controllers in the range from room

temperature (R.T.) up around 200°C, as measured as the air

temperature near the drying rollers (1 cm. distance) (Plate

2'5)1
2.7.5 The winding-up unit
A Leesona (955S) precision cone winder unit was
used for winding purposes. The winding-up unit was sensitive

to the yarn tension and the speed varied automatically to

compensate for the variation in yarn tension (Plate 2.6).

2.7.6 Additional drawing unit

In some experiments another drawing unit was used
(Plate 2.7), which consisted of two godets with their attendant
idlers. The speed of the first godet is fixed and constant,
while the speed of the second godet and winding unit could be
varied by means of a Kopp variator. There was a heated shoe
between these two godets, approximately 10 cm long. The
heated shoe was a brass cylinder with a flat surface milled
along the length of the shoe, with a long groove cut into the

middle of the surface along which the filaments were passed.
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Plate 2.5

Plate 2.6
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Plate 2.7
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The shoe was drilled with two pockets, one for a 150 watt
cartridge heater, and the other for a thermometer, to give
a close estimate of the actual filament temperature. The
temperature could be controlled and varied from room

temperature up to 200°C by a variable controller,.

The winding-up unit consisted of a rotating drum,
whose surface speed was approximately 1% faster than the
speed of the second godet. The filaments were wound onto a
paper bobbin by means of a traverse mechanism composed of a
slider, which travelled forwards and backwards as its base

ran in a continuous peripheral groove cut on a roller. The

bobbin itself was driven by friction as it rested on the

rotating drum.
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2.2 Fibre production
2.2.1 Materials
1. Polymer; "Courtelle" acrylic fibre in tow form,

obtained from Courtaulds Ltd., was used as a source of polymer.

It was bright, 3.3 d.tex fibre with an average density of 1.15

g/cc69. Before use, the samples were soxhlet extracted with

methyvlene chloride to remove spin finish and other impurities.
2. Solvent; Dipgethyl formamide, obtained from

B.D.H. Ltd., was used, without any prior purification, both as

the polymer solvent and as agqueous solutions in the coagulation

bath.

2.2.2 Preparation of the spinning dope

The spinning dopes containing between 17% and 30% by

weight of Courtelle in dimethyl formamide (D.M.F.) were prepared

as follows:

xg {(usually in the range of 30-100 g). Courtelle were
soaked with y cc D.M.F. in a 500 cc glass jar, and mixed quite
well with a glass rod. Then the glass jar was placed in the
oven for 4 - 6 hours at 50 - 55°C without stirring. After
this period almost all of the polymer had dissolved. This

solution was then stirred with a stainless steel stirrer

(120 r.p.m.) for 10-12 hours at room temperature and then
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transferred to the dope reservoir on the spinning unit.

The amount of the D.M.F. (y cc) was calculated by

using the formula 2.1;

X. {(100-c)

y — C_p_ 2-1
where;
X = weight of the Courtelle polymer in g,
y = volume of the D.M.F. in cc,
¢ = the polymer content of the dope in %, and
P = density of the solvent (D.M.F) in g./cc (0.948)
2.2.3 Fibre extrusion

After transferring the homogeneous spinning solution

(polymer dope) to the reservoir, it was heated to 60°C without
applying any pressure and allowed to deaerate on standing for
at least 3 hours. Thus the removal of the air bubbles was

assisted by the lower viscosity at this temperature. Skin
formation was prevented by pouring a few drops of the solvent
onto the surface of the dope. The reservoir lid was then
tightened down and the heater was reset to give the required
dope temperature and the heater of the spinning block was

switched on to give the required temperature. About one hour

later, when all air bubbles had disappeared, and the dope had
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reached the desired temperature, pressure was applied above
the dope and the gear pump was switched on. When bubble-
free homogeneous dope emerged from the spinneret holder, and
continued to do so for a few minutes, the gear pump was

stopped. Then a spinneret assembly containing an appropriate

filtering device was screwed on.

In the case of wet-spinning, as soon as the solution
appeared on the surface of the spinneret, the latter was
immersed in the coagulation liquid, and kept in this position
for the whole period of the experiment. When the coagulation
bath was lowered to convert the wet-spinning process into dry-jet
wet-spinning, due to the surface tension, the coagulation liquid
remained present between the spinneret surface and the coagu-

lation liguid level. This condition was described as "false
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dry-jet wet-spinning" by Patel ~. If the bath was lowered more

than a certain amount, it was possible to overcome this

difficulty, but as soon as this point was reached the thread-
like spinning solution broke and continuous spinning was not
possible, because the extruding solution spread over the
spinneret face. After several attempts by trial and error, it
was found that there were two different ways to establish a

clear dry-jet wet-spinning operation (Plate 2.8).

The best method was by applying a certain value of

the nitrogen pressure, determined by the dope concentration and

the dope temperature, with a pre-determined distance between the
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Plate 2.8 Dry-jet wet-spinning



spinneret surface and the coagulation liquid surface, so
producing a jet of liquid thread-like filaments in the air

at the start of spinning. Alternatively, it was possible to
start the extrusion as a wet-spinning operation and to continue
this for at least 10 minutes. Then it was possible to lower

the coagulation bath very slowly to allow the dry-jet wet-

spinning process to begin. A jet wiping technigue with
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silicone 0il, as described by Esfahani was also useful in

the first procedure.

The thread-like filaments were allowed to pass through
the coagulation liquid. As the coagulating proceeded, the
filaments were guided through glass-rod guides with the aid of
a glass rod in the shape of a hook. Then the filaments were
passed round the first pair of advancing reels, with two turns
around the first roller and fifteen turns around the second
roller. The filaments were washed on the second roller of the
first pair of the advancing reels. Then the filaments passed
into the hot-drawing bath at a temperature of 96+2°C, from where

they were led around the second pair of the advancing reels,

with twenty turns around the first roller, for washing, and five

turns around the second roller. The drawn filaments were dried

on the chrome rollers at an appropriate temperature and were

finally wound on a paper cone.

On occasions, samples of the undrawn fibres were

collected manually, either on a bobbin, after washing on the
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second roller of the first advancing reels, or in a beaker

of distilled water into which they were guided from the first
roller of the first advancing reels. The filaments were
treated subsequently as necessary. In some cases, where it
was necessary, yarns were transferred from the cone to a paper

bobbin by means of the additional drawing and winding-up unit

with appropriate treatments.
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2.3 Testing procedures
2.3.1 Determination of linear density (filament count)

The count (tex or denier) of the filaments produced

by solution spinning is dependent upon three controllable

factors, namely the polymer content of the dope, the amount
of the dope pumped through the spinneret orifices per minute,
and the speed of the last take-up roller. So, the theoretical

linear density of the filament yarns was calculated according

to the formula 2.2:

vyarn count (in 4d tex) =-129L%;R'P'x 2.2

where;
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