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The methods of fiber manufacturing ,
Summary:

The paper deals with and describes the various methods of
transforming polymer substrates into fibers. These methods

comprise the following processes:

- the melt spinning process

- the dry spinning process

- the wet spinning process

- the film-to-fiber processes and

- the suspension spinning processes

Which of these processes can be applied for transforming a
given polymer into fibrous form is determined by specific

proper ties of the polymer.

Whenever a polymer is thermoplastic and melts at a reasonable
temperature, the melt spinning process will be applied since

nowadays this technique is the most simple and economical one.

Whenever a given polymer does not melt without decomposition
is, however, soluble in a solvent which can be easily evapo-
rated and recovered, the dry spinninj process will be applied,

as the second best choice.

The wet spinning process is only used for polymers which do

not melt without decompcsition and which are soluble in solvents

which can not be evaporated and easily recovered.
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During the last decade, the film-to-fiber technology has beea
developed. The various techniques applied in this new technology

are described.

As last resource for producing fikers from materials which
are neither meltable nor soluble, the suspension spinning tech-
niques can be applied. Such techniques are used in the manu-

facturing of polytetrafluorethylene or of ceramic fibers.

These processes are being described on typical examples and
information is being given on the tachnical equipment necessary ‘

and on the sources from which such equipment can be acqaired.

For the manufacturing of man-made fibers from matural or
synthetic polymers various methods are available. These

methods comprise the following processes:

- the melt spinning procesc

- the dry spinning process

~ the wet spinning process

- the film-to-fiber processes and

- the suspension spinning processes

From these, the first three are the mcstly used ones, while
the film-to-fiber processes and the suspension spinning processes
are limited in use for producing fibers for special application

areas and for manufacturing some speciality fibers.




The basic principles for the wet and dry spinning processes
were already established by the pioneers of man-made fiber
manufacturing at the end of the last century. It was especially
owing to the initiative of the Count de Chardonnet that
technical equipment able to convey, pump, meter and extrude
high viscose spinning dopes into fiberswas developed.

The melt spinning process, however, only evolved in the late
thirties of this century during the development of the poly-

amide and polyester fibers.

. Choice of process:

The decision, which of the above named fiber manufacturing
processes is used in a given case and with a given polymer,
is mainly determined by the specific properties of the polymer

! intended to be transformed into fibrous form (cf. Table No. 1).

Table No. 1:

POLYMER PROPERTIES AXND PIDER SPINNING HETHODS

(. Polymer Softcening or mel- ¥Yiber manufacturing
ting temperature process

. Polypronylene 170 - 175° ¢ relt spinning
Polyethylone terephthalate 2c0° ¢ nmelt spianing
6.C~liylon 265° C 1elt srarniug
6-15:rlon 215° ¢ melt spinaing
ticvaricthvlene terephthalamide 370° ¢ dry spinning (triflvoroacetic acid)
rolyvainylehlor {de 70: C (sofltcning) dry spinning (}rosanonec + carbordi~

180~ C (ceconpusition) sulphice)

Pelyacrylonitrile : >200° C (éecemposition)|dry spinuing (dimethylfoxix:ide)
Cellulose acctate (DS = 2.5) 120 - 160° ¢ (softening; {dry spinning {95/5 acetouns-water)
Cellulose triocetate 290 - 300° ¢ " Jéry cpinning (imethylene chloride)
Cellulose )250° C (uccoaposition)|wet spinning (cupromor.iuii)
Cellelose xanthate (D5=0.3-1.0) 250° ¢ {decomposition)| wet spinning (sodiumbhyircxide)




Whenever a polymer melts at a reasonable temperature without
decomposition, such as polypropylene, polyamide 6 or 6.6 and

polyethyleneterephthalate, the melt spinning process will

be applied, since it is the most simple and from the environ-
mental point of view the cleanest process, when compared with

dry or wet spinning.

Whenever a polymer does not melt at a reasonable temperature
and without decomposition, is, howevef, soluble in a solvent
having a rot too high boiling point, at which the dissolved
polymer is stable and when during evaporation of the solvent
the polymer solidifies to an exiendable gei filament, the dry

spinning process will be chosen, as the second best choice.

Another additional prerequisite for this type of fiber
spinning, however, is that the solvent used has to be easily

recoverable without too much losses.

The wet spinning process is only applied whenever the polymer

does not melt without decomposition, or when the solvent for
the given polymer has a too high boiling point, or when during
evaporation of the solvent not enough and fast sclidification
to extendable gel filament occurs. The wet spinning techniqgue
is in any case under such conditions the last choice. Wet
spinning in general means the applization of multi component
systems, which especially in regeneration and recycling of

chemicals is in most cases more difficult and technically

-

involved.




The film-to-fiber technology for producing fibers was developed

during the last 20 years, especially since iscotactic poly-
propylene become available. For any polymer, which is meltabie
at reasonable temperature and forms films with good mechanical
properties, such techniques are favourably applied when tha2
quality requirements for the desired textile material are

- not too high. Film splitting or slitting techniques applied to
polypropylene films or with certain difficulties due to
intermolecular secondary bonding also to polyamide or poly-
eser films, yield fibers with titers higher than 6 dtex

and with rectanqular, sometimes very irregular cross-sections.
The application of such fibers is limited to end uses, where

coarse and irregular fibers can be tolerated.

The suspension spinning technique is applied for the manu-

facturing of speciality fibers from organic or inorganic
macfcmolecular substances, especially when these are neither
soluble nor meltzble. Such polymer will be ground to fine
powders, which are then suspended in high concentrations

in a fiber forming spinning dope and spun under conditions
suited for fiber forming in the carrier dope. After fiber
formation, the fiber forming material coming from the carrier
dope, in the case of using viscose the cellulosic material
is finaliy burned away, and the incorporated powder is
solidified by sintering. Such suspension techniques are
applied for the manufacturing of polytetrafluorethylene
fibers or of certain ceramic fibers, just to give a few

ex amples.




vhe principles of melt spinning:

The melt spinning procedure comprises the following processing

steps:

- the preparation of the spinnable polymer melt,

- the extrusion of the melt through spinneret holes,

- the extension of the pélymer streams leaving the
spinneret holes,

- the solidificatipn of the extended filaments, and

~y
]

the winding up of the solidified filaments on a bobin or

on similar take-up equipment

lThe scheme of a melt spinning process is shown in the

?following Figure No. 1.

]
!

Figu-e No. 1: .- )
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The polymer melt is extruded through a channel of the spinneret
hole with a constant output rate W, with a cross sectional
diameter at the exit of the hole of do' at an average extrusion
velocity of VO and an extrusion temperature of To. Tha take-up
device placed at the distance L from the -spinneret collects

the filaments with a constant linear take-up velocity VL'
The corresponding filament diameter and filament temperature
at the take-up point is dL and TL' respectively. Betwveen the
exit of the spinneret hole and the take-up place along the
spinning path L, the drawing, the cooling, the solidi-

fication and the formation of the supramolecular structure

of the filaments takes place.

There are many variables involved in the melt spinning which
have an influerce on the fiber formation and the resulting
fiber dimensions and fiber properties. Some of these variables
are mutually dependent. Under the steady state conditions under
which fiber spinning takes place the equation of continuity

holds:
PoloVo = PrALYy =W »

wherein P, and py, are the polymer densities at the spinneret
hole exit and the take-up point, respectively, Ab and AL are
the cross~sectional area of the melt filament and the wound
up filament, Vb and VL the average velocity of the melt stream

at the spinneret exit and the take-up speed, respectively, and

W is the mass output rate.

The mass output rate W is determired by the dimensions of the

spinneret hole, namely its radius R, and its length 10, by the

-5~
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pressure difference 4P under which the extrusion takes place,
and by the viscosity § of the polymer melt at the velocity and
temperature conditions of the extrusion. A somewhat modified

form of the Pagen-Poiseuille law applies:
_ n 3 1/n
W= 30+ ¥ Ry (APRO/Z'Z 1)

Polymer fIuids used in fiber spinning most often exhibit
"structural viscosity”, i. e. the apparent viscosity decreases
with increased flow rate due to molecular orientation by shear
forces in capillary flow. For such systems n<1, and the actnal
output rate W is larger than that calculated from the Hagen-
Poiseuille formula in its original form valid for liquids

with Newtonian behaviour. One of the most important characte-
ristics of fiber-forming thermoplastic polymers is the rheo-
logical behaviouf in molten state, i. e. the behaviour under
flow conditions. Principally, there are two groups of rolymers

used for melt spinning:

(1) Lineavr polycondensates, such as polyamides, polyesters

and polyuretnanes with moderate molecular weights in the ‘.

range of 10.000 to 25.000, and

(2) linear polyolsr ines ard volyvinyl compounds, such as
polyethylene, polyprcpylene, polystyrene, polyvinylchloride,
etc., with higher molecular weights between 30.000 vp to

200.000.

Wlen melted, materials belonging to the first group, form melts

Wwith rather low viscosityﬂa , being at commonly used extrusion

temperatures in the order of 103 poises (=2f. Figure No. 2).

-
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These melts show only slight non-Newtonian flow characteristics,
such as viscosity reduction with fiow rate, and exhibit only
mninor elasticity characteristics and rather short relaxation

times in their response to external stresses.

The second group of fiber-forming polymers exhibit due to
their substantially higher molecular weight in their melts
high viscosities of ‘IO4 poises and more. These melts show
strongly exvressed non-Newtonian flow characteristics, high

elasticity and long relaxation times.

The spinning of polycondensates, be€onging to the first group
is therefore in most cases very good and without problems. The
upper spinnability limit due to cohesive fracture is (cf.
Fiqure No. 3) due to the lower molecular weiéht, the low

viscosity and short relaxation time usually not reached.

-10-
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Figure No. 3:
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) Zainrability of melts and solutions of polymers:
Dependance on viscosity and spinning v_locity

-1 - capillary breakup
2 = cohesive fracture
3 = practible spinnability

fimits.

The lower limit due to capillary breakup into drops appears

sporadically only wher due to righ spinneret temperature T,

or thermal degradation of the polymer the viscosity of the

melt drop to a too low level. The generally higher flu.dity

of the melts of these polymers also allows the use of grid

melters with gravity feed (cf. Figure No. 4) instead of

screw extruders.

Fiqure No. 4:
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In comparison, the spinnability of molten polymers belonging

to the second'group is usually iimited by cohesive fracture

and very seldomly by capillary breakup. The die swell and melt-
fracfure effects are very strongly expressed as result of

the higher elasticity of the melts. Long relaxation times lead
to serious limitations of draw rvrates and deformation ratios.
The high viscosities and in consequences the high pressures
required in the extrusion of these polymers make in ‘ .wer

spinning the use of screw extruders (cf. Figure dNo. 5) often

in connection with gear pumps (cf. Figqure No. 6) necessary.

Hopper for chips
crijure No. 5: :

l
Cylinder 20ne I
Cooling systcm

Cylinder zone X +iCylinder zone I
Heating ¢l¢mant I

Screw zone i | -

Metering zonz | Intake zone

Screw 2one i ‘ S:rew zon= ||

]
Mciting zone i
1]

v ee awe

Scheme of screw extruder

Flgura NO- 6:
" The parts of a spinning_gear pump

\.ﬂﬂ
1 s Oriving gear QE
2,5 » Outer casing plates >
) 1 inmer pump casing .
4 3 Purmp gears ) @ )
8 3 Distancs piste
’ ‘ . W

3 Mownling screws ' ' @
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Th  physics of fiow during spinnii:gy dope extrusion is most
importart for the understanding and the controlling of fiber
spinning. However, it would go beyond the scopé of this basic
lecture to deal with this subject in more details. Recently,
Andrzéj Ziabicki has published a most interesting book entitled
"Fundamentals of Fiber Spinning"” printed by Wiley & Sons,

New York - London, which is sold for US-Dollars 39,50.

The spinneret holes in melt spinning are generally larger

than in dry or wet spinning and range in dependence from the
characteri;tics of the polymer and from the fineness o_f the '
fibers to be spun from 0.1 to 0.8 mm in diameter with channea
length of a few millimeters. Normally, round holes are iﬁ usé.
Noncircular holes are used to make filaments of various cross-
sectional shape. Y-shaped holes will yield a three-lobed

. cross-section which may be almost triangular, and a C-shaped

hole willi produce a hollow filament (cf. Figure No.7).

Figure No. 7:

Noncirewlar spinnerct orifices and resulting fiber croas sections .
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In the case of spinning multi-filament yarns or stapie fibers
the cooling of the extruded melt filaments after leaving the
spinneret holes is performed in most cases in a gaseous medium
of air, inert gases or steam in a vertical spinning shaft of

1to5m length (cf. Figure 8).

Fiqure No. 8: Met spinning ( spinneret at top of spinning tube
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The cooling effect is sometimes enhanced by blowing the
cooling jas perpendicular onto the fibers with respect to
their spinning direction. On the other hand, in spinning
elastic melts of low fluidity the upper part of the spin shaft
has often to be heated in order to prevent too rapid cooling
thus avoiding difficulties in drawing. Thick monofilaments

or bristles are commonly spun into rapidly acting liquid

cooling baths.

~14-.
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The take-up velocity used in fiber formation by melt spinning
of thermoplastic polymers range from 100 m/min in the case

of thick monofilaments and liqu}d bath cooling up to several
thousand m/min in the production of multifilaments using

gaseous cooling medium.

The lack of solvents and of coagulation or precipitating agents

together with the high spinning velocities make the melt
! spinning technique the most convenient and efficient of all

the spinning procedures. The only factor, which seriously limits

'

the application of melt spinning is the melting temperature and .
the stability of the resulting flnid melts. Melting and extrusion
temperatures much higher than 350° C are difficult to achieve.
Typical melt and spun polymers are the linear polycondensates,

such as polyamides, polyesters and polyurethanes, and thermo-

plastic polymerization polymers, such as polyethylene and

polypropylene.

The thermal decamposition of a polymer below the reasonable

fluidity temperature normally excludes the application of

-~

melt spinning techniques. In a few cases, however, this diffi- "
cglty can be overcome by replacing the pure undiluted polymer

by plasticisingsvstems. Poiymers containing a few percent

of low molecularized plasticising agent, yield sufficient

fluidity at temperatures below their destruction point, thus
allowing extrusion. Although in this case the spinning fluid

is a very concentrated solution, such a process can be con-

sidered as "melt spinning", because, as in pure melts, the

mechanism of solidification consists practically of cooling

C =185-




rather than of evaporation of the plasticised agent. A

polymer, which only nielts normally under decomposition, but

can be extruded with the help of plastigising agents, such as

water, dimethyiformamide or others is polyacrylonitrile (cf.

Figure No. 9).

Fiqure No. 9:

‘ Diagram ;1 spinning head for ‘melt spinning® of PACN with plasticiser, '

S Softerser & PACN
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Nt =" Mstering pump
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g‘,‘g;{ Spinneret

hih

"'E'

G

i
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DOectrically hoited
spinming Chamber

|
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Due to the high speed at which melt spinning can be normaliiy

performed up today, the fiber mamufacturing process is inter-
rupted at the primary take-up point. In producing monofils or
multi-filament yarns the unstretched product is wound on bobins
cr similar take-up elements or in case of manufacturiny staple
fibers collected in cans. In a second processing step, which

is mostly performed at much slower.speed, mechanical énd

thermal after ﬁfeatments are undertaken, leading to molecular
orientation along the fiber axis and improving the‘physical
properties of the fibers. This after treatment consists of .
2- to 6-fold drawing of the melt spun fibers, followed by

heat setting and fempering treatments. In some cases the fibers
are also texturized to enhance bulk, cover and wear comfort.
Details of these treatments will be dealt with in later lectures,
describing the mamufacture and use of viscose, polyester, and

polyamide fibers.

.The principles of dry spinning:

A number of fiber-forming polymers can not be melt-spun

mzlting temperature. These polymers, such as cellulose acetate,

because they decompose or. heating before, or close to, the

polyacrylonitrile, etc., may be spun from solution by either

the "dry" or the "wet" spinning process.

In the dry spinning process a concentrated polymer solution is
extruded through the holes of a spinneret in most cases verti-
cally downwacrd into a spinning shaft in which a current of hot
gas usually flowing parallel to the extruded gel filaments eva-
porates the solvent. The principle of dry spinning is illustrated

schematically in the following Figure No. 10.




Fiqure No. 10: From pump
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‘Scheme of a’ dry spinning process

The spinning dope used in dry spinning should be highly concen-
trated to assure good fiber formation and to minimize the
quantity of solvent to be evaporated and recovered. There are,
however, practical limits to the concentration of pclymer

solutions, as can be seen from Figure No. 11 showing the increase

. in viscosity of polyacrylonitrile solutions with increasing
concentration. i '
Ball Fall - seconds '
20F . ’ ¢
Figqure No. 11: -
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A solution which is too concentrated may hase highly visco-
elastic, jelly-like properties, thus giving rise to cohesive

fracture in extrusion under tension and be difficult to pump.

The preparation of homogeneous concentrated polymer solutions
is in many cases not easy. When handled in the wrong way

the particles of the solid polymer can form a solvent—swollen
congealed mass which restricts penetration by further solvent
inhibiting dispersion and dissolution. The proper technique

asks in a first step for proper dispersion of the polymer

powder in the solvent under non-swelling conditions, such as .

in the case of dissolving polyacrylonitrile the application
'of temperature is near or below 0° C for the dimethylformamide
solvent. Mechanical stirring and heating the solvent is then
used to complete dissolution. When the polymer is senstive to
oxidation air may have to be excluded to prevent degradation

or disco}oration.

Generally, spinning solutions for dry spinning - should be as high
in concentration as practically possible. The practically expe-‘.
rienced range lays between 15 % and 35 $ depending on the

polymer used.

The ideal solvent for dry spinning should be thermally

stable, inert and non-toxic and have a low boiling point and

a low latent heat of evaporation. It should be a technically
in large quantities produced and cheaply sold product. Good
recovery for recycling in the process should be porsible.

The recovery rate is very ¢ ,sential for the economies of a dry

spinning process.

-19-
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The properly prepared solution has to be filtered to remove
gel particles or other solid impurities, and degassed to clear
from air bubbles or other evaporable impurities. To reduce
viscosity in order to make pumping and filtration easier the

spinning dcpe will be heated to elevated temperatures.

The thus prepared dope is metered by gear pumps to the indivi-
dual spinning positions and pressed throughk spinneret holes.
In dry spinning these normally round holes are generally
somewhat smaller than in melt spinning, namely from 0.1 to

0.3 mm in diameter and 1 to 3 mm in length.

The spinning positions including filters, spinneret and the

guide system for the hot spinning gas, are assembled in a common
unit, the socalled "spinning head" and are heated by circulating
liquia ., or vapour, such as water, steam or for higher temperatures
steam of high boiling liquids, i. e. azeotropic mixture of

diphenyl and phenoxybenzene.

In dry spinning the filaments are extruded downwards into a

heated tube, the socalled "spinning chimney®.

Here they are exposed to a circulation current of hot gas
which runs the same directions as the spinning filaments.
The hot gas evaporates the solvent from the surface of the
spinning gel filaments. Hot air or an inert gas, such as
nitrogen or steam are used. When air is used great care is
needed that the concentration of the solvent vapour does

not reach the explosion limit.

-20~




The temperatures of the spinning dope and of the hot gas

are chosen to match the physical properties of the solvent
and to provide optimum spinning conditions with respect to
the solidification of the spirning gel filaments. In spinning

cellulose acetate from aceton: the spinning dope temperatures

R L

at the spinnereﬂof approx. 55 to 60° C and of the hot gas of
ébout 95 to 100° C at the gas inlet and approx. 60° C at the
gas outlet are commonly used. For acrylic fibers from dimethyl-
formamide the corresponding temperatures might be 110 to 130° C
C for the spinning dope temperature, 250 to 300° C for the hot | ®

spinning gas at the inlet and 130 to 150° C for the spinning

gas at the outilet.

Very important in dry spinning is to choose conditions under

vhich the solidification of the surface occurs in a not too

far distance from tﬂe spinneret face in order to prevent

the clueing together of individual filaments should they

touch each other under unstabilitigs of the spinning process

which in practice can not be completely avoided. On the other
(‘ hand the solidification should not lead to a too dense skin .

in order to allow solvents fraom the inside to diffuse to the

surface and to be removed by evdporation. Furthermore, too

fast and too complete solidification producirg a hard skin

of solid polymer can effectively interfere the extensilility

in drawing. Evaporating of the solvent from the surface the

core of the filament remains still liquid or gel-like. The

diffusion of the solvent to and through the surface skin reduces

the volume of the core and causes the skin to fold giving an

irregular fiber cross-section. The result of this is practically

-21-




a flattened "dog-bone" section, when circular spinneret holes

are being used (cf. Figure No. 12).

Pigure No.12gwwrmigszp—mmamy “——%R’"‘z AN ’

- ‘$v*d "/‘

"pog-bone” cross-soction of dry-spun fibers .

Also in dry spinning non-circular spinneret holes can be used.
In order to retain any imposed shape the skin must be formed

in such cases very rapidly.

After proper solidification the filaments caming from the
spinneret can be made to converge at some point down the
spinning tube. Spin finish is applied when the filament bundle
leave the spinning chimney and the filaments either wound on
bobins or other take-up elements in the case of production of
monofils or continuous filament yarns. In case of staple fiber
nanufacturing filament bundles coming from various spinning
positions are collected to a thicker cable and stored in

spinning cans.

The take-up speeds for the freshly spun fibrous materials
are in dry spinning at the take-up or collecting point in the

range of 500 to 1000 m/min. The ratio between the extrusion

22—
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speed and the take-up speed is mostly in the range of

1 : 5vp tot1 : 10.

The freshly spun and wound up monofils or filament yarns

or the freshly spun cables, stored in cans, retain in most
cases till small quantities of the solvent which has to be
washed out in the following after-treatment. The after-
treatment of dry spun filaments has also hefe the purpose
to establish by drawing a proper degree of molecular orien-
tation along the fiber-axis, to eventually crimp the fibers,
and to heat set the fibers to prevent dimensional changes '
in use. Also in the case of dry spinning the equipment
necessary for the after treatment is completely different
vhether one produces monofils or continuous filament yarns

or staple fibers.

The principles of wet spinning:

The wet spinning process starts with the preparation of 5 con-
centrated polymer solution which is properiy degassed, filtered,
and metered accurately to spinneret assemblies. The fluid jet .
emerges usually horizontally into a liquid spin gath, which is
miscible with the fluid in which the polymer is dissolved but
being either a non-solvent for the polymer or being a coagu-

lant.

The preparation of the spinning dope follows the same general
principles discussed before in describing dry spinning procedures.

The spinning dope for wet spinning has generally not as high

23—




concentration as in dry spinning. Normally it contains about

5 to 25 3 of polymer depending on the natvre of the latter.
The orifices of the spinneret are in wet spinning generally

smaller and range from 0.05 to 0.2 mr in diameter.

The jet of polymer solution leaving the spinneret hole and
coming in contact with the coagulant spin bath is undergoing

a solvent/non-solvent. interchange (cf. Figure No. 13) .

Figure No. 13:

I -

sw -
i) B
£s A
£5
&3
S5l B I
S o—-
o
3 7 - -]
] 1 | & 1
[ 5 10 15 20 25

Time t, sec

Time-dependent composition of a wot spun PACN-fiber !
A = concentration of solvent (DMS0}
_ B = concentration of precipitating ageat
¢Butanol)

Solvept diffuses out from the suxface, and nén—soivent diffuses
into the coagulating gel £ilament. A thin surface film of
polymer gel is formed very rapidiy. Continued exposure to the
non-solvent causes phase separation and as the two way diffusion
proceeds, the gel layer thickens through to the center of the

fiber.

In case of spinning viscose rayon yarn or staple fibers
the spin bath contains aside the coagulant of sodium sulphate

solution also the chemical reagent sulphuric acid causing

-24-




regeneration of the cellulose xanthate back to cellulose.

Here the fiber formation is a campination of coagulation

and of chemical reaction.

In wet cpinning, as in other spinning technologies, the
filaments must be given uniform treatment if good quality
products are to be spun. Fresh and sufficient supplies of
spin bath must be provided to all places of the spinneret
face. This is especially important in staple fiber spinning

where spinnerets with up to 100.000 holes are in use.

Special positioning pattern of the holes in the spinnere't plate ‘

or combination of small spinnerets in one assembly plate

are being usea. The spinneret plates do not have to stand

up very high pressures and are made of relatively thin metal’
sheet ma‘erial. In same case, as in viscose fiber spinning,
they have to withstand corrosive liqﬁids and are therefcre

made from gold, platinum or tantalum alloys.

For practically all commercial fibers spun by wet spinning
technology water is used as major ingredient of the spin bath.
Spinning frdm an organic solvent straight into water, however,
can cause too rapid precipitation of solid polymer leading to
cifficulties in achieving adequate mechanical properties by
drawing. Therefore, in most cases solutions of the polymer
solvent in water are used as spin baths to delay coagulation
and gelation. When acids or inorganic salts are used to cause
and enhance coagulation the concentration is the controlling

factor for precipitation and solidification.
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The actual path length of the freshly exiruded

the spinning bath can be qu "te short, often less than one

meter. The temperature of the spinning bath can vary depending

on the type of polymer-solvent system and the optimum condi-
tions of coagulation and solidification necessary for achieving
the desired fibe:x properties. Normallv, spin -h temperatures

between 20° and 50o C are used.

Following the coagulation and solidification in the spin bath,
often adaitional baths ave used to complete the hardening
process, or when chgnical reactions are involved to complete

these reactions, and to wash out residual solvent or reagents.

As long as the freshly formed filaments are still in a gel
state, the bath liquid should be supplied without turbulent
flow so that the extruding filament assembly is steady and
individual filaments do not rupture or touch ~ach o*her until

solidification is sufficiently advanced.

After filament formation and sufficient solidification the
filament cables are taken from the spinning bath and sub-
mitted to an one- or miultistep stretching reatment orienting
the fiber-forming polymer molecules into and along the fiber
axis. This stretching teatment can either be carried out in
air or in liquid bath often at elevated temperatures. The
drawing is usually performed in nonofil or multifilament

yarn spinning between two rollers rotating at different speeds;
in staple fiber spinning the filament asseamblies coming from

various spinning positions are combinred to cables of several
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millions of filaments and stretched between roller assembliies

each consisting of 3 to 7 rollers (cf. Figure No. 14).

Figure No. 14:

SEVEN-ROLLES DEAN STAND OF SUPEIMEAVY CONSTRUCTION WITH PRNEUMATICALLY
OFEIATES R-TOUS.

In the freshly spun state the filaments are still swollen by
solvent/non-solvent liquid mixture, which plasticises the
polymer molecules or fibrils increasing their mobility. The
stretch ratios normally applied range in practice depending

on the type of polymer system from 1 : 1.5 up to1 : 5.

The spinning sperds in wet spinning are restricted by the
considerable viscous drag on the gel filaments irn the spin
bath iiquid and by the time needed for coagulation and .olidi-
fication. Since the sclvent/non-solvent exchange is widely

a diffusion controlled process spinning speed is,

to the speeds of melt or dry spinning,comparably slow and

ranges mostly between 10 to 100 m/min.
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For economic reasons, solvents and chemicals used in wet
spinning have to be recovered and redycled in the process
from the spinning solution and from washing and after-treat-

ment baths.

The principles of film-to-fiber vrocesses:

The direct way to produce man-made filament or staple fibers

by extrusion of a polymer spinning dope or melt through small
spinneret holes is well known and widely applied. If during

the last two decades a large number of industrial companies and
research institutions began to study the possibilities of pro-
ducing fibrous products by the way of polymer films, there must
be a special reason for this. Such reasors are mainly the mla-
tively lower investment costs of film extrusion equipment, the
possibility of performing fiber production in a one-step-opera-
tion, the relatively low processing costs and some special pro-

perties of the fibrous product obtained by this way.

Film;tage and film-tape products: The first steps towards the
production of fibrous products suitable for textiles and re-
lated uses by the way of polymer films was the development of
film;tapes or ribbons. Until tha carly fifties, thre production
of film-tapes or ribbons was limited to paper or to film from
regenerated cellulose, polyvinylchloride and polystyrene. However,
these materials yield products of too low tensile strenéth or
unsatisfactory wear prope:-ties and vere thus in no way
competitive to hard fibers, such as hemp, Manila or Sisal,

or they were too high in price in order to compete successfully
in most fields of application, such as for binder-twine, ropes

or mats.
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However, when in the early fifties the high density poly-

ethylene and the isotactic polypropylene came into commercial
reality, the situation changed canpleteiy. These polymers, being
relatively inexpensive and having good cristallization and orien-—
tation ability, gave excellent films. Due to their limited ten-
dency to develop intermolecular bonds or forces, highly orientated
films from these polymers show high anisotropy of strength and can
be easily cut into tapes or ribbons or slit into fine capillaries
of high longitudinal strength. A further advantage of the polyole-

fines were their relatively low density. .

In a matter of a few years, a large number of companies,

involved in the production of strings, ropes and mats, as well as
involved in extrusion equipment manufacturing, developed pro-
cesses and machinery for the production of film-tape and film-tape

products.

In principle, the processes for film-tape manufacturing can

be dinstiguished into:(cf. Figure No. 15):

Figure No. 15: .
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a) Processes, where tape cutting is done before the stretching
operation, and
b) processes, where tape cutting is done after the film

stretcning (cf. Figure lNo. 16).

Figure No. 16:
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An interestingApossibility was shown during the last years in

the development of the new Slit—Weaving(R)-process, for which
uniaxially stretched film is applied dirgctly cn the loom in con-
junction with a tape cutting device, producing a warp tape directly

on the loom, as illustrated in the lower part of Figure 16.

Film-Yarns and fibers: The idea, of going a step further, namely

producing fine filaments or fibers by the way of the film is
not new. The pioneering work for filament and fiber processing by
the way of polymer films was already done at the beginning of the

fourth decade of this century by Heinrich Jacque et al.
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Jacque and his coworkers had observed that £ilmes of poly-
vinylchloride or of polystyrene, being monoaxially stretched at
elevated temperature to high draw-ratios, gave materials of

high orientation and high strength in the direction of draw. At
the samz time these films show st.ongly reduced tensile strength
in the cross-direction, splitting easily when exposed tc mecha-

nical actions, such as brushing, rubbing or twisting.

Somewhat later, a closely related process for the produc-

tion of fibers from polyvinylidene films was developed in

the United States of America. At the same time, O. B. Rasmussen
started his very interesting work on film-fiber.processing,

vhich has given remarkable stimulation and a large number of use-
ful ideas to the further development of textile yarn and fiber

manufacturing by the way of film.

In the last decade, a large number of machine and fiber
mamu facturers (i. e. in Great Britain, Japan, Germany, the USA
and many others) have independently developed film, yarn and

fiber processes and machinery performing such processes.

In accordance with the principle characterizing film-to-fiber
separation, one can distinguish three main types of film-to-

fiber processes:

1. the processes, applying random mechanical fibrillation,
2. the processes, applying random chemo-mechanical fibrillation,

and

3. the processes, applying controlled mechanical film-to-fiter

s2paration.
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g the processeg
all processes can be listed, in which the polymer film is sepa-
rated by purely mechanical action, such as brushing, rubbing,
twisting, air-jet treatment, and others. The main prerequisite

for the application of these means for fibrillation, is the cre-
ation 2f hich tensile strength anisotropy by applying high draw
ratios. Furthermore, polymers have to be used, such as polyolerfines,
vhich have due to their chemical structure no or only limited
tendency to form secondary bonds between the individual mole-
cules. The resilting yarn-like products have in most cases a
network-like texture and a very wide distribution in fiber length,

fiber thickness or cross-section of the fiber segments, such as

illustrated by the Figqure No. 17.

Figure No. 17:

Example of a split fibre
2ale by mechantcal fibrillation.
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Products of this type are mainly used for the production of

binder-twine, cords, rcpes, mats or nets.

rmong the processes, applying random chemo-mechanical
fibrillation, all processes can be summarized in which additions
are made to the polymer, introducing statistically distributed
inhomogenities into the film, acting in the drawing treatment as
weak spots enhancing the tendency for length-wise spiitting.

Such additions can either be compounds decwaposing ( t the extru-
sion temperature forming gases leading to voids in the film. '
Also the use of soluble salts added to the polymer has been
suggesfed. Another way to intrcduce weak spots into the poly-

mer film, is the addition of incompatible polymers. In the
following Figure No. 18 an example of the texture of a split fiber
yarn, produced by applying chemo-mechanical fibrillation, is

given. Here also the products have network-structure and the

cross—-sections of the fibrous segments oZ the network show high

noﬁ-uniformity.

Figure No. 18: R ' ‘ o
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4 ‘Examplert a split
fibre made by chemo-mechanical
fibrillation.
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Products, made by this way, are also applied in the manu-

facturing of twines, ropes, mats or nets.

The processes, applying controlled mechanical film-to-fiber
separation, use more or less accurate slitting, cutting cr sepa-
ration procedures, resulting in products, having more or less
regular network-structure or peing preferably continuously

separated.

According to the basic principle of the film separation
techniques applied in the controlled mechanical film-to-fiber

separation, one can distinquish three methods:

(i) The first method uses the introduction of well defined weak
structures into the film with the help of profiled dies
during extrusion or with profiled rollers following the ex-
trusion. Processes, based on such means, have been developed
‘'by companies in the United Kingdom and Germany. In subsequent
stretching the profiled film separates along the length
grooves into more or less completely separated continuous

filaments.

The following Figure No. 19 shows the cross-—section through

the length ¢groove structure of a f£ilm, extruded by using

profiled dies.

: et
i.'.-:.';v.‘:';:.'?“}"—‘-'e—fl":—'.:’n— ;

8lit fibres made with '
controlled mechanical film to
fibre separation.

-




...34._

In the uniaxial drawing of the profiled film, separation
into more or less completely separated filaments occurs,

having very uniform cross-sections.

»

With the use of profiled rollers also more complicated
structures, such as networks of various kinds, can be pro-

duced.

(ii) In the second method of controlled film separation, a
freshly extruded or only partially stretched film is passed
through or treated with rotating needle rollers. '.
The teeth or needles penetrate the film and slit it into
more or less regular networks of defined fibers. The struc-
ture of these products can vary over a wide range from
statistical.networks as produced by statistic mechanical
fibrillation to very regular network structures, as shown

in the following Figure No. 20.

Fiqure No. 20:

Pt A

S1it fibre yarn mrade ‘
with controlled film to fibre ‘
separation.
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(iii) The thirA method of controlled film-to-fiber separation
is based on the use of very fine saw-like cutting or slitting

tools. An example of such slitting tool is given in

OF

L] C 1 ]

Fiqure MNo. 21.

Fiqure No. 21:
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The kind of product, obtained by such film-to-fiber

separation method is shown in the following Figure No. 22

Fiqure No. 22:

The side view and the cross section show that the resulting
fibers are very regular, approaching the regqularity of
conventionally spun man-made fibers. Such fibers can be
prof itably produced with coarse titers for technical

uses and for outdoor uphnlstery, mats and carpets, as

well as for twines and ropes.
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The principle of the suspension spinning processes:

The suspension spinning method is applied whenever the fiber
forming material is neither meltable nor soluble. The mater.al
can then be ground up very finely, suspended in a carrier
spinning dope, such as viscose or polyacrylonitrile dope.

This suspension is then spun into filaments. The carrier
polymer is burned away and the fiber forming powderous material
sintered to form a stanle filament. Such spinning methods are
used in the manufacturing of polytetrafluorethylene or of

ceramic fibers.




PRODUCTION PLANTS FOR
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INTIIE

Engineering:

Barmag EBarmer Maschinenfabrik AG
Leverkusener Str. 65
D-5630 Remscheid 11

BRD

.Chiyoda Chemical Engineerihg &
_Construction Co., Ltd.

Hibiya Kokusai Bldg. 2 - 3
Uchisaiwai~cho

Chiyoda-ku

Tokyo 100

JAPAN

Didier Engineering GmbH
Industrieanlagenbau

_ Alfredstrage 28

D-4300 Essen 1
BRD

Fleissner GmbH & Co.
Wolfsgartenstrage 6
D-6073 Egelsbach

BRD

Humphreys & Glasgow Limited
22 Carlisle Place
London SW1P 1JA

ENGLAND

Vereinigte Usterreichische
Eisen- und Stahlwerke -
Alpine Montan AG
Werksgelande

4010 Linz

AUSTRIA

Zimmer Aktiengesellschaft
Borsigallee 1 - 7
D-6 Frankfurt/Main

BRD

o

Tel.: (06103) 4141
Telex: 04-15 069
04-15 021




1.2

Complete plants:

Ateliers Roannais de Constructions
Textiles (ARCT)

Rue Cuvier

Impasse Champrimis

F-42300 Roanne

FRANCE

Automatik Apparate-Maschinenbau
H. Hench Gmbid

Ostring 19
D-8754 GrogSostheim 2 .
BRD

Barmag, Remscheid
see above

Blaschke & Co GmbH
Schorndorfer StraBe 24
D-7056 Weinstadt-Endersbach -

BRD

pidier Engineering, Essen
see above

Karl Firscher )
Apparate- und Rohrleitungsbau
Holzhauser StraBe 159 - 165
D-1000 Berlin 27

BRD

Fleissner, Egelsbach
see above

Lurgi Apparate-Technik GmbH
Gervinusstrage 17/19
D-6000 Frankfurt/Main

BRD -

Synthetica-Chemieanlagenbau AG
Postfach 244

Eptingerstr. 41 -

CH-4132 Muttenz 1 (Basel)

SWITZERLAND

Zimmer, Frankfurt
sece above

Erection:

Didier Engineering, Essen
see above




2.2

Fischer Karl, Berlin
see above

Zimmer, Frankfurt
see above

Consultation:

Didier Engineering, Essen
see above

Fischer Karl, Berlin
see above

Zirmer, Frankfurt
see above

Spinning plants:

Complete plants:

ARCT, Roanne (F)
see above

Automatik GroBostheim
see above

Barmag, Remscheid
=2e above

Blaschke, Weinstadt
see above

Didier Engineering, Essen
see above

Fischer Karl, Berlin
see above

Fleissner, Egelsbach
sece above ‘

Lurgi, Frankfurt
see above

Synthetica, Muttenz (CH)
see above

Spinning nozzles:

Diirener Metalltuch
Schoeller, Hoesch & Co.
Postfach 447

D-5160 Diirent

BRD

.
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2.3

2.4

2.6

W. C. Heraeus GmbH
Heraeusstrafe 12 - 14
D-6450 Hanau

BRD

Vdest-Alpine, Linz
see above

Metallwerk Plansee AG & Co. KG
A-6600 PReutt

AUSTRIA

e

Spinning heads:

ARCT, Roanne (F)
see above

Automatik, GroBostheim
see above

Barmag, Remscheid
see above

Blaschke, Weinstadt
see above

Didier Engineering, Essen
see above .

Syﬂ%hetica, Muttenz (CH)
see above

Zimmer, Frankfurt
see above

Spinning discs:

Heraeus, Hanau
see above

Spinning funnels:

Barmag, Remscheid
gsee above

Tempelma: n
Ges. fiir techn. Glas
Liitkenheiderstrafe 11
D-58 Hagen

" BRD

2immer, Frankfurt
se= above

Reeling machines:

ARCT, Roannc‘(F)
see above

o>




Barmay, Remschelid
see above

Blaschke, Weinstadt
see above

Fischer, Xarl, Berlin
see above

2.7 Spin-draw-winding machines:

ARCT, Roanne (F)
see above

Barmag, Remscheid
see above

Blaschke, Weinstadt

q see aljcve
Industrie-Verke Karlsruhe Augsburg AG
Geschidftsbereich Chemiefasermaschinen
GartenstraBe 71
D-75 Karlsruhe 1

BRD

2.8 Stretching mills:

ARCT, Roanne (F)
sze.above

Automatik, GrecBostheim
see above

Barmag Remscheid
see above

(,‘ Blaschke, weinstadt
see above

Didier Engineering, Essen
see above

Fleissner, Egelshach
see above

Synthetica, Muttenz (CH)
see above

‘2.9 Draw-texturising machines:

ARCT, Roanne (F)
see above

1

Barmag, Remscheid
see above

3 Didier Engineﬁring, Essen
! see above

o




2.10 Hich-speed winders:

ARCT Roanne (F)
see above

Barmag, Remscheid
see above

Blaschke, Weinstadt
see above

IWKA Chemiefaser, Karlsruhe
s see above

o
*

2.11 Tow take-off and canning machines:

ARCT, Roanne (F)
( see above .

Fleissner, Egelsbach ‘
see above

IWKA Chemiefaser, Karlsruhe
see above

2.12 16-fold spinning technigque:

i . ARCT, Roanne (F)
gee above

-

Automatik, GroBostheim
see above

Didier Engineering, Essen
see above

c Synthetica, Muttenz (CH) K :
see above ‘

Zimmer, Frankfurt
see above

2.13 Spinning pumps:

Barmag, Remscheid
see above

*Feinprif" FeinmeB8- und
Priifgerdte GmbH

Brauweg 38

D-3400 Goéttingen

? BRD




2.14 Pump testing stands:

3.
o

4.
€0

5.

6.

Feinpriif, Goéttingen
see above

Staple fiber plants:

ARCT, Roanne (F)
see above

Barmag, Remscheid
see above

Blaschke, Weinstadt
see above

Didier Engineering, Essen
see above

Fischer, Karl, Berlin
see akove

Fleissner, Egelsbach
see above '

Lurgi, Frankfurt
see above

Zimmer, Frankfurt
see above

-

Af ter-Treatment bowls:

ARCT, Roanne (F)
see above

Fleissner, Egelsbach
see above.

Tow folding units:

ARCT, Roanne (T)
see above

Fleissner, Egelsbach
see above

Steaming and heat-setting plants:

ARCT, Roanne (F)
see above

Fleissner, Egelsbach
see above

o»
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Opening units:

ARCT, Roanne (F)
see above

Fleissner, Egelsbach

~ see ahove

Tow drawing svstems:

ARCT, Roanne -(F)
Automatik, CroBostheim
see above

Blaschke, Weinstadt
see above

Fleissner, Egelsbach
see above

Synthetica, Muttenz (CH)
see above
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