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by Dz, Hans Krissig, Dircctor of Research ciid Development
of ChcmicfaservLcnz1" LG
L5 o oas cur Uradibleon and historical unswledge oes, we
find that next to the concerns for food and shelter the
concern for clething has always pl ayed'a ma jor role in the
devalopment of mankind. Injitially leaves and other parts of
plants besides animal skins will probably have served to
satisfy this nced. Only later man has aquired the knosledge
to spin threads or yarns from fibers obtained from plants
or animnal hair and to weave these threads or yarns into
febrrides. According to histoerical findings woven material made
fyom ool and fibers of heiap and of Tlaxx were kndén centurics
hefore our Liwss in what we call Europes today. Silk and cotton
febr-ics vic oxe Lo the Chinese, il Fest Indians and to the
aboricines on the Amcrican Continent. Only in the course of

[
the Middle figes they were introduced on the Europesan continent
by wey of the conquests of Arabhs and Twrks and as a conse-

quenee of the sea voyarges of the Portugese and Spanish dis-

cavoenrs, Tnoonite of Lhilis, wool hao rremningd the mest
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Inporbont toxbUile raw moterini unti) Do inlto tue

and was only then replaced by cotton #t a stcadily inercasing

The idea Lo produce textile Cibers by artificial means 1is
5111 relatively youns., The Cirst proven statement of this kind

v eanyt "lj
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vwas made by the English scientist Robert Hooke, who in his
boolr "M icrographia" says in 1665 the following:

v ... and I often thousht that a process could be found to
proiuce an arvifiecial glue-like subStance guite similar 1f
rot Just as feod or even better than the excretion or what
other kind of substznce it may be from which the silk worm
spins its cocoon. Would it be possible to find such a
substance it will certainly be casy to find very guickly also

the means to drav from it useful filaments. I do not need to

mention the usefulness of such an invention nor the profit ‘

which would accrue to the inventor."”

Approximately 'O years later the French physicist and zoologist
Rene Antoine FPerchauld ée Reaumur wrote similarly in his vork
"Notes on the history of insects". In this connection he made
a comparison w:th glass fibers which in his time were knoun
but of 1little imprtance. Fibers from glass are such to be

considered as the oldest artificjal fiber material,

1. The developinent of synthetlic fibers based on natwral raw

material:

Unti) these thouchts could materizlize almost 200 years had
to pass. They did, houwever, introduce the sccond stage of
developrent which is marked by the advance of chemistry into
the arca of makirg and processing textiles. It 1s intcresting

to note Lhat not protcins, beiny the basts of silk or wool,
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furnisncd the raw moterial for the first and today still

most iimportant artifleiasl fibers but cclluloeze. This may

in part have bcen caused by the steqdily inerecasing importance
,of the native écllulose fibor's, espceially of cotton. In
Epart it mzy also be explained from the fack thot the chenical
and physical behaviowr of protein solutions is much more
complex because of the polyclectrolyte characteristics of

the protein molecule than the behaviour of solutions of
cellulose or cellulcse derivatives, Various preparatory ob-
servations and developments advanced the develobment of the
first artificial fibers proper.

The basis fcr the development of artificial cellulose fibers
vas the invention of processes to obtain the ccllulose cn a
large scale from wood which was available on a largz :calce.,
Preparatory work for such proccsses began in the firvst half
of the past century. It was Tilgman who in 1866 succeeded

for the first time to do so on a technical scale through

the usc of sulphurous acid as means to pulp the wocd. From

this beginning the so called "sulfite-process" was developzd

1"

vhich later was supplementoes Ly the compating Tsulflal
Furthermore, the finding of solvents for cellulose and of
soluble cellulcse derivatives was of basic importance. Ia
1832 Braconnct isolated the nitric acid ester of cellulose,

which is soluble in acctonc, as easily flammzble material by

the reaction of concerirated nitric acid with cellulnse con-
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taininy material. This ester obtained importanze through

the work of Schiocnbein and Otto in the year 1846 and 1847

as so called "explosive cotton". hudcmars showed in 1855

?for the first time that it is possibdle to Graw filarnents frem
solutions of this material Cf similarly surdianental characoer
was also the observation by Schueizer in 1857 of the dis-
'solving power of coppz2r ammonia hydroxid for cellulose, It
was the basis on which the Englishman Beston in 1822 m2de
first experiments for the prcduction of artificial fibers.
Somewhat latcr the Engl.ishmen Croess, Bevan and Becadle ov- ‘:
sér?cd the formation of a water soluble derivative of cellu-
.1osc in the réaction of cellulose with alizali and carbondi-
:sulfide. ¥With the producticn of highiy viscous ccllulose

and eclluloce derivative solutions #md with the observations
that by pressing the solutions through small orifices and
coagulating the extruding liquid filaments in coagulation
baths or simply by evaporation ot the solvent, in case of

highcer volatility of the solvent, tne doors were opencd for

the production of artiriclal fibers. ‘)

Tt is intercoting bo aste that the initizl impulse {or &
systcmatic exploration of the problem of raking artificial
fibers in thc 19th century was given by another eypochmaking
invention, namely that of the clectiric 1ight -bulb by Swan
and Edison. The carbon filaments made fro.a carbonized cotton
gerc not satisfactory beecause of thzir irregularity. For

this rcason the mannfacturers of electric light bulbs became

4 A ST Fessctn
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interest in the poszibilitics for the productior of morc

rcgular artificial carbenized filaments

" The oldest industrially used process for man-nade fibers

is based on the sclubility of cellulose nitrave in orgoanie
solvents, Cellulosetirinitrate is made by esterification of
cellulose with nitric acid in presence of estcrification
catalysts such as sulphuric acid. In this reaction the three
reactive hydroxyl groups of cellulose are substituted by
nitrate ester groups as this is shown in the folloving

reaction scheme.
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it st be mentioned, nowever, that the exact structure of

the ccllulose molecule and of the cellulose nitrate cster

‘molecule was not yet kno¥n at that time. It was cleared up

ﬂcompletcly only in the twenties of this conLwy.

Even though the first patent for the preparation of cellulose

‘nitrate filam2nts was granted in 1855 to Audemars and

another patent was granted in 1883 to the Englishman Swan
for the denitration of such celiulosenitrate filaments with
ammoninm sulfide, thisz does not iessen the mcrit of the ‘Ff

Frenchman Count Eilaire de Chardonnet with respact to the

technical rcalization of the manufwcture of al*iflclal
"fibers by the nitrate process. be is actually to be rcgarded

"as the founder of the man-made fiber industry. To him we owe

the technique of the wetl and dary spinning processés of highly
viscous solutions, for the conveying of which alzable pressures
and corrcspondingly solidly constructcd machinery and spscial

conveying equipment were necessary. The successes of Count

de Chardonnet have proven the correctness of the choos:n wa‘i‘}

Even though, the ccllulose nitra te fibers are bardly made
anymere t.odey their develonnent WAS dofining the right

dircction for tne manufacturing processcs for other man-ma2de

fibers on the basis of cellulosc, which uwcre developed later on.

gomewhat later the preparatory work of Despaissis, Fremery
and Urban led to the dcvelopment of a proccss for tne
manufacturjn” of artificizal cellulose fincrs by the o called

copper amonia method. In 1897 a basic patent was cranted to
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Hermann Pauly the claim of which reads as follows:

"process for the making of artificial silk consisting in
.cxtrudjng a solution of cellulosc in copper hydroxide ammonia
2at l1cr tempzrature throuch fine oririces into a liquid which
deccmposes the solution, fcor examplo acetic acid, whereny
the filaments can be wound up, for example on a roll rotating
in this liquid." The further develcpment of this prccess

which was carried out alios exclusively by German firms was
advanccd aboye all by the firm J. P. Bembers, AG, where Thiele
in the year 1901 has given a ~wrther important impulse to

the making of copper ammonia fibers of great fineness, which
,are still not.superceded today, by the development of the
'draw spin process. Copper ammonium rayon, hcwever, constitutes
'today only a small part of the total production of regenc-

rated ccllulose fibers.

Alhost at the same time the English Courtaulds Ltd. in
Coventry had started with the development of an artificial
cellulose fiber wérking with observations of Cross, Bevan

and RBeadle on the water solubility of the sodium xanthegznate

of ccllulese,

The ccllulose xanthogenate 13 made by the reaction of
cellulose, as for example wood pulp, with alkali and carbon
disulfide, whereby the rcactive hydroxyl groups of the
cellulese are substituted with xanthogenate cster groups,

as shown in the picture of 1its structure. (cf. page 9).




s l

It must be mentioncd here that during the tecltinical or large
scale xanthogenation only a small part of the hydroxyl groups
-is really rcacting in this way.
’

The actual break-tivrcush was achieved by Stearn who found that

solutions of cellulose xanthcgenate in alkali can be coagu-

"lated with solutions of ammonium salts, Because of the

obvious success, also the Germar Vercinigte Glanzstoffabrikcn
AG 1in Oberbruch near Aachen jouned into the development around
1905, In 1907 Miller found an cxcellent spinning bath é

consisting of a mixture of sulphuric acid and sulfates.

iThc better ccénomy of the viscose rayon process has made

it the most important process for the productiocn of

:rcgeneratcd ccllulose fibers. Out of a2bout 3!55?million- (197755
tons, which constitute the world production of cecllulose

filamznts and cellulose staple fibers, more than 80 4 are

made by the viscose-rayon process.

.Beside these man-made regencrated cellulose fibers, the ‘:
so called "acetate fiber" has gaiuéd importance. It was a

long and difficult foute firom the first discovery of acctyl
cellulose by Schiitzenberger in the year 1865 to the high level -

of production know-hos of acetate fibers today.

Cellulose acctate is made by the reaction of cecllulose with
acelic acild anhydridc in the presence of esterification

catalysts such as sulphuric acid. In this reaction the rcactive

-9~




hydroxyl pgroups in the cclliuiese molecule are substituted
by acetate cster groups as shoun in the following picture

of the structurc of the molccule.
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Ccliulose triacetate

In the year 1894 the Enzlishmen Cross and Pevan was ﬁranted
a patent on celluloese acctale ns a subsiitute fcr cellulgide
made from the easily flammable cellulose nitrate. However,
the fact that the new product was not soluble in acetone and
could not be gelatinized with camphor it was not used wicely
at first. The decisive advance was made in 104 in America
and in Germany at the same time. Miles on one hand, and

Eigengrin and coworkers on the other hand, could shor that

-10~
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by a partial responification of the ccllulose triacetate

a cellulcsc hydroxy acctate which is solublie in acetone is
obtained. Hereby a way was founq for the development of a
?manufacturing process for man-nade fibers on the basis of
cellulose acctate. The spinning of this fiber is ~arricd

out by the dry spinning process, which was dcveloped already
by Eigengriin in 190% to a technical scale. Only because of
the fact that initially there were hardly any dyestuffs
available with which cellulose adetaté could be fast-dyed,
it wac not before 1920 that this types of man-made fiber “-
found a place beside the regenerated cellulose f{ibers.

After these difficulties where overcome 1in 1920 by Clavel
fhrough the development of spzcial dyestuffs for acecate
}1bers, the way was free for the further deveclopment of

this fiber. The world production of acctate filaments and
acetate fibers ﬁas risen within the last 35 years to

approximately 550’000 tons. (1977)

The deveclopment of pr'act'ically uscful mém—made fibers on the"
basis of protein has onl& started in the thirties. Although
Millar has tried alread: in 1899 to mnke fibers {rom gelatine
and Tcdtznbiaupt has mede man-made fibers from cageia in 150k
according to his own patents, these vicre not accepted because
of their unsatisfying properties. Only in 1935 the Todtenhaupt;
process was improved by Ferretti to such. a2 degrce that his
"[ana italiana" could be produced on a technical scale as
"Tanital" and be brought onto the market. Man-made fibers

made from protcin werc later fivers also produced in America




from soya-becan protein and in England from pzanut protein,
All these man-made fibers, however, have not risen to any

greater importance so far.,

2. The developiment of man-made fibers based on synthetic

ravw materias:

a) The importance of polymer scicnce for synthetic fiber

devolopment

While the man-made fibers described so.far are madé from
native fiber forming raw materials, above 211 from cellulose
materials, the morphological structure of whjch dcqs not
permit textlle use without transformation processes, we
understand under the term of"synthetie™ fibers in the proper
sense of the word fibrous materials made from products which
are artificially made on *he basis of products made from

coal cr fron peﬁroleum. Such products as for example poly-
styrene, polyvinylchloride, or polyvinylacctate had been knowﬁ
alrcady for some time. Already in 1913 Klattc has made in a

patent the proposal to produce Ciorous mrtcrials from the latter

(]

> of scinnrce

cr

tro. This proposal, howaver, far advanced the sto
ar.l technique of his time. Only in the course of the sccond
decadc after above all by the work of Hermann Staudinger

the baszic ideas of the macromolecular chemistry had been found,
the full meaning of this ploncer patent was recognized by the

industry,.

~12-~
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Staud "'nger thus opened up the beginning of the third poriod
in the devclopment of textile fiber materials. Up to this

time successes were largely the fruit of empirical and often

~ disappointing research activities, since the basic lmowledge
1 ’ O

of the moleculare structure of fiber forming materials was
still unexplained. Although, the composition of cellulose
a~d proteines 7as known, hardly anything useful was kn&wn
about the size and the shape of their molecules ani. their
relations to the phenomenon of fiber formation and fiber
properties., It is the merit of Hermann Stzudinger to have
expressed for the first time in 1920 the fact that within the
molecules of fiber forming materials thousands and thousands
of atoms are linked to form macromolecules according to the
same principles as the teachings of structure by Kelule
demand for normal organic compouﬁds. In reactions under
proper conditions it is possible to convert this materials
into polymer analogue derivatives while retaining the
macroradicals, as this has been practiced in preparative
organic chemistry already for a long time.in substituting
atoms or groups of atoms on low malecular weight substances
vhile retaining the carbon atom structure. In bhis {amous
inodel exporiments with polycxvrmathiylenc Staudinger was able
to show, furthermore, that the fiber formatlion is a typical
property of lincar macromolecules. After Staudinger and his
co-workers had been able in addition to that to clarify th~
relations between viscosity and molecular weight and
partially also molecularc shape, the means had becn found

to characterize fiber malterials whnereby also the relations




between fiber tenacity and mclccular size could now be
examined. With these methods the scientific tools were
-given to the man-made {iber industry with which rescarch
,and developmenﬁ coul¢ be advanced systenaticaily. It is
‘not by charce that from then oa the mz -made fiber industry

has developed so rapidly.
b) The importance of the knouledge on fiber " aprchitecture"

‘S‘ - Just as uncertain as the knowledge about the chemical structure
of the molecules that make up the natural ibers were until
1920 the ideas of the "architecture" of fibers. The starting
fpoint of all newer theories about the morphological structure

I .of fibers is the micellar theory developed by the Suriss

biologist MNaegeli more than a hundred years ago. liis ideas

arc represented in Figure No. 1.
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Fir. Yo. 1: Hicellar structurs according to Nmegcli and
Sehwendener,

During the 1920's Naepelis ideas were confirmed Ly X-ray
diffraction studies. The results indicated thav in fibers

there are defined cristalline regions embedded in an

amorphous matrix. From such measurements Hengstenberg and

~14-




Facw ealeulated in 1930 for the first bine mean micellar
dirmensions. At that time there was tendency to equate these
dimensions, which were found for cotton with approximately
600 R length and 50 R thickness, with the length of the
fiber forming molecules. Such interprctations caused Mzyer
to nicdify the Yaegeli's mcdel of micelior structure in the

viay shown by Figure No. 2.

Fig., No. 2: HKicellar structure according to Meyer.

The findings of Hermann Staudinger on the linecar mécromolc-.
cular nature of fiber forming molecules lead, howe&er, very
soon to another modification of this idea. From it deveioped
the so called "fringed micellar theory" according to which

the fiber is to be seen as a two phase system in uhich
eristallince regions are tied to ancther by amorphous zones. "r
Hereby the chain molecules of the fiber forming substance go
vhrovgh scveral ceristallire regions o ternatingly, as it is

dzinonsirated in Figure Ho. 4.

-15-
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Fig. No. 3: Examples for fringed micell modells accordinz
to Meyer, van der YWyk and #ark.

In the bazginning of the 1640's the development of the
electrcn2 microscop= introduced a new phase in fiber structure
resecrch. With the electrons microscope one could reccinize
the existence of defined morpholegical units, narm2ly of
crystallites, of elemsntary fibrills, and of defined

ageregations of them fcrming units of hizh2r order.
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Fiz. No. M: Electrone microgzrapnh of the fibrillar structure
of ccllulose fibsrs according to Ranby. -16-
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on these results. The twd clectirone micrcgrapns shown of

partially degradad cetlulose fibers and polyamide fibers

vaiv as Figures Ho. B znd No. 5 demonstrate that
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Fig. No. S: Electronz micregraodh of the fibrillar structure
of polyamide fibers.

According to the results of newer rasearéh work linear ma2cro-
molecules aggregate auring fiber formation along a certain
length and thickness, which depznds on the chemical nature ‘
and the conditions during the fiber formation, to form more

or less well ordered areas, the so called "eristallites™,
Because of tha length of tne molecules the cristallization

will start at more than one position alonz the molecules

at the same time, so that bands of cristallites are formed,
which are tied together by less ordered transition zones.

These bands of cristallites represent th2 so called "elementary

£1brills". Several of such elementary fibrills will aggrecgate

to morphological units of highcr order.

.
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Firm, No. 6: Hodells of fiber structure

A = fringed micellar structure

B = fringed fibrillar structure

These ideas of the morphological structure of man-made fiber:

which are widely acceptcd today are shown schematically in

Figure No, 6.

Depending on the degree of order the assembly of these
morphological units to the net-work of the fiber should coxe
about either predominately by macrcmolecular segments ol

low order cr by diverging elementary fibrills.

¢) The synthetic fibers based on polymers made by polymerization:
The knowledge of the macromolecular nature of fiber forming
substances and of the principles of the morphological structure

of fibers have :.dvanced the endeavours for a development cf

man-made fibers from synthetically obtained linear polymers.

-18-
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They made possible the well aimed research for suitable
synthetic polyme S and fcr endcavours to dircat the fiber
production witp respect to optimum fiber properties. The
knowledge of the fiber structure made it possible to in-
fluence th~ fiber properties through tne degree of order
in the structure units and through their oricentation with

respect to the fiber axis.

Three types of poclymers aided by the ideas of Hermann
Staudinger have gained importance for the development of s
fully synthetic fibers: polymers made by polymzrization,

by polycondensation, and by polyvaddition.

Polymerization polymers are obtained by radical or ioniec
polymerization of unsaturated compounds, such as vinyl
compounds. The reaction scheme of radical polymerizations is

shown by the following formulas:

a—de e L Y

&

. x )
RO + HyC=CHX ~~ RO~CH,~C-
i
3) Chain growth_
. . . ,
- —e = x
'RO-CH, S n HyCmCHY .Ro[curcnxlcuz—é-
. ]
N A

; ~ b) Chain transfer
¢) Dispreacriion
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The first polymerization polymer finding attention for the
processing of an artificially made fibcr was the polyvinyl
chlbride. The chemical constitution of the polyvinyl chloride
and Lhe copoly%er with vinylidene chloride is demonstrated

by the follcwing formules: .

- HOH?_C—_('IH '[C}lz-?H.'I-CHZ—Cqu
Ci Ci J
' n

Polyvinylchiloride

cl .
HOHC~CH? CHy~C~CHp=CHT GHp~CHCI

Cl l' Ci Ci J
. . n/2

Copolymers of vinyl chioride and vinylidene chloride

- In 193! Hubert and coworkers developed in the I. G. Farben

plant Wolfen on the basis of a suggestion made originally
by Klatte a wet spinning proccss for polyvinyl chloride
solutions in cyclohexane., Because of the difficulties in
thc.availability of cyclohcxzane at that time.this process
remained without success. Therefore, the process found by
Schinbory in 1252 was o sulh:ctantial advance, He suggested
to usc chiorinated polyvinyl chloride which i3 soluble in
acctone., The mixability of acetone with water made it also
possible to use water as coagulation bath and thus to simplify
the large scale rcalizasion of the process. Later it was
recocnized that the increase in solubility of polyvinyl-

chloride achieved by chlorination can also be obtained by

-20-
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copolyimerization of vinyl chloride with viaylidcne cb

-3
L

wnich is the 1,1'-dichlorozthylene. On this basis in

the Unitecd States the so called "Saran" fiber was developed.
Because of the-inerecased solunility and the thus resulting
better spinability also copolymers of vinyl chloride with
vinyl acetate cr with acryleonitrile ("Vinyon"- ard "Dynel"-
fibers, respectively) have come to importance. Later also the
Socidt€ Rhodiaceta in France entered the development. 1oday
polyvinyl chloride fibers are manufactured there under the
‘-name "Rhovyl", | -
" 4
Inspite of thi§, the polyvinyl chloride fibers have not becn
able to surpass a certain degree of impecrtance. The total

world production today is approximately 60.000 tons per year.
All these fibers have in addition to good tenacity and elon-
gation at break values also a high resistancc against chemicals,
infusorians and bacteria., They also show good flame resistance.
A disadvantage is the relatively low softening point of

approximately 170° C of poivvinyl chloride which limits the

use of fibers made therefrom. . *

In the last two deccadles {ibers wade from polyaceyleninrile
have obtaired increasing importance. The follcowing formula
shosws the chemical corstitution of the polyacrylon}trile
molecule obtained by polymerization of the acrylonitirile

monomer (ef. page 21).
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HO—CHp—CH— CHp—Cil- -CHp—CH,CN
|
CR| - CN
n

Polyacrylonitrile

The moncmeric acrylonitrile has been synthesized in 1932

for the first time by Moureau. For its large scale produztion
there exist today a series of précesses. The oldest process

js based on thez synthesis of ethylene cyanohydrine from
ethylencoxide and hYdrogen cyanide follosed by splitting

off water in the prcsence of magnesium carbonaté ocr other
water withdrawing substances. Another procesé makes use

of the addition of hydrogen cyanide to acetylenc. In a third
process hydrogen cyanide is reacted with acetaidehycde, The
most modern processes, havever, make use of the rcaction
betwcen propylene and ammonia in the presence of oxygen. It
should be mentioned here that the economy of the production

of synthetic fibers on a iarge scale depends on the industrial
efficiency of the process for the production of the moncmers
used to cynthezise the £iber feriing polymsr.

The polymerization of the monomeric acrylonitrile to polyacrylo-
nitrile was worked out already at the end of the 1920%ies by
the Badische Anilin and Soda Fabrik. HModern polymerization
processes are based on the polymcrization with the aid of
persulfate catalysts in an aqucoué emulsion or solution of

the monomar. The polyacrylonitrile formed during the poly-
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merization precipitates out and has to be scparated oif,

dricd and dissolved in suitable solvents. Recently interest

has incrcased also for po.ymerizaltion processcs using solvents

for the polywer in ocder to obtain a spinnable solution In

-a one step rea rwetion.

Its non-meltability, temperature resistance and resistance
against chemical influences have suggestzd early the thought

of spinning polyacrylonitrile into synthetic fibers. The basic
work for this was started in 1934- and was developzd to a :,
semitechnical scale during the years 1940 to 1943 by the

I. G. Parben Industry. Already during the years 1935 to 1940
Rein found that polyacrylonitrile is soluble in concentrated
salt solutions of the Hofmeister serles, for eyample mixtures
of zinc chloride and hydrochloric acid, as vell as in
quarternary bas®s of ammonia and that it can be formed to
filaments and‘films ffom these solutions. In the year 19%2

with dimethyl formamide a solvent was found that could be
better used in a technical spinning process. Someﬁhat later

the Du Pont Company in Amcrica began with work also using f
dimeinyl formamidé as solvent developing a spccial dry

spinning process acjugtﬂd to the nigzh boilinzg point of

this solvert. ¥ith this process this firm is manufacturing

on a large technical scale the so called "orlen" fiber since
approximately 1950. In Europc it was above all the Farben-
fabrik Bayer which started to produce acrylonitrile fibers

Under the name "Dralon" they market a polyacrylonitrile fiber

of very high quality.
) D%




The special preperties éf the polyacrylonitrile fibers arc
their highk tempcrature resistance, thelr good resistance
against chemicals and bacterial influences and their good
iight.stability. In this respeet they surpass even the
fpolyamidc fibers with which they can well compete with regard
to tcnacity, clongmation at break and low watcer absorption.
Initially, the difficult dyeability of polyacrylonitrile
éauscd considerably difficulties. By copolymerization with
small percentages of comonomers gontaining atom groups to
loosen the structure and with groups that have affinity for

dyestuffs these difficulties could soon bc overcome.

Today the polyacrylonitrile fibers have become next to

phe polyester fibers the synthetic fiber class with the

highest grosth rate. The world prcduction of polyacrylonitrile

fibers has in 1977 come close to 1,800.000 tons With regard
to their appcarance the polyacrylonitrile rfilaments are the
most silk-like and the polyacrylonitrile staple fibers the

moat wool-like of all synthetic fiber materials. Today,

however, stapic fibers or converter tow are manufactuwred almost

exclusively.

Among the fiber forming polymers obtained by polymerizaion
as the next the polyvinylalecohol must be mentioned. The raw
material for this fully synthetic polymer is vinyl acetate
which is made from acctylene and acctic acid or rather the

polymer obtained from vinyl acetate by polymerization., This

-2l

o




polymer can be changed into the water soluble polyvinyl
alcohol by acidiec or alkaline sanpcnification. The chemical
constitution of polyvinyl acetate and of polyvinyl alcochol
made Trom it By Saponificaticn is given by the follceving

formulas:

HC:)C—HZ—(l:H{CHZ—?H-:l'»CHZ-—_CHZ—'O-COCH:,.

o . ‘o™
S TR |

co (|30.

| : ]

Polyvinyl acctate ' ‘

‘HOCH}‘-'-(':I-:-[(_:H—-CHZ—CH}6!12—CH20H
oH - - WM :

" Palyvinyl alcohol

-

The discoverers of polyvinyl alcohol, Hermann and Haehnel;

were the first who tried in 1931 to spin filaments from its
solutions, In fact it 1is possible to spin filaments with goé‘:
properties 1n a wet as well as in a dry spin process, Since
these filaments are water "soluble and can therefore be applied
only for quite special purposes, for instance as supplcmentary'
fllaments to obtain certain textile effects, like alginate
filaments, thne main problem consisted in making the filament
water insoluble in the course of the spinning process or by
some after trcatment. Among the hardenihg procésses developed
for this purpose the treatment with formaldehyde rcsulting

 1n a cross-linking by methylene bridges is of speciai imporrtance.
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An application of the polyvinyl alcohol fibers for thc normal

textile c¢nd uses we find only in the United States and above

all in Japan to a larpger extent. Since several years Japanese

firms have marketed und-r the name "Vinylon" polyvinyl

T alechiol fibers vvhone prodiction has teon very mich promotad

there. Today's total weri production of polyviayl alcohol
fibers should be around 25.000 tons per year. It is hardly
pirobable that this fiber will ever be produced at a rate

as we knor it from, for c¢xample, the pquester, polyamide or

polyacrylonitrile fibers.

During the last years an additional class of polymers made

. by polymerization has gained practical importance for the

'manufacture of synthetic fibers, namely the~polyolefins:

polyethylene and toaneven larger extent polypironylene.

Until the middle of the 1950'ies polypropylene was conly
knioan as a pardffinflike solft substance melting at 75° C,
therefore being of no technical importance. Only after Natta
and Ziegler succeeded in finding catalysts such as aluminium
and berydivn allyl cempounds boelny able Lo initiazte stereo
specific polymzrization stcrically uniform polyprepylencs

of high cristallization tendencices are being formed,

The structurc of these stcrically uniform polypropylencs

is being demonstrated in the following formulas:

(ef. page 26)
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Structure and properlics of different polvpronvlens maodificationg

ing tc at
=CHa- CH-~CHo= CH=ClHo= CH- CHa=CH — Softening temperature
2 2 2 27

isotactic: CHj CHy CH, CH, T ca. 165-175°C.
.-ff's ICH3
. = CHy= CH=- CHy~CH~-CHy= CH- CHy- CH—
atactic: 'éH3 éH3 ca. 70-75°C,
o o
—CHp-CH-CH,~ (ltH-CHZ- CH-CHy-CH—
syndiotactic; I 50 -170°
. CHj CH, FB.L}O 170 (':.

The socalled "isotactic" or "syndiotactic" polypropylenes :
have high melting points in the order of 150 to 175o C,
compared with_ the "atactic", sterically non uniform poly-
propyvlenes which only have a softening point in thec range

of 70 to 750 C. These high melting points allowe?l éhe use

c¢f these polymers for fiber production..The spinning of
polypropylenc fibers is performed today mainly by usual

melt spinning. In certain cases fiber manufacturc with the
socalled split fiber processes via the film has gained
importance., It should be mentioned that it is still 4iffi- ‘
cult to dye polypropylens fibers by conventional bath

dveing and the leow lizht Aand thermal stability «flcords

the use of goocd and expensive stabilizers. Tne world pro-
duction of spinneret spin polypropylene fibers today is in

the order of 300.000 tcis pe: year (1977). An additional approx.
200.000 tcns of polyolefine fibers are made by splitting or

slitting film techniques.

Of still greater importance for the development cof synthetic

fibe: materials than the polymers made by polymerizalion were




above all the polymer products made by polycondensation.
The principle of polycondcnsztion consists in the reaction
-of bifunctiona; compounds that can react with one arnother
+through the formation of water or some other low molecular
'compounﬁs. The most iwmportant representatives of the fiber
forming polycondensation products are the polyamides or the

-polyesters.

The principle of formation of polyamides is shoun in the
‘i folloving scheme. The tormation is based on the reaction of
diamines with dicarboxylic acids with the formation of water.

Thereby, amide groups are formed as connecting bridges which

‘have given their name to this group of polymers.

The polycondensation of diamines and dicarboxylic acids to polyamidcs

S
, ‘ ill
HoN—(CHZ)g—N+-H + HO,C— (CH,);— COOH ——=— .
| I H o
‘ . 1 N
6 HzN"“(CHz)G—N—c_(Cl{Z,(._COOH + HZO

by addition of mote dimmine and dicarbovyite acid mojecnles

Hlo 0 H K] o
. : L | -1
. . I

6,6 polyamide (Nylon)

is formed under climination of water
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In a similar manner polycsters are formed by the reaction

of dialcohols with dicarboxylic acids under formation of water,

“The hereby formed connecting bridges are ester groups,

The polycondensation of difunctionul alcohols aud carboxylic acid to polyesters

0 0
----- 1 - ‘
HO—(CH2)2—0H+H0+C— —COOH ——HO+CHyl—0—C~ -COOH+H,0

' II

polycthylene terephthalate is formed under elimination of water (Terylene, Dacron, Trevira)

The development of the polyamide and polyester fibers is the
most important result of the basic work of the American
scientist Carothers. In the year 1929 Carothers working in ‘
the scientific laboratory of Du Pont started to investigate '
oygtcm“tically condensation reaction whnich lexd to the for-~
mation of ring systems and of linear hlbh polymer compoundq,
initially without aiming at any technical application., Only

in the year 1932 some observations of these investigations
pointed in practical directions. Carothers observed at that
time together with Hill that linear polyester of the -hydroxy-
undecanoic acid could be polymerizcd in high vacuum to form

a particularly viscose and elastic high polymer from which
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flexible endless filaimonts could be drawn from the melt.
Surprisingly, these filaments could be drawn in the ecold
state to a multiple of their oririnal lcrnsth and yet showed
'all typical properties of a truc fiber. For example, in
X-ray analysis they showoed an execcllientliy cxonressed X-ray
diffraction picture. In addition to that, they had extremely
good mechanical propertics. Because of the low melting point,
hovever, thesce filaments were not suitable for any textile
end use. Carothers continued his investigation therefore

at that time along a different line. He investigated at first
the polycondensation of aminocarbonic acids and found that
from poly-§ -aminocapronic acid a polyamide filament could
‘be made which was qu._ce similar to natural silk., This fila-
.ment showed, horever, still significant irreéularities and
under the imprecssion of these difficulties in 1974 Du Pont
was close to stop all together the investigations directed

at a practical application. Only later it became kncwn that
the difficulties at that time werc only caused by the
insufficient purity of the aminocapronic acid. Similar poly-
condensation experiments with 9-amino pncenanoic acid brought
about in this doelislive monent Lho success nocded for the
continuation of the work. In 1935 Carothers succeded finally
to find in the polyamidec formed from adipic ac%d and hexa-
methylenc diamine the polycondensate which conquered as "Nylon"
in the following years the whole world. This polyamide becarne,
duc to its good fiber propertics, its sufficiently high
melting point and its favourable raw material basis - phcnol

and benzene respectively - a guiding post for the following

. % & B
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technical development in the synthetic fiber field. However,
three more yecars of development were necessary to come up
with a melt-spinning technolozy suited to the high melting
temperature, whereby the knoan <thods to produce glass fibers

were of wvaluable assistance.

In Germany at the I. G. Farben Industry and its associated
plants the development followed a somewhat different course.
Although, alrcady in the year 1928 first trials had been made
to produce polycondensation products and to process them 1nt"
fibers. HowWever, the work had also been abandoned before long
because of rising difficulties. After the publication of
Carothers' patents in the year 1937 one turned decidedly

back to it with the aim of prcducing a new synthetic fiber

by the way of polycondensation polymers. Early 1938 the work

of Paul Schlack then lead to the discovery of a "polymerization

process" for g-caprolactam, which follows the outline shown

&

below:

The ‘polymerization’ of caprolactam to 6-polyamide:

CH,—CH,—C=0

(n+2)CH, —
{
CH, —CH—NH
0|H o|n
. il i}l L
_HyN—(CH Z)L—C-—[N—(CHZ)A- C-+N—(CH,),—COOH
n

6-polyamide (Perlun)
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Follosing that, a severe patent dispute arose with the

American firm Du Pont de Nemcurs about the issue whether

the ring opening reaction of caprolactam to form polyapro-
lactam is to bé regarded 2s a condensation reaction by inter-
mediate formation of ¢,-aminocapronic acids by recaction wWith
traces of water. In this case the process of the I. G.
Farben Industry would have been already covered by the
patent of Carothers. Schlack and his codorkers succeeded,
hosever, in proofing that in this case the polymcrization
process occurs also when absolutely no water was present.

A compromise was reached and the twc opponents agreed on

a long lastiné exchange of know-ho# and licences in the
field of polyamides. In fail 1959 polycaprolactam monofils
were marketed as first products on this basis in Germany
under the name of “Perluran" or “"Perlon L", respectively.
Polyamide fibers were for a long time the leaaing fully syn-

thetic fiber material. The world production of polvamide

fibers has reached in 1973 a total of approx. 2,95 (1977)

million tons, whereby the greater part (about 80%) was in form of

filaments and only a smaller part in form of staple fibers.
The main end uses of polyamide {ibers are in the arza of
ladies hosicry, light weight knitowear ard blouses, as well
as the application as industrial filaments for ropes,

conveyor belts and tire cord.

While Carothers did not succced to find a polyester useful
for industrial production, the Englishmen Winficld and Dickson

vere successful in this respect in 1946. By polycondensation




of terephthalic acid with ethylcne glycol they arrived at

a polyester whose melting point lay substantially aboye 200° ¢
and which could be melt spun and drawn into fibers with gocd
properiies. Especially remarieble in this product was its

high resistonce against saponifving agents.

It was difficult to solve the problem of providing the

raw materials for this product, espescially to solve the problem
of the large scale production of tcrephthalic acid, although
they had been kﬁown for a long t-ime. Howzever. in the meantim’rf',
a series of economic processes have been found to produce ;
tereﬁhthalic gcid by oxydation of para-xylene or of tolucne,

both of which can be obtained from petroleum products,

Iﬁ the carly 1950'ies the Imperial Chemical Industry Ltd.
in England built the first polyester fiber plant and started

;o market a fiber under the name"Terylene".

In the ﬁeantime the polyester fiber on the basis of poly- :
ethylene tercphthalate has become the most important COmpe-‘
tition of the polyamide or "Nylon" fibers and all bipg pro-
duccrs of synthetice £ibers have also built preoduction plants

for this type of fiber, such as Du Pont with "Dacron" or

Farbwerke Hoechst with "Trevira".

The world production of polyester fibers has surpassed in the
year 1968 for the first time the one million ton limit and with
“he production of 2,6 rmillion tons in 1973 the production of

polyamid fibers. In 1977 a total of 4,2 million tons of polyester

a s P o o echeomtle PPt avrer




The poliycster fibers have penctrated a large sector of the
clothing m2rikev. Above all it became aparent that especially
mixtures bctwepn polvester and ccllulose fibers result in
textile materials with pleasant wear properties and good

durabilicy.

3, The cconomic importance of man-made fibers:

The great importance man-made fibers and among them
especizally the synthetic fibers have obtained in the above
described third phase of developmert, which tock place in
the last thrcé decades, can best be seen in regarding the
developrment of the world production of the individual fiber

types.

aenad

million tons
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Development of Man-made Fibre Production ‘

Fiﬂ. No. 7: The devclopment of the world production of
various man-made fiber types during the last
o years, ‘




A clc=e study of the development shovs that in the years
1950 to 1960 the man-made fibers on the basis of ccllulose
have taken an immense upswing which can well be compared
with the spectacular developrment of the synthetlic man-made
fibers in the last decade. Man-imade fibers on the basis

of cellulose are today still the largest single man-made
fiber class and it will take yet some years until the
production of polyester, polyamide or of polyacrylonitrile
fibers each of them taken by itself will have reached ‘
the same level as the production of man-made fiﬁers on
the basis of cellulose.

The stormy development of man-made fibers during the last
years will certainly continue and the time when man-nade
fibers will have-reached the volume of natural fibers can
be expccted already for the next few years. The rising
standard of living in wide areas of the world and the
continuously growing worlé population demand such develop-

ment because the natural fibers would not be in a position to

A

satisfy the rapidly growing demand for textile and tech-

L5

nically used [loers. There exists a series of forecasts

for such a development. "n the tablie shown below the results

of thos>forecasts, which have become known to us, are listed: -

Future development of natural and man-made fibers

AMan-made fibers

Wool L .
Cotton Synthetics  ICellulosc fibers Tetal
1005 to | {1630 to [ %] 1CO0 to */e 1993 to | % | 10i3 10

1970 | 11100 {52 1.595

8| 4870 23] 370 |17 | 21265
1960 {12,200 |40 1.600 | 6] 12.000 39| 4.600 |15 | 33600
1990 | 13.300 |32 2.000

o

20.600 | 50 5.5G0 13 41.600

-y
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From tnis table one can sce that the synthetic man-made fibers

have devecloped within the last 20 ycars to an important factor

.of the fiber market and cover already more than 30 % of the

,total riber production today. Together with the man-made fibers

“on the basis of cellulose, man-made fivers represent 2ll-

together already more than 40 . For the year 1980 the total
.production of man-made fibers is estimated to be approximately
15hto 16 million tons which corresponds to more than 50 %

of the total world fiber production. According to careful
estimates still more than one third of this will be man-made
fibers on the basis of cellulosé. The demand for cellulosic
fibers should-increase with a rising production of synthetic
'fibers and in return influence their development because the
:1mp6rtancc of fiber blends for the production of textiles

with optimum wear comfort.

For the year 2000 a total fiber production of more thén

50 million tons is estimaéed of which approximately 75 g will
be man-made fibers. More than 30 million tons of fully
synthetic man-made fibers are placed for this time against
approximately 6 o 8 mill;on tons of man-made fibers on the

pasis of cellulose.

In tallzing about the significance of man-made fibers 1t must
be mentioned that man-made fibers as a whole have
brought to the textile industry =2nd to the manufaccurers of

industrial fiter products a significant enlargement of the

A




fiber assortment and that thereby it has been possible by
selecting the most suitable fibers to reach an optimum of
-end use properties.
t . ‘
tOn the othor hand it must aiso be stated that until teday
1t.has not been possible to create an unlversal {fiber which
combines in itself all desirable properties at an optimal °
level. It is in our op:inion not to be exnccted that in the
near futurc such an univarsal fiber can be crecated. At a
round table discussion at the International Man-made Fiber ; ‘
Conference in Dresden in the German Democratic Republic
with the topic "Man-made fibers in the year 2000", the
tassembled specialists agreed on the fact that the creation
‘of sﬁch an universally useful fiber type is improbable for
a variety of reasons . :d seems also hardly desirable. The
efforts to eliminate one of the most essential disadvantages
of the thus far known fully synthctic man-made fibers, |
namely the insufficient capability to absorb and desorb water
could lcad to the realization that reaching this goal is onlyf -
possible by sacrificing some other advantageous properties,
as for cxample, thé high weinkie resistance, the high wet
tenacity, the good dimenslo 2l stability énd others. A single
jdeal fiber would perhaps not be desirable because by its
existance the variety in fashion which the textile industry
can crecatc today with the variety of various fiber typzs could

get lost, a fact wec all would regret.
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