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SUMMARY

The main ailm of this work was Lo investigate
the effect of wvarilable conditions of melt epinning
and drawing on some of the @hyéi@al propoertios of
o polyester fibyre. Mot only the chemical
composition but alac splining and drawling conditions
are responsible for the wlitimate physienl propevtlesn
of an fibwe Foxwing polymen. Thug, it was thought
sosentiel to duvestigabte the influsnce of ﬁpiﬁﬂiﬁg
and dyvawilng aanﬁiﬁiemé on some physical properties
of polyvethyiens tevepbhdthalate. Pilanoens. Thie
material was chosen mervely ps a represepbative of
the famﬁlynmf thermoplagtic fibre fomming polymoers
capable of being meld apin.

A melt splaning apparatus; supplied hy L0 %,
CLd., has boon uasod. The polymer wase spun. at three
rates of sxtrusion and three diffoeront winding
éya@aﬁ at a temperature of 2%5“@, nsing & consbant
diamotbor spionaered.

span filaments of polyethylene terephthalato
were dyam on o continvous drawving apparatas ab
three diflerent drav patlos vwism: 281, 3.5%81, and 521,
keeping the hot pin and hot pladte ot btempovatures of
20 and 9596 vespoctively.,

/To study



To study the ef'fect of hot plate voemperature on
phvsieal properties Lilomoent was drawn ab i1l drav
ratlio at hot plate Stempoeratures of 9%, 115 and lﬁOQGg

Densdldy, tonsile properties, bilrefringonee and
modulug of wrigldléty wero measuraed by standard

sechndques,

pagnd

Prom the wesults 1t appears that the meli gspumn
Tilaments have relatively poor phyvsical proporiices,
which can be dmpwovod by o separato ﬂr&wing procens
méwried out abovo the glass transitlion temperature
and balow the softoning point of tho polyman,
Although drawing has a great influconce bn physical
propoviien, mate of aexdirusion asnd winding spoeed also
play an inportant role in detorminding the final
fibre properiles of polyoevhylene terephthalato

fliamonts .,
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I « ENTRODUGTION

The conditions under which a Libre-~forming polymer
i spun and drawn ayre responsible, together with 1ts
chemideal composition, for its ultimate physical
proporties. Thias it was comslderad cssential to
determineg, for thermoplastic fibro-foirming polywmers, theo
effeet of spinning and dyawing conditlions on the phyminai
propertics of a man-made Tibre. In ovder to do this a
sevies of fibres were spun at different rates of
extrugion, winding speeds, draw ratios ond dyawving
bemperaturos. The physical properytlies of the fibres
produced undery these differont conditions have been
determined,

Folvethyvlene tevephthalate, supplied by 1.C.1. Litd.,
has been used in these investligations as the represcie
tative of the famlly of thermoplastiec Fibre-Lormlng
polymers. The ilnvestigations on thie polymer should
throw light on the general relotlonships between gpinning
conditions and fibyre propertics applieable to all
thermoplastic polymers.

Polyethylene terephthalate is a synthetic, linocar
polyvestery which wag preparyed and developed as ¢ fibyre by

/Vhinficld



Whimfi@ld and ﬂi@k@@ﬁi of the Calico Printers Association
A lyélﬁ .xﬁ o o divect development of the Q&wk caryied
@ut'hy-caweﬁhw%ﬁg on pelvesters in 1028.-32, Loa
pommereial devalopmnent wvas m@wiﬂgﬁly delayed by the
&&&@ﬁé World Yo In 1955, however, L.C,L. Lbd..
started operating a large plant for the proeduction of
ﬁ@lyﬁﬁhyiwm@ %&w@phﬁhml&ﬁé¢ Since thoen wmany types of
ximaaﬁ palyamtérﬁ have boen prepared and @xamim@ﬂaﬁm?
Fis @@ﬂ%iﬂﬂ@&hl@'mmﬂmmﬁ o resenveh has also bog garvied
oul Qi%h the object of improving the actual methods of
mémmf@mﬁmging the pﬁl?maw§%’ A review of the developmentd
of Térylaﬁe'%aﬁ bheon glven by whinﬁi@ld.la

Sinee industry haﬁ takenn over this thermoplastic
fibwﬂmfafming%b@iymer Ffor the production of T@wyienag
@@mﬁmrﬁ%ivaly-;&tﬁlb work hags been published to Bhow
the technighes @ﬁ@d_tﬁ dwmprrove its properties. N
&@h@g@@'th@ h@&ﬁ'ﬁw% of synthetde fibre, it is imporbent
B impxﬂvé its oever-all physdeal properties (eeg. tensile
proporties, modulus of Pipidity, ote.) in order to

inerease 140 uses in the textile dndusitey.
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Spinndne Methodss

Theyre are three major processes by which bullk
polyners may be conversed inbo fibres.

1,11 Uet Spianine:

A pelymar goluiion is Forced thyough tiny
spiuneret holes inte a coagulating boath
where it fowrms conbtlnuous fdlament whiceh ds

_bthen washed and dried.

.12 Dry Spinndng:

4 solution of paiymmr in a volatile solvent is
Toreced through o spianoret into o styream of
warm aiyv, The solvent evoporates and the
Sldquid stream solidifies into @ continuous
fi&mman% whioch is then dirawn off.

L33 Melt Spinonling:

't

A molten polymer 1s Towvcoed thyough gpinneret
holoo into eovol aix which solidifileas it dntvo
a conginnous fllament.

Melt spiouning has advanisages over dpry and wvet
opianing. Bolwvents ave not required and henee
neithew solvent nor a spinning bath recovery procesns
iﬁ}ﬂ@ﬂ&ﬁﬁﬂfy. Puardthes, welt splaning ls not
complicated by the necessity for veagents to be

/Eiven



R B Iy,
given time %o weact, ox for thdé wvolatile solvent to
“bhe removed from the Lilament. Speads of extrusion

ave higher than those for dry and wed spianing,
K] e . [ &)
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Le2 Melt Spinning Yrovesses:

Por o melt spun Dibive thoe torm Y"epiandlng"
ambraces the acte of melting, filtering, extrusion,

” - o :i.:
guenghing and winding up. :

Gar&ﬁh&ﬁaﬁ wae the
fivst to indicato that a continuous Tilament could
be exmtruded from synthetle Lineay condensation
puperpolymers.

The actunl spinning process uwsed in this thesis
is not ddentical with the industrial process
described below, but, in fact, sluwulates it in o
lahoratory apparotus. Commergially, dried ?mlym@w
chips are Ted Lfrom & storage hoppor and meltod in an
oxygen free atmosphere agalmst a heated plate on
grid, ox, alternatively, in a ﬁ@rmw%axt%uﬁew.la
The molten polymer flows at a constant rate, usuvwally
contwollad by a gear wheel ﬁypa HMeLering pump, and
ig filtered befove bolng extruded through 5
spinoneret Into ailx at proom temperaturo.

It hag been Lound that tha temp@xétﬁre of ﬁhé
melt depends om the rate at wnich the polymoy 1s
pumped, the required molt tnmﬁ@raﬁur@ end-. the
available heating suriface area.lj Appayanély a

polymer can melt and be extruded before boing fully

/heated



e
_ﬁ@m%@ﬁ T ﬁhm wwqmﬁ%nﬁ'ﬁamwmw&@uw&ﬁ rn @*ﬁﬂ@.ﬁ&
TS ?oﬁwwﬂumihiw %%&mmvmvws %hﬁ@w?afﬁ@lﬂh@I 
Cpolyner mush bﬁ @ﬂi$ @% £ @ﬂiw sanh %umpﬁvﬁfwwédfwﬁw-

‘ k a8
o eonstant Bime.

The Load of maT% shipidd be
Rﬁb% &&m@%amﬁ and smald ao h¢a @%»duﬁﬁ nok sbey
o %‘lwﬁg Hime dn the &naﬁmamw hmmda During Wh%ﬂ
inkervel meny different cha n@&a a1 ﬁ&éﬂﬂg @alis
woddantribation of mm&man?&w uﬂaﬁhtg 7 oahangse Sn
‘ﬁvﬁWﬁg@melﬁﬂm&aw ww&g&ﬁ& ol ﬁh@ﬂm&@ d@ﬁ@%@@ﬁiﬁ&@m
mmy Bal an Iesding poasibly bo the formation of
rlmmﬁ hm%ﬁ &ﬁeﬂﬁi%hA&m%&Wf@%@ wlih am%vﬁ&éuﬂﬁgﬁ
ﬁhmﬁ [ mm?&@u wm ymﬂw mm&wy@ fwam k9 ﬁﬁ%mmﬁpm%
i %m§m‘%.miﬁ\mﬁwm%m i H hmpiam ﬁw ﬁwmi@ gﬂ?ﬁly’%y

f”ﬁmﬂﬁa@iw& amﬁ y&vi?;—%y mmﬂ&ﬁﬁtium B0 &hq puprounding
) 13 |

r

ﬁmeﬁﬁhm%@¢ Bol ﬁ&ﬁﬁﬁmataﬁn %1&@@ y&a&a &ﬂmm@ (A7
,-f@m%,%wl@ﬁuﬁﬂ@<ﬁ?iﬁﬁ@w&%@_ Tho “jtﬂmwm% L fﬁﬁmliy
;ﬁwi%uﬁ%m& ﬁﬁ o bobbia wh%wh i dedven at o conobont
'ﬂﬁ@@ﬁa e
KT Eﬁﬂ ﬁd&& mf POLYEE hyﬁﬂmm ﬁﬁﬁﬂﬁh&haiﬁ»m he
""]fiﬁammm%a ﬁ@& gruenaliod wmp&&&y'%mtmmxﬁw the glmgam
-_;maﬁhﬁ@*ﬁwaﬁﬁﬁéﬁmm bemporature of %@?ﬁkﬁ and the spu
f@ﬂwm%ﬁ. 4& almoat compl ﬁﬁw%y &Nmmphﬁﬂﬁa Mosaat of

e o W*a%f*%mm v which vecuys g&%w.ms“ e derawinge-down

Sbetieoen



7,
betwaen the spinnerxet and wind-np bobbin vakes place
while the ©dlament is sLill wolten and it is thought
that thore ds sufficient timm'far the polymor
moeleoules to relax beforve the fibro ﬁ6013.1$ Xn

the solid state polvethvliene terophthalate can be
amorphous o pogscess various degrees of ceyxysitallinity,
depending upon its thermal and meghanical histowry .

Thore axve many pobents on spinning technigquaes

L. LG, 1
which doscwribe spinning apparati, ' 7

18,1 . 20,201,222
@xﬁruﬁmra,i" 7 spinning packa™ "’ i and mod
23 L] :EI{'

apinning machineo. These patents give

infeormation about the manufacture of fine denier

. ] 28 96 , -

synthetie flloments) 2y improved methods of
. 27,28
heating the poelymer, cooling of the extruded
9

3
filaments”™” and control of the vate of cooling of

the exidbrudate to produce exceptvionally unifoxrm
A.p:}{) v 31

Filaments af dmproved physgieal pyoperities at
; . . . , 4137
hiph speeds. foxr example, Thompson and Marsghall

have deseribed a spimiing proeess whereby dmproved
propeviéies of polyethyienc tevephthalate ave

. 12
obtained wilthouwt uslng @ separvate drawing stop.
Thisg is achieved by increasing the toension on the

exbruded filaments and passing them through hotb

/iiguid



8,
»1%@&&@ (waﬁ@yzaiﬁbmﬁéjthé ﬁoc@ndu@?dew bransd tion
ﬁempawatur@:pf##héipﬂlymef,_$§ that a degree of
m@l@pulav’mﬁi@ﬂﬁaﬁigm 1o obtained.

1,23 Meghaniom of Flow Dehaviour

nuriﬁg malt apiﬂﬂ%nw the molten polywer is
urvmd thweugh a naaﬁl&aﬂya A ralatian&hip
'>h 2 bﬁ@m oetabli shed for Pewtonien fluw

i_;h‘a:wm&h a pube of length L and vadius ¥ ,

. . « " L
known as Foiseunille's Lawgl
M= B f
YL

'ﬁﬁgﬁa"ﬁ, ry, ¢ amﬁ 1_awa the roate wf flew,
Afapplieﬂ atra&g, pmiymar danﬂlty o vl&aanity
mvﬁpeativmly,
fAﬂgvary 1@w rates of shéér. high polymers show
fNéWﬁamiaﬁ flow ﬁeﬁafi@ur; On iméﬁeﬁéimg she
isheaw¢ng mb?&ﬂs, £he rato of shaar also
,Lﬂhrﬂabﬁﬁ but murh ”nqtvr fham wmm?d bo
'Qﬁﬁaﬁﬁﬁﬁ fof m ﬁﬂwt@u ax rluido 'This'ﬁyﬁé @fr‘
beha?iouﬁ”aaﬁ b@'domériheﬂ in ﬁcrms of o flow
paramcnargg 'u' whore
Y i Ii:t
ffis ﬁh@'ratﬁAéfzﬁh@ar;'[_ia ﬁhearfatréma and
K ds Gﬂﬂﬁﬁaﬁﬂcli |

/Over



| _ 9«
“ﬁvér m'%iam‘$aﬁﬁﬁ mf sheoyx strods, o is found
T %m(ﬁaﬂwﬁ&nﬁ'fﬁxvﬁ particular @u%ﬁmgw and o
tha VMlﬁﬁ.Gf‘ﬂ,(iéﬁ& ﬁh& exbont ﬁa whieh 2%
\W@ﬂ@ﬁﬁ mﬁm%v} may beo wegarded as a measure
of Lba Han»ﬁawﬁani%% hehwv ﬂu% af{%hé polymer.
Thm&, im pwa&%nﬁa, the. lew w&t@ %mwwpaﬁma
""mnwe rapiﬂiw %hmn‘dﬁﬁiaigﬂﬁea fr@m L
\i~ﬁai euil@a*a me._ Thisg "nawmﬁ@wa@uimn"

. t.l
natur@ mf ﬁhm fﬁﬂw mmy arise far &wm va% a}u,

?&rgtiy, vhgawsm 5?&3 dapon@eat on . the wato

wf-ahwg@"@hiﬂhhggggﬁﬁ ﬂmgﬁ'im narm§w:

 ¢#$£11&$§&35’ am&_ﬁﬁﬁ@ndlyg ﬁha'maié m&y'%@
Viﬂﬁ&mﬁﬁmmmiﬂ : Kﬁ sooms from the evidence
thmﬁ Lh@ devi @ﬁi@ﬁ'ﬁwém Pﬁiﬁ&ﬂ&llé'$ L&@’i8

@m@ te visgo~slestiec ﬁffﬁ@ﬁﬁ»‘

Wh@m¥mgpwmymew_fl@@@ﬁ%hwénih 8 capdllory some
ariﬁmﬁmﬁimm of the mﬂimau qw~ﬁhagnﬁﬁnaeur$g
and o Lh&rauta@i&%im wwalk&%ﬁ f‘ﬁﬁé,@mlymew
ﬁhwn ﬁmv@lﬁﬁ@ immodiately %ﬁlmwiﬁh@'
wmp@ii&@y exit» _Th;a aw&@iimg ﬁéﬁu@@ ot
@véﬁi§%wvﬁh@mﬁ @@%eavand imaweﬁé@ﬁzﬁiﬁhiah@ay

9 .

'raﬁalﬁﬁwaﬁﬁa a Liwmilting valae. k% ds

imﬁﬂ@éﬁawmb of dap&tiavy length at low. uhe@r

/maﬁ&ﬁe



10,

paten, AL highor shear »ates, howoaver, an
inereasse dn eapllilaey lensih sausens o cdopyense
in poeste-eubrusion swelling. it the
dipappoaranee of the shear givess at the
capiiliary exit the moleeules are able o relax
wilth $ho rosults wthat thewe de oan elastie
raﬂwvemy.iﬁ It has beon ropovied thod
bivreiingence Lo net obaorved in the extruded
Filament bolow thoe swelling roeglon. Thin
indiontes that the polymer hae reloaxod hael
Lo 4ts dsobxopic Form. Hence, alilthough
melogunior orientation iog lnduced durlag tho
grtrusion of a pelymer 1t is lost albtoy

15
Puodon. o

&,

Cent
There aroe two explanations for posteertrusion

o 1l
BwWelling.

Firamly; it hag boon spuggestod
that it io due o the prandomisation of polvmew
m@lmmuiﬁa’awi@nﬁed cdagdng Plow %hﬁawgﬂ the
copillary, 1.0, ag deperibed above. Seecondly,
posbegntrusion gwelliling moy De 4 Consequeneo
of thoe transidtion fzrom a "aonr parabbliﬁ“
valoclty distribution across the filament at
the eapdllary oexid o a congtant veloolity
digtepibution some way down the oxtruded

i lament.



L.

e

filament. This, however, woeuld not seoound

Ry

CFor the large amount of yaﬁﬁé*xﬁﬁuﬂian
ﬁwgiiing ﬁhséyvad at high shear wates,
The iiﬁiﬁing spoed of the extrusion ls governed
by the faet thai at high shear pates the flow
“bwagme@ unsbable, r&ﬁul@i@g in a phaﬂém@naﬁ
v, afton deseribed as ‘melb-fraciure’, Chds
L Appears a2s o @%fiaﬁiﬁ dizwepgulardity in the
anbrudaia. Tvon at the highoat shear wrates
‘@hgéimah&@ in she sppaveatus depeoribed dn this

thegis melt-fracture was net encouwntorod.

"1azzi§£@ B@&wigﬁ during the Spiauing Q@@?&%&@ﬂa

2 ot Drawing during the Spimninﬁ,ﬁp@wa$iﬂmiiamen

G
1o elongatod. I4 has besn suggested that the

dnortia of the material and the drag of the
%urwauﬁﬁing aly apparontly ﬁwyyly_éuffi@iﬂmﬁ
%éw@iﬁng in the Porm of dwag on the molien
fi&émﬁmﬁa emaveing fyom the eapiliavy, to
'imﬁmmﬁ sowe ovisntatlon of the §$1y$ey
molecules dn the solidification wangwmﬁlﬁ
In ﬁhig yauge the Dllamenss elongate. By
im@#@aﬂiﬁg the winding speed, and hence the
tension, & high degree of oxvientation may
:appﬁ%&ﬁ%ly he acshleved and fibresn with useful

/textdle



12.
textlle properiles are piroducaed. £t dp usunl,
noevertheless, to make flilaments of low degiroes
of eorientation and to draw them in o separate

operation.



1.3 Draving Progasses.

Melt sploaning and hot drawving are twe distinets
physaical pwaﬁaaﬁam.gﬁ Durdng the gpiloning progess,
most of the oextension takes place in the filament at
tﬁé high tempewature ond of the throead linoe, l.e.
where the polymeyr ds molien, Genevally, at this

bigh teanpevature Lhe material has 2 relatively low

viscoslity. Thus veyy little stiress is sgebt ap and
the resulitent Clilament has poor orientation. Durd ng

thao @rawimg'pruaeﬁas tho material is strebehed while
Jpaﬁaing ﬁhﬁamgh & heated zone such that ﬁha maus dwun
>ﬁaﬁpér&$mwa attained by the filament Ls limited to a
v&luﬁ jmﬁt phove the glasserubber twansltion
tamperaﬁuxﬁa The rate of straining, m@ﬁul%ing £eom
the applied %ﬂra%ah ratlo, has been found to gilve

“enfficient stress to cause reinfoveemend and

orientation in the partlally evystalline filamen%.jﬁ

N ) ¢
Farerow and wardjé

have roported that the princeipal
caunse of reinforvcoment in polyvethyviens torephthalate is
the presence of entanglements, since choemical erosse
links do not oceun. In the ecaso of polyethyvlenc
torophthalate it was previously thought that the
reinfereement occourring in the drawing process arlioes

Qb at vy ofu ¥ 3 4 & 7 Fo g o v o 3-‘:53 :j? dv XY
from astress-induced crystallisation, Althousgh

/the



il
the erystallisation process wmay lnevesse the
reinforeemont, it has been exporimentally cnﬁfiwmadjﬁ
that the latter is nob essentially duo to stresse~
induced crvestallisntion. o

Spun filawments of pmly@thylémw terephthalate
have bheen reported to bhe amovrphous, weak and highly
extensible, with a rendom configuration of polymon

13
ochain unlts.

Po convert these into useful toxtile
Fibros, with deair&%lm propertieos of hipgh strongth
and flexdbildiby, 14 Ls essentianl to streteh thom.
this stretehing ov drawimgﬁa soems o be a stralght-
fawwarﬂggxa@ﬁaﬁ of exbtension accompanioed by
attenuwation.

Man-—made fihwmali obitain thely atrength lavgely
from the presence of oriented pelymer chain units
locked dn position by crystallinity, but these
crystallilsation orx erxientation processen oeour with
difficuity dn pelyethylene taraphthmlé%@ below glapse
subber transition tomperabturas. Below this
temperature the amorphous roglon is lecked in a
#lass like serucdture and is unable to vield to
applied stresses, Thus the tension required to draw
spun filaments of polyvethylene torephthalate is

likely to brealk them, or produce some wvaids in the

/Eilamenta.
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CPilaments . Certain moleculay seguhents possess
sufflodont thermal energy to yevoelve above the glagse
rubber translition toemperature. Thus under an applied
stross, the long chaln polymer molecules will be able
Lo wmove overy eaoch other, beocows ovxiented, and hence
grystallise,

In practice, a convinuous filoment of polvethylene
terephthalate disg drawn between feed and draw rpgiﬂ,

During drawing the flloament is heated on ﬁh% ieed or

:3"; v p g %
drnw roll, 7 or is pasases thyough .o heating sone
situntad bebtween these rollis. The heating zone may

comprise an incerdt idiguld, inert gas, non-roisatable
. 'Eﬁ‘!u . .2 , » . 2
pin or o staitionavy heot plate.
During, »% prioxr to, drawing, the Milament may be
: . . oy , 41
paszed through o wobting agoent at an elovotod
Lomporature, A high speod dyawing process gilving
foproved flbre physiceal properiies de reported in some
. o b
British patenta. ° 3
It ds advantageous to use both a ot pin and a

4 hi &
L » £ ] . . *"e' l{ "'
hot plate Tox the drawing operation, ¢

Duping
conventional draving eperations the continuoun
Filament is stretched in Htwo stnges. Peimary
giretching oceuye st the surface of the pnon-potatable

pin where the dyaw point ls located, and secondapy

/etretohing
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L6

stretehing on the surfeace of a hot statlonary plate.
This secondary draw may require a higher temperature
to permit the anecessary intervnl rearrangement of the
maeleonlar structure of tho filaments, and so the plate
e madntained at & slightly highoer temperature than
that of the pin. Iin partlially crystalline polymers,
most of the c¢rystallisation takes place at this
secondary drawing step, and soy, in ovrder to stabilise
this crystallisation, the hot plate tempevature should
be as hilgh as possible. In most cﬂmmercial processes
about 80-90% of dyaw cccurs at the hot pin and the
rast ocours at the hot plate.

During the drawing of polyester filament round
the hoet pin, two requirements have to he fulfill@dea7
Pirstly, localisation of the draw zone and soccondly,
wifeorm heat transiery to the filament. A wndform
heat transfer can be achiceved hy using a hot pln of
large dlametaer, but the draw zeno is not leocalised in
the gmaliest poseibile ares, with the result that
Tilaments ol non-unifoirm properdties may bhe obtained.
I a pin of small diameoter is used the drobw mone can
o localised within desiyvably swall Limits, but hoat
tranagter to the filament is inadequate, particularly
at high speeds of drawing.

!
/Risley b7
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Rialey / hag described an improved dyrawing
process ba overcomo the above diffTicultics.

1.31 Continuous Jsolthormal Drawing

A polymer coan bo extondoed éi%hmw umiformlyyeé
by o neceking pyocess, according to ﬁﬁe
experidmental conditions. |

A ecombinuous two roller drawing meachine,
operating at a single tempevature. and using
mmﬁéx:al that extends wniformly has bheen
described by Mavrohall and Thompson.ha They
have obhsoerved that all the extenslon oceurs
onn the foed voll where the tension is vicing,
mﬁd mest of the extensglion ogoulrs in a vowy
short length which is vieible as a draw avoa
onn tho feed roell. While discussing drawving
on a flat heater, they have repovbod that
most of the extension ftakes place on the hot
plate, and not, as bhaeforeo, on the feed roll,

- g .

Marsahall and Thompson have alego considered
continuous wmachine dyrawving in terms of the
three Tactors; load, extension and touperature
surface characteriastics of the mat&riml,in
order to éexnlaln the mechanism of draving.

Prowing La ailwvavs uwniform at all machine atios,
) -

/Tthey
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They have concluded thats~
(1) The sigmoidal shape of the load/extension/
vemparature suviace chavactevistics curve
of many peolywers glves rise o a loenlised
drawing zone which may appoar as an
apparent draw point.

(i1} The position of this draw point can be
predicted Ffrom the load/extension/
vomperature propewvties of the materinl
b@ina dirawn, parsicularly when the varn

tension is less than that yequirved to form

i@

a neck.
(3id1) This point should rewain fixed in the space.
(iv) Small changes in heater tempernture and
dyoaw yatico con pyofoundly alter the

£ ]

Lemperature at which the exvension is
taking wlaoce.
1.32 Mecking:

The behaviour referryred to as ecld drawing was
firegt reported by Carothers and Hill,g When
filﬁm@ntﬁ of polymers such as nyvion, polyethyvlene
%a%a@hthalatmg éta., are stretbtched rapidly, at
one oy more points, shoulders o necks develop

whers the thin drawvn material Jjoins the thdelker

Sundrawn
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1?’
undravn parid. 7

The necks then $ravel along
the filanent as more materiol paesses Orom the
undrawn o Joln the dyrawn portioen, the
thickness of which xomains constant. During
the necking process the watio of undrawvn o
drawvn ceross-sechlonal aréaﬁ i g@néraliy
known as the nptural deaw ratio of the polymer.
This depends o some extent on the rate of
drawing, tho thickness of the ﬁpaeimaﬁﬁamﬁ
the tewperaturs. When the drawving is earried
out slowly, i.s6. to aveld peckling, 1¢ has bheon
reported that the birvefeinpgence of all parés
off the Tilament incyreases steadily and
ﬁimultaw@auglyaiﬁ‘but when dyawing ig caryled
ont rapidly the Tilament formg one or wmove
neeks .

Aftery a neck develops in the ma%e?ial the diyawn
portion is subject to @ higher stwess than the
undrawn portion boecouse of the r&ﬁﬁcﬁimn in
crossesecgtion area. The styess continues to
increase ag the crossessctlon area decreases.
Thua a “"strain-hardening® process is eﬁamm%i&iﬁ°§0

ctherwise the matoerdial will bresk soon aftow

the necl develops. This strain-hardening

/process
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ﬂ&”?ﬁﬂu comes abhouwlt as a result of the
orientation of the molocules,
DraWingyse&mﬁ to convert a speclmen wiLth
vandomly orientated ceyastalldine r@viamu Lo
one in which the crystalline reglons wpre
mrien%mtcd with éna axls parallel to the
TCibyo axias, The necking phonowmenon ﬁaﬁ

Tivet conpidered to bhe confined Lo

eryvatalline or partially crysta. ljnﬂ
51

polymors, but polvethylenc tovephthalato
fdlament aleo necks when stretohoed fyrom an

amorphous wndrawvn state to a ciystalline

dpawn oOna. ‘mlug neekinge phenomena and
natural draw votio pﬁ 23 Bo he connoected

. 4 _
with erystallinlty in devawn filements, as
Cpoelymers which are amorphous both before and

after drawving do noet show such hohaviour.

Tn p@lymo'“ Tike nylon, crystallisation occurs

when the extiruded polyvmoer cools and, during
drawing, crysitalline and amorphous matorlials
are oviented. A suggoestion has heen wmade

that drawing at a neck, sinec the femporature
may beeome quite hipgh, 16 gquivalmnﬁ Bo
‘melting oyystalline materinl at reduced

/pressure
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prassurae ot the contre of the aeck nnd
. ‘Aflg\?; ’ L ‘
roforning .~

B
Bunn and ﬂ&ﬁ%ﬁ%‘l

h&#é piropos ed nm&a%mla@
alippiong é&r%ha’ﬁmmid prootss Anvelved. in
méiﬁ drawiag. T&awzﬂg the ervotallites
ﬁu@iﬂ@'ﬁﬁawing R mmf@ Tikely tann Hhe
brealking of thew by shear,

&%ﬁkiﬁﬁ hﬁ& ﬁmﬁg@mﬁgd.ﬁhaﬁ aincoe high pﬁ@?éﬁwm=
Cde ﬂﬁﬁrﬁW&W ab o ﬂaék phove n cortels |
 @$%;ﬁ¢ml %@mp%@a%ur@ (surtening tmmﬁayaﬁmr@),‘

Fhe temperature iun the flow %ﬁﬂﬁiﬁfﬂﬁhﬁ:ﬁéﬁ%;”
should be cqual tn,fmﬁ slightly grestes thon,
thﬁ'&éf%@ﬁiﬂ@,ﬁémﬁéwaﬁﬁmﬂu ‘ |

“ L N T
Recently, some wax&mwa}ﬁ”ﬁa’ﬁ”

heve tremted the
« @k@nwmén@_ﬁﬁ m&ﬁ%iﬂg;mQQW$$ﬁﬁpimﬁﬁiy¢«‘
..fﬂmﬁkiﬁﬁ'ﬁgﬁ mﬁﬁmwuuﬁﬁgw conditions which sre
Addabatic ‘ | -
o8

Isethermal

43231 Addebatic nesking

;ﬁmmﬁ ﬁﬁﬁﬁ%im@m%ml,aﬁﬂ thnovetiocal work on the
mﬂmkiﬁgﬁﬁwﬂﬁﬁﬁa hﬁﬁ”hﬁg&'a&rri@ﬂ‘mmt by
;meéhal& oy @h@myﬁﬁg;aﬁiﬁh’ﬁﬁ - They havoe
wép&@ﬁaﬂg fﬁ& @xamﬁig} that when 2 £ixed

/longth



Lo My“h mﬁ AT PG pély@ﬁmym@mw borephtthalato
‘fiiamenﬁ‘$ﬁ‘&@?ﬁﬁmhmﬁ,ﬁ£ o constant rate o
dha@a@ﬁaﬁimﬁic 15&@/0mﬁmnﬁian’auxVﬁ is
ﬁhﬁﬁiﬁ@ﬁ*yg‘Tha tension wises wntil tho
axﬁﬁn@éﬂﬁ'xemuh@g*&b@ut 2% then suddenly &
neek ﬁéeuy@ &t‘ﬁh@ moximus dn load.  The
'pwmwﬁﬁaﬁiomfnf the neck progecds at o somevwhaty
lowew congbant lond, will the shoulidors of
thn neck have traversed the vhole Length of
the speeduon.  Purther oxtonsion gives vise
ﬁa &lﬁéﬁéﬂy imwwéaﬂﬁ in tenstlon up te tho
&weaﬁiﬂ@ &ﬁ&d. At w&li-bg goen froa tho
wmﬂmximmmhﬂi rosults thob Hhida mgm@é& dxy
genﬁﬁ&l with the results obiaidned in this
wopls, |
Instead of ohserving & nooly moving alobng o
fined l&ngﬁhs whien the filament is suppliod
amnﬁﬁﬁﬁﬁuﬂlﬁo tho nech mpy romain flzed in
space undor Q%mﬁﬂy'ﬂ%m%@ ﬁwnmiﬁﬁnuﬁa Thia
koo hﬁuh ih@ﬁhﬁi@diﬁﬁg when & monofilomont
W h%ratﬂhmm hﬁ*Wﬁnn Pnnl and draw @wilﬂnaa?&
& ntm%&mmﬁry mmmml%%wn af the neok wmay be
mnin&aiuaﬁ if‘tha rﬂﬁin b wollow spoods, R,
QQﬂaia thc it} marmi ﬂraw raaia, A e ¥Vhon R s

furoator
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&
W
o

S8 ﬁﬁ?‘@f lops bhﬂ% % “the noek will move
o hackwards o f‘*wm&am&a& botweon “tho x’*@lléwm
The relationehdp boebween velonity of the nogh
and natupal drew ratic con be obitained ap

64,
Fﬂ?%ﬂu*ﬂﬁ*

Lew ﬂ?g dy s e ?R'b@ the Grospe
%@éﬁimma density and voloedldy at the food
roll &ﬁﬁﬁ&3§ ﬁ?? va thage abt the ﬁwawiw@llu
B Vg/Wi e By the m@ymmmm &&ghim@ roatlo angd
Aﬁfﬂg'm £y %hﬂ~mﬂ“§@%3 Bal @mmimwmumwﬁ dyaw
.K&ﬂiﬁw The velooity b shounldes ’&'?ﬂa
The mate of chango of waes Botweon tho
?ﬁ%iaw, KR!

i

: ﬁ $¥~ d

- a\dgh phs T iy
Hoviee YV, = 9 A g3 s s 7}
. ‘vi *w v& P - e o

? (w w ¥}
t‘%{’r m L)

5

whewro the netural deaw retio ¥ do oguel to Sd,/d,.

CEhie equatlion copved as n weans of ealonl Lating

i;&;ﬁ
- Qlﬂi}ﬂ vﬁf can boe

the naturel dyaw padlo »,
menoured oaslly.

54

| _ b8 ST
%&W@h@&%-@ﬁﬁ_@hmmpawmsw’ have expepimentally

/ohown
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&haﬁm that the natural draw ratio incrooses
to some extont wlth drav gpeoed. AL o given
temporature an advancing neck can be turnoed

into o retreating nealt by altering the droaw

opeod, Thus, at the appropriste draw spood
2 ssatlonary noock can bo producod. With

polyothyvlene terophithalate above Go"c
wuléiple necking has bHeon roported and so

+the natural dyoaw ratlo ds difficuls to find.,
In the temporaiture wange of ?Oem800ﬁg neckilag
disappesrs and the natural draﬂ ratiG ﬂeré
L0 univy at the glass-rubber ﬁyaméitiun
sempoeravure of the polymer, A further
inerease An temperatur canses o dgeygmsm in
the load raquiwed'faw drawing, and afse a
decroase in deformation. Av wery high
temporatures the definite yvield poing
disappears, and an inflactién appears in tho
strops/styrain Sueve in 1es piacés . Fhe entire
sanple undergoes homogoneows mtrain; Le0e &1
mppﬁmximaﬁaly adiabatie process occourzlng at
the shouldey becomes an i@aﬁhermalen@ over -
the entire samplo. At this point nocking

/aisnppeats
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digsappeara and tho specimen ﬁﬁraﬁnhmﬁ
unifnrmly thyoughout 1ts length. Isothermal
behavicursi can be Qﬁﬁain@d at lowoey
temperatures provided drawing ds carryriod oud
at lower speeds and with very good dilspevsion
of hoat. |
When the filament diawmeter doerensecs, or the
initial moleogulay owiwnt&t&éﬁ of ﬁh@’ﬁﬂ@QKMQm
inereascs, the natural dryawv waﬁiﬁ decrensos

2 f .
S Thus the

at constant speod of drawing.
natural draw rvatio obiained il a funetion of
the experimoental aandiﬁiaMQ, |

A theory of cold drawing, according o
Marshall and Thampsmn,ag’sﬁ agsumes that the
worlk of atretelilng thoe polymoer largoly goes
into heating the poelymer in the xmgion of the
neek, This, in turn, impli@é, f9w vi$uam
elastic material, a pgar.aonduetivi%y so thag
the work done appears as heat roather whan |
p@ﬁant;al enoergy, and heat logses mush be
.eamazll ° Tho wmaximam amoont of hoat :3,‘ ]
g@nﬁrét@d neas the glags ﬁranaiﬁimn.
tenperature of the pqiym@r, Thus; whon o

polymer ls pirebehod, heat will be build wp

- Jin



R6.
in small regions wheve deformation BOCURE .
As the temperature of this pmall r@gién bullds
nup mere heat will be penerated and the modulus
will deerease, In thig way noegkling will tend
to appear in very localised vegilons,
The effoot of temperature on the lvad/oxitension
curves hag beon determined by passing the
filament over B hot plate in o two roller

54

maohing. LH i Pound that vhe filament
rapidly reaches the tempersture of the hod
plate. A shable range for dyawing on a hot
plate, with & steady neck between thoe two yvolls,
o considered to exdst over a range of draw
ratios from the naturel devaw vatle, at voom
tenperature, down o the anatural diraw vatlo at
whe heater ﬁﬂmy@w&%mra.&g
The load/extension/temperatuve cuwve obitained
by Maveshall and Thﬁmpaomg&g analyoses all
drawing precesses over a hot plate. Farom
thia, one ¢an ©ind the draw tension, thoe
vomperature at whileh each pavrt of the
exbension cccurs, and the posilition of the draw
poiant dn thoe thryread line.

Un the assumpbtlon that no heat eogeapes, an

Jadiabatic
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' ]
adlabatie load/oxtenslon ﬂnwve5&

way be
caloulated from %h@'i&nihawmal'1@&&/@x$am@i@m
eémvaﬁa If this lnad/extension &uf%&‘mf o,
material falls vo a Lowver léaﬁ at o h&ghmﬁ
t@ﬁp@wééu@@ then it ds pesgible for an
adiabatiec curve to reach A negabive slépa,
and for neclking 4o ocour. An alternative
progoess of extenglon gﬁ.a@mﬁﬁamﬁ songlon in
@’@ﬁ%ﬁlﬁ@@g csoupled Qiﬁh axehangen mf,hmmﬁ.
nlong the speoimen by conduction &p@@&%ﬂ £
be possibhle ot o lower teusion than that
neodad Tor pure addabatic ouxtonsion. l?oﬁ
whie p?ﬂ@@&@iﬁhﬁ longsh of the %h@m&ﬁ@wg whe
tonision at whigh &% operates, aﬁd éh@ dras
ratio aoross 4% can bho ﬁ&l@ﬁi&ﬁ%d fwmm‘@hé

£k
simple adiabatle cuzve.”’

56

o [ ’ B -
0 97 has reported the same thoowy of
48, 54

Nowman

cold draving as Marshall and Thowpson.

, 82
Hﬁgkwaygg

while ﬁﬁm&yiﬂg the eold drawiang of
aylon. 6.6, has pud f@fw&wﬁ-a‘gmm@wml'malamulaw
moeehanism Lo @ dvawing process whiah gcombines
the iddeas get ont previously by Dunw and ¢
A&&m@kgﬁl J%&&lgﬁg aind Marshall and

L, uh
Thmmpﬂﬂn»§ﬁ”3h

/Wy lLon
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Nylon 6,6 has a sigmoidal typé,lﬂad/axﬁensiqn
¢urve which drops to lower loads at higher -
temperatures. Hence nyvlon w111 f0Em nacka
at a high enough »ate of éxtension or atg
 1&@@¢ ﬁp@cim@n cross sectlons, The

temperature vises to 60-70°7C inside the

7

82

nack.
Vincent suggests that cold drawing occurs .t
whenever 6/R = d</dAR at two.places, Where ¢
is.the true stiress and R is the draw“ﬁ@ﬁio.
He objects to the adiabatic theory of ¢old

. : ) ’ owh e
drawving suggested by Marshall and'Thompgqm{)i

8] ‘
and Jmckiosﬁ He proposes a theory in which

-;ﬁh@ ghress on %hé @éiymar lowews the qafﬁening}“gf
peint to about %ﬁé-ﬁamp@ﬁé%ur@ at whiéﬁf o |
'drawing ocours, Tather than o straining
process generating heat which maiﬁaﬁ-yhe
temperature of the material to the softening -
tempeoratuire. This objectlon was Qﬂhfixméﬁ |
experimentally by Vineamﬁ.ﬁo "
Vinééﬂ% does not offer a moleculax meﬂhaaiﬂm
'fax the lowering of the modulus and t |
ﬁmftanimg ﬁmmperatur@ when & materi@l‘ié-
strained, but it is well known that a &aﬁgﬁ‘g

/stress
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sLress on a ?i@aﬁ@ﬁlaatia polymer will greatly
reduce its welaxation ﬁimaé and lower 1tg
apparent softening o gimas wranoition
temperature.

Recontly ancther oexporimental ﬁé&hniﬁﬁa~fﬁr

studying cold drawing has been developed by

58

Williams and BDender, They applioed o

constant load to an undrawn fiby@ and
measured the eraap ﬁx%gmﬁ&mﬁ BEoa fgm%tiﬂm af
time . Duping this experiment cold drawing

wang observed by a mavked vield reglon on the

leogavithmie tdlwme scale.  The following

aqgquations were obtalned by thom:

= =R
'E:ﬂ @ g ow i
1 2

B, o= B0 v w{R e 1)

fﬁ
. "‘J’a

wvheipea ﬁﬂ ig the <¢ime yrequliyred for the neck to
form, and x is the distance of the neck from
the feed voll. “The machine drav ratio ie

v

- 2 y ! ; - ! : "
R = = where Vy and V, are foed and draw roll
v ‘.ﬁ. . 2 .

spoeds respactively. The dlstance boetwoon
the feed and draw rolls is A0" and Ef is the

. Jeransit
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transilt bilwe cccurring during the styvetching
ﬂ?e@&t&anp which depends on the speeds of the
two ollewrs,

( ﬁlﬁwémwallew drawing machine then imposes an
extension NR«1 in timo %fu This machine
casantlally operabtes at constant load so the
results are directly somparable with tho
ptatic ereop curved.

%8

Wiliiams and Bendewr have proved that tho

natural drav ratilo defined by Marshall and

gy il
Thﬁmpﬁﬁﬂ'agJ%

iz simply related to the
axtonslon produced by the yvielding process.
They have triled o rolatethe position of the
Beek between the two yollers, the dxawing
tonsion and apead dependance of the

rolleys.

Rﬁcgmﬁiy Roth and Sah@@ﬁhké have carried outd
an oxteonsive empevimental programme o axplain
the phenomenon of cold dyrawing during
continuous gﬁr@ﬁahing of polyvester and

polyamide filaments,.

1,322 Isothermal accliing:
Xt is possible to achleve necking dsothermally.
The behaviour of isothermal necking hag bheen

/deseribed
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59 . 50

desceribed by Lasuriidn, Vinceny and

P&ﬁawsglg
In pracitlioe of course draw speeds ave geneyally
very high, which naturally dovelops heat. So
even though the lead/extension curves are sigmoidal
the drawving is Far From isothermal, and tho

temperature dncrease wlll iundigate that the

process 1o ot least partly adlabatic.
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1.4 Previous Work on the Relatlionship between Spinming

and Eré&img Gonditlons and Fibre Pwapmwﬁi@gi

. Roth and &w&rn&hﬁﬂ have carried out an extensive
'prgg?awﬁé:ﬁé'S$mﬁy %ﬁé effect of ﬁhﬂ.ﬁﬁiﬂﬂiﬁ§;:
lﬂﬁmditiﬁﬁg &m.éhe pro-orientation for ﬁ@l?@ﬁ%ﬁﬁ%%@?ﬁ-ﬂ
filﬁ@ﬁﬂﬁ&[ - The changes of ﬁh§ aﬁwuetmﬁavim ﬁha‘
fiﬁr@ ﬁgﬁ%&g”tha;fgwma@iom of filament are d@a»ﬁéséé;
mudkaﬁrméaning under varlous conditions igugxamiméd;

- by them, It has bﬁmn‘rapﬁﬁﬁad that by the action .
:mf heat and &w&iiing agents on drawa and undreawn

e

6 . :
polysster filaments stractural changes ocouwy

1nf1ueﬂ%ing the dﬁnﬂiﬁy, shrinkage, amd'&ﬁf@mm/éﬁraiﬁm

hehavionr, | o
ﬂﬂﬁmthland Behyoth 7 have also investigated the

effeod mf heat developed during dvawing, subpliad{

heat ﬁhd Logs of ﬁmm%ldﬁring the ﬁf&ﬁimg progess on

the aﬁﬁﬁetur& and proepoviies of poly@é%e?:amﬁlbeiyamida

filaments., They h%%ﬂ‘diﬁﬁuﬁﬂﬁd the T@l&ﬁidnshiy’

' between the temperature of the h@m‘ﬁiﬁgwhﬁﬁ plate,:
Bpoad ﬁmﬁ degrea of @ﬁr@ﬁahimg, fovee of aiﬁaﬁmhimg,w“
ah?inkﬁg@, and tensllie propevties of dwawn fibra.

They havé reported from thelr observations thaib:
(1) the offeect of heat on polyetbylene

terephthalate being grerter than that on nylon, .

/ithe.
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the influence of stretohing 1s greater on
polyvethyiene tevephthalate Filaments than on
aylon

(14) the &ﬁ?ﬁtﬁhiﬁg.ﬁ@msiﬁn of the wdrawn fibre
and the molecular ovientation at the same dyaw
ratio decreases with an increaso in
temperature of the hot pln. Thus, at & higher
temperature of the hot pin the draw ratio can
be duncreased without any significant change in
molooular orientation.

(1i1) the brealing strength of a man-made fibre
strongly depeonds on the rate of styetching, but
mtlhigh temperatures of hot pin the drawv xatio
increases vresuliting in some hrititleness in the
fibre which, in turn, decreages the hreaking
gtrength. By p?ﬁwﬁﬁrﬁtﬂhiﬂ@’ﬂ fivre of good
textile propervics with less brittleness gan
be obtained.

(iv) during the drawing of the fibre, if the effect
of’ heat ds constant, the vesistance 4o
deformatlion of the fibre will inecrease with
increase in stretohing speed. This, in burn,
will dunecrease the stretching worlk and iﬁtarmal

piress, but when the effegt of heat lucroases

Juith
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*Wi%h;ﬁhavﬁ;wmﬁahimg Bpeod bhechuse of the rige

oF tempeveture in the neek and swell loss of
heat, Lower shretching tension snd shrinkage
Vﬂlu@@1&$w.mhﬁaimwéa

if the ﬁ@myﬁwmauw@ oE mhﬂ how y&mym e lans

_%h&%-%i ol ﬂf %ha %mu£1Wﬂ “ihm@a ﬁﬁﬂ@%ﬂh;ﬁg

BEl e p&aﬁa mi%hum h#@%ﬂ@ o ammww the bhot. .

+

at o :’ialg?h t,w&l‘\"&g'fﬁﬁ'm 'afa:té-'éﬁi'é: of the hot plate vory

Llit%&w &Ewubﬁhwnﬁ a@mum %ﬁCﬁh@}ﬁﬁﬁﬂﬁﬁamy'& ay@¢~
“Phis %mmim uﬁ%&rmﬂtrakﬁh xg has great dafluenco

-uy@m AT %aﬁﬁ&3b pwupuw%&wﬂ of the fibyo.

gty mvw@m%mw A hat gimﬁ@vﬁ@myﬂﬁmﬁnaa.wiiﬁ
ﬁ&@xwﬁag s gﬁwaﬁ@hiﬂ@ %aﬂaimﬂ wﬁi@h,'im ity
L@wﬁw& %ﬁé L0 @f'@hﬁ material loading t0
ings brdttloness @ﬁ tho fkaw%!aﬁa-ﬁﬁmﬁ The

Mrwﬂk@m@ grength ANCrenses, A% -wery high

temparatures most ol the stwrotching talkes place

43+ -'k‘?&w ot piate.

B2,

ﬁmmﬁﬁa%m 6% hﬂﬂ imv&&ﬁ&gmﬁﬁﬁ the phenoemens o3

maoronoleculaw arisntetion as observed in the melb

gpdnning process Por polveapronamldes, ﬁﬁpml?am&ﬁéag

polyurothanes oniel polyenters, He wmminia&a Eom

cthe sbudy $£‘®hﬁﬁﬁ—yﬁlym@$$§ What @Ahﬁ@ bimafwiﬂ&&ﬁ@@

/e @@mpmwa@XVm
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“‘f(&'ﬁﬁﬁ%géﬁﬁiWﬁ méagfw@”af mowt dogres of wmoleculan
@ﬁi@%ﬁﬁ%i@ﬁ}iyxaﬁﬁ&ﬁ&lxy dods et dopoend ﬁm the
“(ﬂéféﬁm&ﬁﬁé&&%&%ﬁﬁ, sl m@mﬂﬁﬁmﬁmaliy inepronses ﬁiﬁh
'vw&wﬂlﬁy ﬁ&??ﬁ@mmmm@ {3 Mﬁ differenve boatween the

vu&vu&%y ﬂ& &ﬁ“@&iym&%‘mw%W‘ﬁh@ spimioret smnd on

“ﬁhﬁ?é§~x %mbhﬁﬁ} and the veoiproenl of the fibre

i@émm&ﬂfd {ﬁfﬁmmmwwa mﬁ &wﬁ&&ﬁg x@&@;a

: m ﬁ&ﬁﬂjﬂi &hm@&aﬁaﬁ&& onalyeis of mechanioal
,Fm? ﬂ&ﬁ ﬁw fmeﬁ Sy e nning'yyﬁwﬁma&m which ig based
m@mﬂ hﬂ &hﬂwmady &mimﬁ hmﬁ'bﬁﬁm voaperbed by
%&mﬁimk&ﬂfjgggﬁm hag disoussed the pooslibllity of tha
ﬁmmwwrmxm@ mﬁ a.%aﬁim? veloolty gradient aund the
Qw“ga@% w@mm@ﬂauﬁ wiEh the radial volooldy uimtw%hmﬁi@m,
%h@r%ﬂnﬁiﬁﬁwf@wﬁ@ and 4bn congtituents, the oxberneld
trlco m@ﬂﬁfgfgﬁaﬁgvéwav$t&%&um&l Poreo, asrodynoniond
o i mmv?awm &@m@imm and dntorpal counstitusnts have
Lrezimn vm&Eys&ﬁ &md discusso, e has montionod thaid
ﬁm.@h@ ﬁyimﬂ$ﬂ§ %f ibres of wvepry Fluld Ldauids, from
- the spianexed, thoe ﬁmwfﬁﬁﬁ tensdon way oome inte
“mwm&iﬂmmmﬁi@mbﬁﬁ g fochboy %@ﬂﬂimg Ho aplis the stream
Anto single dvops.

6%

Kollew GG

st &m#*&mm have plag studied the
'M@iﬁﬂﬁia%ggriﬁmﬁ&%ﬁﬁm of the spluning Sibre by
birefringonee and sheinkege measureononds.

/Bevently,
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H@aanﬁiygtﬁﬁéhaé? arfiwd out a survey of the .
problem conuneched wiﬁh fibroe farmaviam in melt
wpinniﬂg,.anﬂ discussed pavdicularly the guoestlon of
cooling thé ﬁé€>é#%§ad&ﬁ fzom the wmelt and the
pr@blam'écnnaaiad Wi@ﬁ‘thﬁ change in shape and éfﬁ@ﬁﬁﬁ
atates of the filamamﬁﬁo 1t seems from vhe rosulie
obtained ath in&uiﬁiEys u@ te about éh@ ﬁistémeﬁ of
5 em,, the &i&mnmar of the fibre increases and then
it drops to a aamaﬁamﬁ diameter at about 80-90 éﬁﬁ

Ha d@‘VwiﬁaéﬁAh&ﬁ @mtéjn?ﬁ a1 &mpiﬁicallyalﬂﬁimn
between the draw watio and ﬁipefrin;@mﬁa of man-made
fibires,

Hau&wmy, 2 Whiiﬁ,a@mdyiﬁg the %éld drawving of
mylem, hu '?ﬁb§Wbmd ah ﬁ the yield @ﬁr&&é of a higﬂ.w.
polymer sample i$~@iw3@ly rolated to the molesularw
mobility ﬁitﬁiﬁ the aﬁmrphmu@ Wﬁ@iﬁﬂﬁd%f the filament.
The mobility can be altered by varying the maiﬂtﬁré
@Dm,ﬁﬂbg %em?e&&ﬁnya and daﬁﬁiﬁy mf ﬁh@ undirawn sample.
The mmgmiﬁudﬁﬁ;cf ihw factors @@nﬁrmilin; theo Wmﬁ?@ﬂlﬁﬁ
and Qtw&mgthﬁmin&‘ﬁf the @amkimﬂ‘mf the %ilaman% Lo
a wiven small exvengion vaxry with indsial
bBlroefringenco, m&i@mnyﬁ cantbont and the (hmﬁiﬁml

composition of the wndrawn samplo. then o pooriy

Joriented
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oriented filanent first yioldo, d.0. ot low deoaw
ration,; ot the podndk of draw there 4o paréinl freoing
of shtruoiure. A% high dvew redios, in the latew
asteges of deawing, the strueture dg pomsolidoatod,

Grystalilinitics dn drown fibwoes hawe boen
moasnred by many wawkmwaégﬁ?g Ty methods basad on
@@ﬁﬁﬁ%?ﬁ infeserad ppechrs and Zeroy diffraction.

The results have beern compaved and noe gevrolation
has Boon found o exist belween thew. Howavey,
ﬁ@hﬁ@mm?& wém able to obbain a good ¢opvoladtion
bobweon the orysballlinldy wonsured by Xepoy
diffraction and donsldy on & numbor of pelyvethylone

&

serepbthalete Cibree of different dvew ratilos.
F%W@@ﬁfﬁ h&é alee Found a good ovrvelation with
vandonly ociented specimens, bud nod wiith drawn
Hibhron prepanyed undawr labopratary condiilong.
ﬂ@mm@ig?ﬁ vhile studving tho offeat of drawing
pnd annealing on bthe o¢vyvashallinidies of the polymor,
Found no guentitative sorrolnition bhelween density
avacl Hedpy MOGREVTOMONEE 4 Ho supgested bthad this
ﬁiﬂm@waﬁm@m% way bhe bocausae of profeorred orientation
of the moleoulay choing mﬁ‘mmmwmwyﬁﬁaiﬁimﬂ OO
and dmpopfestion in the eryvstalline wéﬁ&mmﬁﬁ

70 '

Thonpoen and Yooda'” have veported dthald by

tnoroesing the ‘drvawbiratio of polyothylens
/horophihalabe
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G L
%@W@ﬁhﬁhﬁi&ﬁﬁg ﬂ@mﬁﬁﬁy,wﬁﬂﬂ@ to a Fiadt wozinon or may
degrense.  They have satliced thald bilrofringense,
imimﬁml moduluo éﬁﬁ infeasred absorpdlien ratios,
aontinue o lneroasa. Thoy thought, Toom ﬁ&@iy .
obporvations, that eryptallinity measurements $rom
iafra-ped speetra are nore waliable than those of
denagldty maaﬁmw@mmﬁﬁﬂﬂ ﬁmm@a&&@ in spinning spood
and the h@&ﬁ sroatmend oftor denwing may delay the
woduation dn ﬁa@&i%ya Is hep boon suggestod thab
i% ds thae ﬁ@mm@wy&%m&&@w@ ariontation which changoes
with deraw watde and ﬁ@m% ﬁw@msm@ﬁ%gﬁﬁ’?ﬁ

The effesd of hoeod oo uwnordented amorphons
polyathyione tervophithelate Libres with Adfforont
ﬁ@@wﬁ@ﬁ O wwﬁymmwi@ﬁﬁﬁ&m end orientation vere
ebaopved by ﬂ@magﬁyﬁ Miwﬁfwiﬁg@mﬁ@ axsach Kemary

‘ L .- o by
diffroction mothods, by %ﬁ%&@imiaga

The offoet of hesting tempepature on molooculas

i

apientation ig ﬂﬁﬁwﬁ‘yﬁﬁ?@ﬁmﬁi%m@'%ﬂﬁ&ﬁﬁ%&ﬁﬁ&%@

ﬁ&iam@aﬁ'haﬁ sloe boon ddsonssed by @h@%ﬁﬁ&ﬁh&o?ﬁ'
Thoe effout of %@% @ﬁiﬁﬁimg conditions on ﬁ%@;t

eiructure of viscoue zayon Pilanents hevo boon R

:ﬁﬁmmwgm@@ by ﬁumm@@%ﬁ@%ha?ég??

Molocnlarly h@%@;@m@@ww sragblons of secondayy

i

feollnlosno
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2, EXPERIMENTAL METHODS:

The object of this vork was o invessigate the effeot
of variable auaﬁi%ieu@ of wallt spinndng and hot dvrawing on

gome of the physieal proparitles ﬁf‘@ely@ﬂﬁe? Tibres.

Polvothylone L@rﬁph thalate, as supplied by X f@ip Led. .,
was used for the splining ond drawing esperiments. This

pol?m@r imposes cortaln repitricetions, e.g. one comot gpin
below the melsing poelint uf'%ﬁm @Qiym@xg detry Rﬁﬁaﬂg oyl
also 1t cannocot convenlently bo drawa below lts glosse
rubber transitlon tomperabuwra, 3aﬁs (? (I Held spinaning
should be carvied oubt at o ﬁsmpﬂya@1ﬂ~ amnm& 3093 highew
than that of the moldting point Qﬁ the polyvmer, and &o the
Cgpinuing tomporabture was mainbtained ab ﬁﬁﬁgﬁa During the
divawing of the ©ilawmoent, the %%mgm&&bu@ﬁ of the hot i
was madntalined at 90 g (whieﬁ;;h@ ahove the glasserubbor
transition benperature of tho p&lymaw} aud the tempeiratuie

‘ wl§® - . A
of the hob plaﬁe5waﬁ keps ab ngﬂa



1. Handle
2. Vacuum tube

3. Pye Scalamp Thermocouple
Galvanomet er

4. Thermocouple

5. Barrel

6. Threaded shaft

7. Gears

8. Variable speed motor

9. Miniature wind-up
mechani sm

Plate TI. Spinning Apparatus
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Ze1 Description of %h@-&pg@@ﬂﬁ@ﬁ
The apparabus wsod for these investigations
gon be divided into two major pariot
2ol Melt Spinniag
and

2,12 Hot brawing

2«11 Molt Spinning Agp&rmtu@

This ingtrumnent wag supplled by iaﬂ,xu Ltdoe g
{oee Plate 1), The dipgrammatic front
view of the splnning apparatus iz drowa in
Mleure L, The preparation of polymov
"mandla“ feom polymer chips, and ides
m&lﬁé%pinningg gan bhe vepry easily caprwvied
ont on this oplnndng appavratus. The medn
gaectlons of the meld splzning devieo are

ag follovws:

2111 Bzitiruslon umi@_

2+ 112 Temperatuve control unif
2eL13 Driving mechanism

24114 winding unit

2,111 Extrusion unid

The extrusion undt dg a solld block of
polished drawn stadnless steel,; with a
through hole of 0.25 in, dismoter at the

/eoentie



B2,
centre (seo full sime skebeh in Figure i},
Thoe lower end of this hole ig 0.5 im. in
dldometver, in oxder o accommedate the necossary
fliters, bridpge plate and gpinneved. The
0,09k in., thick metaliliec bridge plbote has a
centre hole of 0,06 in. di&m@ﬁmﬁ, whiia the
moetalile spinnerst is only 0,03 in. thiek with
n contre hole of 0,015 in. diameter. A solild
stainless steel wram, 2.5 in, long asnd 0.29% du.
in diametexr ds used to fowvee thoe viscous molien
polymer through the sploneret at constant speed,
the wpper end of tho yam being attached o the
driving maechanism. Vervical m&vem@nﬁ of the
vam ean also be obtalned by the haudle (see
Plate L), situated at the top of the apparatus.
This manual operation @s usaeful when the
preparation of polymor "maudlé" ig earyxied ouvt.
Before splunning 1t is dmportant to check that
the ram moves straight insido the ocxirusion
unlid.
Traring the meld splanding progoss, it is
esaential to obsorve that the ram does nob

move ingide the extrusion unit bovond the
specifiecd Limit (length of the wam}), othexwise

/the
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the sofv silver steel sheay pin, connected to
the geayr, may brodl and disturb the driving
mechanlem.

In the prepavation of polymer “candle" from
polymer ehipo, the bridge plate and the
gpinneiret are oplaced by a voeuum tube, (ﬁ@@
Plate L) which makos an aivtight Pitting with
tho bettom ond of the extrusicon unit when
held in posidtlion by the flange plate. The
Flange plaote also ensuroes that there do no
leakage of the polymer durdng oxvaunilon.

The extrusion uvniv dg fized ot tho appropriato
position in the spioning apperatus (see

Plate T) by two allen scrows. A1l the gerevs
usod were greased with sdlicone grease in
ordor o aveld stieking to the moetal when hot.

2.112 Tomperature conbvol unls

Brass blocks and cuflf heater are placed onn the
cxtrusion unilit as ghown in Pldguve 1. Tho
funetion of the brass blocks is merely to
inevease the of'fcoetive heating aroea. The cuff
heator d4s conneoted to a Vaviae with o vawiable

voltage capacity of from 0O to 260 veltsi; thus
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%iw ?‘ﬁt‘g&é‘i’“m‘* 'i.iﬁﬁl ‘ﬁ?ﬁ‘x‘:&ﬁii&'&?& of 'ht:z polymer con boe
WL dAL tainod %_;}} s dus '@1:;{;; The Vardao, } A Pye
Bopdonp Thox m&vm%wig ﬂm?@ﬂﬁﬁmaﬁmr {son Pilote L)
,}ﬁﬁﬁ?uﬂ&ﬁ an &ﬁ@ﬂ@ﬁﬁ@‘ i Fﬁpﬁﬁ wmesns off
ﬁ%%mwmimﬁmw Gemperature thiveugh %ﬁﬁ_wﬂﬁgﬁﬁ
;ﬁmidﬁ ﬁ sl %ﬁ£ﬁ¢ %&JMW*a‘ﬁhéﬁﬁﬁﬁﬁmFgﬁ e
‘é.ﬁﬁmpéf&ﬁuf@ pomsing @ﬁviﬁu» § ﬁ@@ o %hm‘
gmm&m f@aiur@m of hde &&3%&n&m%&&& ig the
‘aggam&tﬁt bonld gmm&ﬁi&mi cbmﬂﬁﬁﬁ&%i%g-ﬁﬂﬁaﬁﬁs“
;@m compeneated yange B OORg oan ﬁir@@ﬁiy
-mm&amr& the toue ﬁmmpe@ﬁﬁmwﬂ'mﬁ thi hol
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vw&ﬁl&y im Q@g*wmm m#m%wgr&u@ ﬁh@ﬁ.ﬁﬁﬁﬁ@éﬁmﬁ
;%ﬂ o Coppox/Congtanban Thermecouple {sea
'@x&%@hx} of 30 ohms veslotange.  This
themmoseuple ia made by hard spoeldering "Advance!
%_wiwg (ﬁ@ﬁ&ﬁ%@ﬁﬁﬂ w 6.5 ohme/Pt,) with
ﬁ%ﬁmﬁkiﬁﬁ‘@mgpﬁm wire (vesipbenge 0.5 ohms/$4, )
ot one @ﬂﬁvmgﬁ,%hmm-mmvﬁwim@Jﬁh@am wiﬁ@@ with
e Ansh dwin borve aﬁwmmﬁa'ﬁmﬁﬁi&&ﬁyﬁﬁ Tha .
ﬁmQﬁmﬁgmﬁy§@AEm&dﬁ a@ﬁf&éﬁm@%%@d T A
‘@@1%&ﬂﬁm@%mw»un% ihﬁ mhﬁwMﬁwmmyiﬁ L plased ab
@ﬁ&wﬂ%% Sﬁﬁﬁﬁiﬂﬁ mﬁgiﬁm %&@‘ﬁ&&@&%ﬁ@ﬁﬁi@ ol
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of the exitrusion uvnlit, This epables diveect
measurenent of the tiue temperature of the
polymen.

2.115 Lriving mechaniam

The threaded upper end of the ranm s sevreowed to
& ha@%&i of bright drawn steol (see Plato Y,
This bavyel, through & threaded shaft, is
further conpnected 6o a sysbom of gears which, in
durn, 4is dyiven by the malin deiving shafld
coupled with & varisble speed motor (see Flate l}u'
Thus the ppead of the wmotor can be varied
aseurately between 60 and 200 r.p.u., glving a
van opeed of from 0,79 in./min. to 1.3 in./min.
The gpeed of the motoy, and honoe the Yam, can
he aocurately wmeapured with a standard
tachometar,

2104 Winding wnit

This unit 18 & wmindature wind-up mechanism (see
Plaote %) consisting of a hollow sluminiuwm rool
enlled a filament bobbin (see Pigure 1). . A
vayinble speed motor (L00-600 v.p.m,) Ll the
main source of power for the awilal rotaticn of
thin hobbin. The ministure wind-up mechanism
has o movable metal gulde so that the filament

/emerging



Plate II Continuous hot drawing apparatus
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H6,
energing from the spianeret can beo evenly wound
on the filawent bobbin. This bobbin i@g
ho?b din. leng and 1.875 in. in diameter. A
shaft passing through this metal »olley is
sommechted to the above-mentlioned véwiahlm spaead
motor. This enables acourate gontroel of the
surface speed of the filament bobbin, bebwesn
100 £%./min. and 500 6./ min, The speod of
the filament bobbin can be pecurately measured
by a atmnﬁa@ﬂ tachometar. The distance
haetween the spinnered and the filament bobbin
is wmaintained at L8 in. so that the spun
filoament acguires normal room teomperaturo
during ite passage from the spianeret to the
Pidilament bobbin.

2012 Hot Drawving Apparatus

A general sketoh of this apparatus which was
dosigned and constructed in the laboratory

{foxr photograph seo Flate IL) is given in

by, by 1146
Pleure 2. Hnme%z”gJ and @@h@?@ii*i} havae
worked successfully on a sdwmdlawy unlt. The

gpgential featuraes of the appar. . busg can he
deserdibed under three main headings:

/2,121
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Z2.121 Peeding uwnit
2.122 Temperature control unit
2123 Dyawing unit

2e121 Feoedine wnidy

This, essentially, consists of two alumindiuam
rollors, %.75% in., long with diametors of

L. 875 dn. These rollers arve supporsed on &
wooden bhobbln through the centre of whiech
Tung a4 metal shaft, 0.25 in. diameteyr,
connected to o variable gpead wmotor

(60-200 wep.m.) (see Pigure R), The speed of
the feed xolier (ome of the above-mentioned
wollers) can be kepd consient at any lineaw
speed bebween 50 £t./min,, and 150 £¢./min,
The espun Tilament of the polyethyvieno
torephthalate can be treansferved 0o a spun
filament bobbin foy stovage.  This ﬁ@bbiﬁ i
ma&@ of plastic and ds 2.5 in., diametor,

This unit ig furither used fov the hot drawing
of the Filament. The distence betwoeen the
gpun filament bobbin and feed voller ig kapt
at 7.2% din, There is a porveelain guldo
Detween them.

/Re122



2,422 Pewpurature sentrol unid

This unit comsiats of two main parés:
Hot pin aased
“Hot plate

Bot pli
Bot pla
This 48 e round stainless asteel mobal rod of
Ue2% dme dipmeter and 125 in, long, siinoted

% in. from the fepd wollewy {(mec Pigure 2.

This pin 4% serewed o a heater with a built . 7

in thexmostat.,  The heater and thsrmostat -

aof the hot pin Are conneocted in serxices with

n Veriae (see Plate IX}. The voltage own the

Tariac should noet be inaﬁ&a&g& bwymna'ﬁhw~
capasdty of the h&aﬁ@ﬁ (5@IVa&t&30' Any
desived tempoxature of the hot pin can boo
maimt&iﬁ@ﬁ aithor hy a&@@wiﬂﬁ thoe Varloo
oF the thermostab. 'fh@ byue ﬁ@mpw%&%uyg_
at which primevy drawlag @@aawg ié tha
tmmﬁ@x@ﬁwra at the surface of the hot pin.
By g?mp@x contact hetween %h@‘ﬁhﬁymﬁﬁﬂﬂ?l@‘
h@% Junetion and th@_hﬂ@ i Ry RS %hé
emperatire of the Latber ¢an be direebly
messured La] ﬁhé Yye Boalamp %h@ymaaﬂmpi@
Galvanometer (ﬁmﬁﬁrgbmd in detaild din tho

/ paragraphs
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paragraphs on the bemperature control waib).

&

A poveelain guide g fixed in front afA%h@ hpd
pin, bult at a lower level, oo as toe obbadn an
avo of 120° betwoon ﬁhm hot pia am@fﬁha filam&mﬂe,
Hot plaie

Tode do o A0 n & @@@%amgula@'m&ﬁml platoy
ailleghtly convexr in shape, with a degrease in
thickness fyom the centyre {ﬁ.$ iﬁ.§‘%@w@mﬁ5
ongh end (0,125 dne.}.  The distance of the
conbire w?lﬁﬁ@ plato %@@m the hﬁ%{@im“iﬁ 9'£ﬁu
(see Piguve 2). .Km_ﬁwﬂ@y Lo @g@ﬁ%@ﬁﬁhmﬁiﬁh@'
i lament, Jduring ﬁhﬁhﬁwéwiﬂ§ §£éa@éﬂ? touchaes

the surface of the hot plate ﬁyg*@m%&i ggid@a
{soe Plate ﬁx) afé'ﬁiﬁﬁ&t@d éﬂﬁ@&uﬁ;émd,Qf*ﬁh@fﬂ_-
hot plato. The hot pl&§%<imT@@ﬁ?ﬁ@éﬂ with a .
50 wvolt capaoelty h@aﬁéﬁféﬁﬁ‘a %maw&aéﬁaﬁa

The m@ﬁwﬁw of heoat and %@mpéf&éu%@ oonhral fa@v
the metel plate i @@ﬁﬁ%@ﬁ the ﬁamé ag in Whe
hot pin systen deseribed sarliop:

Thae whole hot pi@%@ i i@/fﬁwmﬁgiéuyﬁayﬂﬁﬁ_
on a woodon block with an asbestep sheet ploced
%m‘éﬁme:m ﬁh«am,. Whe true %mz.ag;m&rwz.:mé:*a at which
%mmmmﬂ&wy dwawdng ocours A8 ﬁh&ﬁ'éfﬂﬁha sprface

fof the




H’—Qc

‘apaed which oon

off the hot plate. ‘7%h£§-ﬁﬁmp &%mw@ e bo |

Cmasanrod iy gi&ﬁimg tho hn& Junetion of the

%MQrmﬁa@mpiﬁ 553 *&ﬁ‘%%chmﬁ w&'%ﬁé k@% plobte,

‘amd mam ‘be ﬁ%*mwaﬁy road on the Pye Scalewnp

%h@wmmﬁ@uyﬁﬂ G&@vmﬂﬁﬁaﬁww;
@yiﬁ@ﬁmgeﬁka h@% pin. and hﬂﬁ yi&ﬁm shermnal,
Arewing @?'mﬁﬁ %%immﬂn% i fwo 9\%@%& 16

poosible. '

185 %ﬂ@%?ﬁﬁ %ugi

%h%m @u.mﬂ$$m§3y hﬁﬁﬁi&ﬁﬁ of thiros h@?i@w

aluninivm rollore, via, deaw mwllaw;

Csopprator rolley and ﬁwwﬂifﬁlmmwmﬁ %m%mim

(ﬁ%@fﬁigmwm %3;-‘;Tﬁam@ wod e ‘are of the
aax E mumuiﬁnm Nt éh&@& dosoriboed in whe
Peadl Mﬁ"ﬂ@%a &mu ha ”ﬂpymwimﬁ &m @hﬁ BRme
way.  The divaw voller s deivon theough a
ghaft of ﬂeﬁﬁd%%m didmetor by s varieble speed
oG (LO0-600 @;ygma}yyﬁhﬁﬁhiiﬁ_ﬁﬁ#ﬂ dvidves
tive ﬁap@%&%wﬁ ?ﬁ&&%w and dpaun ﬁmﬁ@mtﬁa bobbin
Lhroug h a mﬁnplﬁ d@viwﬂ mﬁ Light &Aum4m&wm‘

pulleys and P.V.L. bolts {oap ¥ gure 2.

Fhone ﬁh@@@,@@liﬁ@@ wrobate ab %m@_aﬁmm-mumfﬁae

&

be varted from 10O £6./win.

o 300 Ph/min, %hw anis @? the dyeaw vollopr

Jis eltuated



Plate III

A combined view of spinning and drawing apparatus
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: %@ll@ﬁ;im situnbed at L0 in, from tho centre
ﬁfw%ﬁ@ hot ?%@ﬁ@ eyt %o B ig. Teom the anxis
Qf‘%hﬁ &aﬁ@mmﬁ@w polliex, Theae rmliﬁrﬁ B
@i&@@t&y inelined to each othey in ovder %o
ﬁV@idnéﬁﬁ&ﬂgE@@@mﬁﬁa The distoance Botwoen
she axis of the soepavator »oller and the axnis
ﬁﬂ,@h§:§$%Wﬂ fLlamoent bobbin ds 22 in.,
The photograph of the ﬁyimﬁamm and draving

apparatus Sogether is shown in Plate XI¥,..
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Re.2 Brpevimental Progeduro

Re21 Calibratlion of Apparatun

Prior to the actual cxperdments it wag thought
necessary bto calibrate the spilnaing and the
drawing device in ovdor to determine
arpoerimental aceurasy.

2.4 A ooy of polvmar melt somporasbupd
2,210 Accuracy of polyma wlh tempeoratuproe

gonbrol

& ecalibration was carried out o dotepmine
tho proper temperature condlitions to bo
maintained Lo accurate maeld apinning.

The exbtrusion unit was heated to 2860 (na
road on the Fye Scalamp Theirmooouplo
Galvanometer ) « The polymer "eandle" was
bhon lnsewrted from the top ﬁﬁd of the
extrasion wildy, and iomediately the hot
Junection of the thermosouple was pushed
through the lower end dnde the molden
POLYMer. Et was noticed that there was a
grodual inevease in the thormogouple
Lemperatuio. Thisg gradval inecwrease in
polymar ﬁampﬁma%mrwg with time iﬂ sogonds,
was recorded Prom tho galvanometor {(see
Pagure 3).

/irom
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Prom this graph 46 appears that in about 1310
segonds the bomperatare of the poslymer reaches
a steady and consbtent value which is 1.%¢
highoer than that ebiainad by the therwocouplo
through the thermocouple holo. Thous
throughout the expeorimental investigablons the
true btemperature of polymer molt was zacordod
as the actual bemperature, in dagrees
Centlgrade, vend on the thermogouple
galvanometer, plus one degyoe ﬁ@ﬁ@i@@éﬁ@o
This callbration proves that the polvmesr candle
should be heated at the raequired temperaiture
for at least bwo minwvites, before it Ap satually
gpun, o achleve wnlficim tomporature of the
TN VI

2.212 YVariasion Iin the ram speed duning wmeld

Splandog wap cnrried out adt 0.8"/min, and

I fmin. vam speed ab ﬁﬁﬁaﬂg (soe page 57} Fi% >
diffnﬁ@m% intervals of time, during spinning,y
samples were collected Toxr the powied of 10
segondn and welghed. The results obibained
arge tebulated din Table 1. These voesulis
indionte that there i aboul 5% decroase in

fhe
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the denier of the filoment durdng spinnlag,
which dimpliles that the speed of the yam silighely
decreases ap splnoing prograses.

Thore seems o be a legleal ocxplansition for

this decreanse in ram speed durdng melt spimming.
Ag the spinning progresses friction is

developed betwesn the walls of tthe centre hole
of the extrusion vald and tho ram passing
thyough this hole. Thisg Lo because, dupring
spinning, & ccating of polvmoeyxy melt is ledd
betweon the walls of the centre hele of the
extirusion unit and the ram. This frictional
fores increanses s tha yam woves downwvards
inslde the oxtrusion unlt because wmore and mMoere
paiﬁm@r malt stieks in the gap bedbwsen the ram
and tho centyre hole of the oxgtrualon unit.

This coubinnes 113 the end of the spioning
opovatlon heonce decwveasing the speed of the
TR -

2,213 Agouracy of hof plate sompersturc Sonuiol

The temperavuire of the hobt plate was measured by
placing vhe thevmocouple dnside the thermocouple
holes on the surface of the hot plata. The
temporature measured through the thermocoupls

/holes
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holos was found to be 2°¢ highoer “haﬂ th@%
rouwnd at the auwraﬁa of the heot ploibe. Thio
difference in the gurface btemperature of the
hot plate esn boe sccountad fov asg loss of
heat through radiation and conveobian. Pox
actual oxperimoental bpurposes the temperabuase
of the hot plate woa diveobly m&msur@ﬁ by the
shemnogcoupie gontact with the surface of the
plLate.

2,22 Pyroparation of the Yolymer "Condid for bBpimuniue.

in molten polyer shylene berophthalato Some
degradation wmay otocur; Ho prevent this the
polymey chips werveg dried in an epen oven Lo
two hours atb 36”}L hofore being nesed foir the
prepavation of Y"candlov,

Polyethylone terephthalete can be mouvlded into
the form of a2 od In ﬁﬁ@ apparatus deseribed
in Pigure L. At tho lower ond of the
extirusion undiy filiters were fuserted in the
followlng ordexr: |
(1} 200 mesh stainless steol gause (filter)
(2) 450 mesh pteinless steoel gouse (fii@ar)
(3) Two or three laxge hole aiuminium washers.

The vacuum tube {see ?iaﬂell} waes fitted on

/Pilters
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Filters which were then scouved by a flange
Plate. Beveral laxge hole aluminiuam wvashers
were used in ovdor to aveld leakage of polymer
at the flange ploate. The extrusion vwnit was
then fized $o the maln splonlng apparatus and
the brass blocks and ¢uff heater were atitached
a5 shown in Pigure L. The temporature of the
extrusion unit wag malntained at Ekﬂgs, whdeh
i @lightly hilgher then the softening
Lemperatura of T&ryiaﬁa. This temperabure
wag achieved %y adjusting the volitage of the
Varioe to 160 volts, and was measupred on the
Pye Scealamp Thermocouple Galvanomobern.
Molsture free polymesr chdps wove inscorted into
the top of the eméxusion undi. Thae “candle®
waé Tormed by the yam prespure on these
polymer ehipg undor vacuum ab 2hos, The
purpese of this vacuuwm wags Lo provent air
hu&biﬁﬁ belng moulded into the candle and
interfering with spianing. Afver applving
?ém pressuve for & minuvbes the exbtrusion unit
wvas cocled quickly Dy 2 biast or ecomprosacd
aiv. The flange plate and vagcuum tube woere
wemoved and the 'Y"eandle' was pushed out by

/hand



57 .
hand contrel of the ram and & small mebtal rod.
A number of gsuch polymer “ecandles! woeroe
preparaed before the actual spinning was
shtarted, The ”m&nﬁlaa“ had an average woeight
and dimensions of 1,5 gm., 0.25% dlameter and
1ebh din, dength. Thesoe gandles were stored in
a medsture free deslegatoer.

2«23 Melt Spianing

The lower wide opening of the extrusilon unit was
packed &uﬁh ap descoribed above with vayious
fiitoers, washers, eotc. 1n the following ordox:

(1) 200 mesh stainless steel ghuge (Piltexr)

(2) 50 mesh stainiecss steel gaume (filter)

(3) Lavrge hole aluminium washer

(#) Bridge plate

(5) Throe small bole aluminium washors

(6) spinnercd

(7) Large hole aluminium washey

The extrusion unit wee then packed tightly with
Lthe flange plate, Several small hole
aluminiwn washers wvere used in ovdey bto avoeild
e leakage of pelyvmer at vhe Dlaonge plate.
the extrusion unlt ves then fitved on the
main spinning apparatus and brass blocks and

fouft
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cuff heator were placed at appropriate

pogitions ag shown in Plgure 1. The aplaning
. AL
poemperature was mainteined at 28570, A

polvethyloene tevephthalate Y"oandle" was then
inserted in the extrosion unit. The polymoer
was hkept for two minntes In the molteon shato
before 1t was extraded. T™The temporaturs of
the polymer fell by about 2% during this
period, In ordor to avold stdeking of the
Filaments when they omevrge through thoe
agpinneret, silicone oll was spraved at thav
end of the ﬁﬁﬁ%mﬁiﬁﬁ‘ﬁﬁi@m

ﬁﬂinﬂing‘wam conmenced by sebting the zam in
motlien against the polvmer at the predetodrmined
ratea. A soon as the fllament amﬁfg@d through
the spimmeret and congealed 1t was pleoked up by
a vapidly revolwvwing filoment bobbin (sce
Plgure L).

Three different ram speeds, i.6. 0,.8"/min.,
1% /min. and 1.259/mdn. were used duvling meld
gpinning. Thieos different spceeds of the
filament bobbin were used for each of the above
speeds, ranging from 42% £¢./min. to 150 £¢./min.
These covresponding speeds are gilven in

JTable IX
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Table LI with exbtvusion spoeeds in gm.//ming
Ixdrusion i Lament bobbin

apoed in = speed dn £t.  x 0.,9048 x denier
gm./min., §, D00

whore 1 5. = 0,3048 m.

2,20 Hot Deawing

GBpun continuous Ffilament of polysthylone
torephithalate was first of all transferyed to
a ragpun flloament bDobbin® which wes then
atseched in pesition for devavwing (seo Piguve 2},
The xilmm@mﬁ wos led Prom the spun bLobbin,
theoueh o poreelain gm&ﬁ@g on to the feed
roller round which 1% woas turned Swice (oce
Plgure 2). The purpose of the feed roellew
1o ﬁwléalﬁvwr the Piloment at & consbant vate
méﬂﬁe m@é@ bhan one tuen vas roguired o pwav@ﬂ%
slippRge., Pwom the feed rollioer the £ilament
waﬁ p&asﬁa avay bo tho h@% pidn, through anothey
gulde, maintained ab }ﬁ e T f%ﬁmmamh WA
whe yawm@ﬁ i%@@ﬁﬁh a paiy of guilde h&wﬁ Gvoer
tho heot pl&%a_m&im%a&mmﬂ ats ?ﬁ'ﬁ. Aftey lLeaving
the hot plate through o similar palp ‘af #Héﬁ@
baig the filament was wound wound separatow
and draw rollers at least three times (see
Ploure 2) in ovder B0 proventd al%yyawe axnd alao

/e help
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to help cool the filﬁ%@mﬁ hofore releoasing
ih from benalon. The draws fdlament was
ﬂiﬁa%iﬁ wonnd ﬁ&}ﬁﬁlﬁﬁ@ winding doviee
galied the drawn ﬁil&m@m% Dobhln. ﬁ‘
mwwmhlm guolde aﬁ%a@hmd'ﬁ@ the winding devico
améi@@& dn obtodndng vweiform winding of the
Pilamend . ‘

The purface spoed of the feed vollew Wﬂﬁ}k@?ﬁ
mémw%mm%.tﬁwamg@wﬁﬁg ﬁmﬁa‘ﬁﬁ £ /min. and the
_@uﬁfﬁaﬁ gpeed of the draw rollor was varicd
agcawﬁimg ﬁé the rogulred ﬁwa@ w@;ié@ﬂ T
prectice thyree draw vation wore chosoh, .o
Ask, 3.513 ond Hid on all the somples of %ﬁi%
3 R fiimmﬂmﬁm, These diav wa%ﬁé& corrosponad
o the differential speed ratios of the drav
rolldor and the fosd roller.

A separate sxporinent wam garyded oul to find
the of'fect of hot plate btemperadture on the
phyaical propertios of the filnment, The
bomperature of the hot plate was increased
gvom 95%¢ o 235% and 130°%, keeping all
sther fachors ﬁﬁnﬁﬁmmtg Leas iloment produced
B o proate of mx@&mﬁi@m of Q,0L5 gme/min,.,
wingding apeed 300 ©H./min. vos ﬂméwn at o

/53R



61 .
Bel draw vatio at each of these three hoi

plate tenperatures.

The main difficulity in using akcontinuoua
drawing appayvetus is that 1t can be operated
ointly within a limited range of conditions.
Cut»&idﬁ this ranpge the filament e¢ilther

hreaks or begomas nene—und form.
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2,3 Netermination of FPibre VPropexitlies

2.31 Measurements of Diameter and Denier

Diameters of all the samples, mounted in
paraffin, were measured on o standard
polarisation microscope. Lach samplo
we.s measured at three different places
along the length of the filamont with
three readings each time. The mean of
these readings was taken as the average
dinmeter of the sample.

Measurements of the deniers of all the
ﬁamplﬁa were caviied out on the precision
torslonal balance of HO mg. capaclity. A
test longith of 90 ¢m. was seleoted for
each obgervation. Plve rveadings were
taken for sach sample. The mean of these
readings wag taken as the avevage deniew
of that sample.

2e32 Measurement of Tensile Properties

With a specimen length of 2 in., load/
extension curves of all the samples were
obtained on an Yustvron tester at o constant
rate of oxtension of 1.66%/sec., the cross
hoad speed was fixed at 2"/min., and chayrt

/epead



Plate IV
An X-ray photograph of undrawn

polyethylene terephthalate filament

Plate V
An X-ray photograph of drawn

polyethylene terephthalate filament



63 .
speed at 2"/min, and 20"/min. (to obitain values
of inditial modulus and yield siwvess). These
teste were carried ont under standerd conddtions
of 20%¢ & 2°¢ anda G5% A 2% R, From these
load/extension curves values of initial modulus,
vield stross, breaking stress and breoaking
extenpion were detvovmined on tﬁ@ original cross
seation of the speclwmen.

2,33 Meagurement of Combined Orientation and

Gryvostallindty.

An Xepray photograph of a filémenﬁ af -
rolyvethyvlene terephthalate, spun at a rate of
extrusion of 0.91% pm./min., émd winding speeoed
of 300 ft./min, was taken, \ Another photograph

was taken of the same filament but drawn at Hsl

ratio on hot drawing apparaitus, Both these
L fibre photographs were taken on a standavrd

X=pay equipment and are shown in Plates IV and V.

2.34 Mepsuvrement of Viseoslty-Average Molecular Weisght

The viscosity-average molecunlar woelght of
polvethylene terephthalate can be obtained by
measuyling the intvingle viscosity of the poelymer

80,481,582 The dntrinsic

in varviocus solvents.
vigeoesdity of the polvethylene tercephthalate
fibre and polymer “eandle® were determined in

Fthis
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6k,
thio work using o solvent conbalning o wmixntuve
of tetrachloree thane: phonol (ﬁ@éﬁﬂ} ab %&ﬁﬁg
mTh@ achual p%@@@auw@ For the mesouroment of
wiscoality was as follows:
About 0.5 ge. deied p@%yﬂthy&ﬂ&m'%@wmyﬁ%ﬁml&ﬁ@
was accurately weighod oub &mé digpolved in
LG mi. of solvont. Phe rolabtive viscosiby
wf the solution was dﬁﬁéwm&ﬁmﬁ i n Yedube
vinoomoter at Qﬁgﬁg.%y.mw&ﬂm@img tho bime io
poconds for the £all of solution fyom the upponr
o the lowor monisous. The blue of flow fop
sach solution of thyeo difforond conconirations
and for the solvent was determined thireeo times
and avoraged. The resulte are dtabulated in
Tablo TEL.
Emﬁw&mﬂiﬁ vi&gﬁmiﬁy[:w:]waﬂ dotermined from tho
followlng rolationghips

[__\11 e I.ﬂw‘i@: / Y\mﬁ \

whers op e 4he apeoific viscosity and O o
wh&wﬁwlﬁp 1o the specilflic viacoslty and O o

the concentration of golution. Reduood
vi&a@gﬁ%yfggﬁ ig plotted againgl concentration
¢ in Pigwre %.  Prowm this ourve, ab zers

/eoneentration



concentration, intvingde viscosity con bae
obtained. inowing thoe intxinsic vicoosity
[?130? the fibre and tho pelyvmer "eandlie?,
tho viscosity average moleeunlar woelght ?X;
wou determined Drvow the Lormualas

0.86
[1]m 187 10““mw

2.735 Meapuromoent of Dansdiy

NDeterminatlion ef the doneisy of poilvethylone

g *
torephthalate candle by the Ploatation mothod

The denplty of a smell piece of polymesr "candle®

&5 .
was mesoured by this mothed & at 20%,

Polymesy Y"eaondle" was placed in boldling nmyleno
for 2 minutes o yemove ontrapped aix. Bhe

"eandle' wae then tranoflerved to a 50 ml,
copaelty centrifuge tube containing o mixture
of eavbon tobtrochloride and xylone of
approximate donsity 1.30 gmo/ﬁm@3 and
centrifuged for 2 miautes at aboult 2,000 ropeme
If the candle had oithor risen $o the surfaco
o sunik o the Bottom, after Lthis, it would
have beon congluded $hat the polyvmexr was oither
lighter ox hesvier, respecilvely, than the
Tiqudd. Aviene oxr carbon tetrachlovide wvas
then added and contvifuging ropeated until the

/teandle
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foandle” vag suspongdad hall way in the ftubo.
At this time ¢he density of the "oandle” was
the game ag dhat of the dmmersion migsuro,
whioh was thon determined Ly gpecidfic gravity
bottle mathod.

Detemulinatlon of the density of polvethyvlone

toeprophthalate PAloment by donplty gpradlent

sl s

83H8
388 hawve moeasured the density of

Some workors
fibres using difforent types of dengity
gradient tubaes, with different technigues.

In this work the dengity of the pelyvethyioene
tervophtholate filemont was mensured by a
density gradient ﬁmh@eaﬁ about 65 om. long,
A Qaﬁﬂe A& density gradlieont tubo was
mrapared, containing o mixsture of carbon
setwrachlorlide {(8p. gr. 1,60) and xylene

(mp» se 0.8%), and was calibrated by a sevices
of swall glass floats of known denosdlby. The
density of thae liguid from the $op to she
Botbom end of the dtube wae found to vary fvom
12303 to 1,454 ﬁma/@mag The £ilamont wan
balled in zviene for 2 minubtes Lo remove

entrapped ady and then Jumedintely dropped

Jinto
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inte the density gradiend tubo. it oouk untll
iy weachad the level covvesponding to its owa
density. Afser some tlmo, vhen dthe filament
ﬁmach@d a sbable aguilibzivm, the levoel wan
neted wilth a deavelling microsceopo. The
density of the filament was obdalnod from o
giraph of dengity agninasd hoelght of eolunm,

Two roeadings werae taken o cach sample of

fiLlamend.

2.36 Moapuvement of Modulwsg of Risidivy

The torsional »igldildy, d.,0. dinitial weosilstanceo
to swihoting, 40 defined as the couple nooded to
obtala unitt dwlsts d.0. undld anguiar
defleetion betweon the ondis of & specimen. of
ovlt longth, Lo ds propervlonal to the
produact of moduing of vigldity andnsqguare of
aren of eroos-soctlon, The modulug of rigildity
o ahear modulus is defilued as the watio of
ahoam m%ymﬁ§~ﬁm sheay osty»ain, l.¢, a measguwre
of inherent reoisgitancee of the fibre matewial
to a change of shapo.

The modulus of »lgldliey of polyethylone
terephthalaote filament was mﬂaﬁuwmﬂag by the

’
L

* ,, " W o - 1 ry r (}
worsion poendoeluw methoed at 20 - 270, and

I

/65 L 29 1,1,
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65 L 2% .1, Sim inef%ia bars were calibrated
and uwsed for the meansurement of modulus
rigidity. The moment ©of ineortia of these
bars was measured by thyee different meanc. (see
Table IV). ALL the three methods give close
agreement . Moments of inevitia obtained {rom
compazrison with bave of kunown length and welght
wore used in the caleulation of modulus of
rigldity.

One end of the 3 oem. long filament was mounbed,
wlth moelten brown wax, to the inertia bar and
the other end to the stiriup. This was hoocked
on to a wire fyrame, kept insidde the glass

wvasosel, S0 that the unit forms a torsion

peovachiaduam, Pive towvsion pendulumns wove prepared
for ench sample. Thoe poeriod of osoillation

was neasured by displacing thoe inoritia bay from

3
=S

%

¥
e
Wi

equilibeinm position and timing £ive
osclllations, thireoe times for each pendulum.

The freo length of the filament was weasured
with o travelling miciroscope (accuraey 0.02 tm,)
and the maﬁs/unit length of the same was

determnined by measuring the welght of measured

length, on o cantilever microbslance. {accuiraecy

0,00357 mgm. )



6.
(0.00357 mgm, ).

Moduius of migldity {(8) was caleunlated from the

Oqu&%iﬁﬁﬁﬁg
G 8T 9%

wwmmw“-m ST i

‘3?"":22‘" £
whore
% = momont of inertie of inevdilo hmwgﬁngmm{a
Lo gooo 3 ongth of mouwnted filamont, Gm. - -
f moglonelddy of filawnont, gm./GM¢3
T = moan poriod of mahhtmnﬁﬁﬂmugamam.
W o mass pey unit longth, om./em,
€ @ shape factor whieh oguals uvaity Tor ?nwyﬂﬁﬂﬁ

2.3Y Hessurement of Wirefwisconce ond Orlontobion:

oo tox

B ?Oéﬁln“@n& o welatod to the igtm?ﬂ&&
(mwlw&mlm@) sbructure of any @wﬁpwmm@. - Yhaen
plaune pmlawﬁaﬁﬁ lipht s posced therongh an.
andsotrople body, 0.y & Fibwvo, tho
transmission voloelity of tho aigh&“wili be
difforont in ono diwgmﬂiﬁm feom that dn the
other direation Ffow thoe pame wnvwlmmg%ﬁ.
lrefringenoa isn o numerdeal dAfforonce bmtﬁé@ﬁjﬁl
the rofractive dandex along the Libee @xim'aﬁ@'
tha raﬂ*aatzvg ANACK QA0Poss thm-fiﬁmm axﬁﬁgh'

fA £ibre
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A fibwre will bo positively bivefringent 18 the
roefractive dndex pavalicl to the fibire axis is
areator than the refractive inden poerpendicular
to the fibre axis.
Polyvester {ibres are Lknown to have piractically
the highest birefringonce of all the synthetlce

Q
d Moasuraoment of Diroefelingence of

fibxes.
polyeihylene terephthalage Cibre, howover,
caunses several difficulivles. The vrefractive
index of Tewyleno is about n) = 1.725 and
ny = o837, Hence the difference of these
values (i.e. bivelringonce) is usunlly aboutb
0,188, Thoe wmost comnonly used method of
memsu?ing birefringence of fibyres is the
)

01

imwersion methed devoloped by Becke. AB
the refractive index of Terylenc is very high

there are not many guldteble dmmersion Liquidg.

This maoethod is labordious. T™hio makes the
meshod wnsarvislfactory. Commonly used

comp@mﬁatarsgﬂ (the Heirelk compensator) for
meaguring retavdatlion and hence bhirefringenca,
have limlted Pangoes. The determination of

the bivrefringence of polyvethyvliene tercephihalate
fibre by visuwal oxamination of the polarisation
colour becomes impossible since at the highoev

/ordeoers
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oydesrse the colousr becowmes less dlstinctive and
vary elosgsly spaoad, Vvoen thoe usa of
rotardatlon plates or o quarta wedpo s
hanpersd at the bilgh intevrference oprders,; whiah
may bhe encountered wibth Toxyyviene,
Ouing %o these difflicultlies o modifiod

gompensatoyr wethod was usad,. The blrvefringonce

of Dilamonts woere weasurad by Meroer's mothod,

91
as desoiribad by Quyan and ﬁ%@aimg) and
F vy 4 i‘}& . t}.m' s oy e oy Y e
Mares, at 2074, A Flad wedge was obtoined,

by obliguoly cubtiting the end of ¢the Silament
with a shoarp azoy blade. The £ilameont
gpecimen was thon womwted dn paraffin,

A polovisation microseope was gob as follows:

The vibration pianse of the polavissr was orientad
into the 90° position and that of the analysew
into the Q” posgition. A quasrter wave plate
{mica) was inserted into the tube slots, holow
the analyseyr, wiith Lbts vibration direction at
exhinetion, l.e,. parallel with the principal
planes of $he polarising vndid. LT the ield
of vision vemalns dork the migroscope sebving
e eorrect.

When the £ibyre wihs lving with the oblligue ares

Jupwardes
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ﬁyﬁm@é§;7ﬁﬁmaﬁlaﬁk %m&wmf&y&ﬂam’wiﬁﬁﬁ wore
Seountod w@ﬁh”ggmﬁ&wy@l&x@ﬁﬁag A monoshronatic
:iighﬁ‘ywnv&ﬁ@ﬂ by a sodlum V&ﬁwnm‘iamyéy Tho |
‘ﬁiﬁaménﬁ waes ndjuasbed ﬁn_%ﬁg ﬁ@ﬁi%imﬂ dupridng
m@amﬁwémam%, Wﬁﬁr&.ﬁ%ﬁ @ﬂﬁ%@ﬁ m@@@ﬁr@ bdghtost.
‘fh@ mﬁmh@r of sueh interfevence »ingg, yima @ﬂag4
pives directly t%@ order of imtgrf&yémawgi The
land fxamt&mn’@f Hhe waw@lﬁmgth iagfwm%'mﬁaﬁmﬁaﬁ
by usling a Sinarmont compensator (by using o
gquarter wave plate with a robtatable analyser).
Thias wmﬁ‘maﬁiavmﬁ by turning the annlysen so Ao
to malke both interference mivgs that ave nearost
ho ﬁ%@véiﬁwm egontre meld inko oath othoer, .o,
Eh@ﬁ@ng@@lﬁfﬁ4?H‘@aﬁ$@mﬁ} @&a.m@aﬁmxed By
turning ﬁh&‘éy@wp%aéa émmlyﬁ@w (ﬁhiéh @an.%é
robated ﬁhﬁ@u@% 36@“)9 in order to produce @h&
~&xﬁimﬁ§§ﬁa down the contve of the $ilament.
ﬂiﬁalgy*ﬁhm»ﬂiam&ﬁﬁ@-@ﬁﬂ measured with groat
%ﬁauwmﬁyg,}

Birefringenee was ealeulated from the eguatlon:

. L8 s mpPA

- where
i ow number of interference vings scen on the
Pibee wedso in mopochromatic light

IaIK: 180°
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T = 1806%
N = waﬁ@&emgﬁh for monochwomatic 1ight which
15 589,93 my-
d = d%ﬁm&ﬁ@w aﬁ,ﬁi;aﬁémﬁfiﬁ BAg
Plrefringence was measnroed ﬁwiaé for each sample
of polyethylene terephthalate ﬁﬂdraveragaéa
This method i@‘mmwa ﬁugﬁéblﬁ,ﬂéﬁ fihreg'with
perfe@tly cireﬁlﬁw cross~sections.
The bivefringence of a fibra-ié’xﬁkéﬁ@é to how
 well the polymer molecules apre oriented and may
be y@g&r&ﬁd éﬁ & measure of the a@awaga
oxlentation of all the molecules whether in the
cryestalline oy amorphous reglons. The
maaaurém&nt of orientatien is complicated in
the fibyre as Lt is a non-homogeneous material
congigting of crysballine and amorphous phoses,
ﬁﬁrmamgﬂ has defined the orientation factow

{£) as

3:1 T ﬁ._‘_., &cr

£ = - 7

whiere By = ﬂd.ig the birefringence of perifectly
orviented speocimen and dar ig the density of the
erystalliine fibyre,

69

Palmer ™ has obtained a value of 0,212 for a

/theoretical



.
theoretical maximum bivefringence (HQL” n«)
of a sot of unlaxially oviented crystallites
of polyvethylene terophthalate using
polarisation date published by Daubeny and

ol 9l

Bunn, The denslty off perfectly
cerystalline polyethylene tevephthalate ilament
has been Ffound to be 1.45%5 gmqfﬁmag Thus, 1f
birefvingence and density of polyethylene
terephithalate Pllament is known, the
orientation factor can hoe found. Enowing the
orientation Tactor (f)g tha average angle of
erientation () can be obtained from the
aqua%iamagg

bt
o= L oe 3/2sin"f
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J. BESULPE AND DISCUSSTONS

The influence of melt spinning conditions vis: vateo

[

of extrusion, winding speced, draw ratio and hot plato
temperatuare on some of the physical propevitien of a
polyethylone tLorephithalate fibro have boen studied in

the course of ﬁhi&lraﬁgawwh¢ It ds obviocusly important,
before discussing the influence of aspilinning conditions on
properties, to oxamine the ceffect of opinning conditiong
on the molocular weight of tho polymen. The resulits of
all thege expeviments are given and dlscugssed in this
chaptoi,

3ol Variation of Moleculany VWelpght during Melt Spinning:

SBynthetice high polymers are hetorogencous, being
composed of long chiain molecules of diffevont chain
Lengths. The molecular welght of any polymoer is
therofore an avevage molecular wolght and diflerent
kinds of average molecular weight can be mceasured
dgpanding upon the experimental moethod used,

Ideally, the woleculor welght should remain
constant during spinning and drawing, since it is well
known that a fall in moleculax weipght causcs the
physieal propevties to deteriorato. The intrinslo
visecosity (') of a pelymer Ycandlo® and of
polyvethylene terephthalate Tilament was Tound, using

/the moethod
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the mothod described previously, Lo be 0,060 and 0,57
raspectively (sco Plgure ). Pirom these voesulis tho
moleculay wolght of polyuer Yecoandle" and polyethiviens
terephthalate filament was fonnd o be 18,700 and
17,700 respecitively. Thia vepresents a glight fall
in molaeculay welight during the splmning and dyawing

procosses, wbhileb moy De due althery Yo oxidative

degradation oy chain scission during shoaring. This
£l in noleeular welght Ly, howover, noet large enouph

to have any sdgnificant oftfect on the physlical

propertiacs of the {fibre.
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3.2 Enfluence of Rate of Bxtrneion eon Pibrg Proporbties

at VYarious Deaw Hatlios

Ton order o sxamine the infilunence of the rate of
exbrusion o f&mmiffihwﬁ properties, a series of
sxperimonts were g¢arried out in which all the
srperimental conditions sxcept szbrusion x&@e Wﬁwﬁ

B

kept conatant.  In each experiment three patss of

)

entrusion (d.ec. 0.YL2, 0.91% mmﬁ'lgﬁiﬁ gma S min. § were

3 2ot I Since thovre wos also the poseibility of draw
Qm@im influencing these results, the resulbant filamonts
wers dyvawn st draw ra;&Qw of 2311, 3.531 amé H3d.  Fheso
results, soupled with ﬁhm@@ an fhe undeaws: filamend
{231) onebled the data to be sxamined froem the point of
view of influoence of the rate of oxirusion on
"pymﬁww%&@ﬁ Ve the srange of dray rabios.

3.2% Iafivence of Rate of Exitrusion on Tensilo

Provenhles

A d@ﬂ@?&h@ﬁ in ghapter XX, fthe tensile properiies
m%ﬁﬂﬁﬁﬁﬁxWﬁﬁﬁﬁ im%ﬁiam modolus, yvield sivess,
hx@a@imgfﬁﬁy%wa AT bw&ﬁ&iﬁg mxﬁ@mﬁinQ'

xni%iﬁl.mm@miggg yiﬁ&d'%ﬁrﬁﬂﬁ pod broealkling stress
weis e¢aleulated on the original ares of erosge
section as determined by measuring the mass pew
und ¢ length and dividing by density. |

- /Y¥ieiq
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FIGURE 5

INFLUENCE OF RATE OF EXTRUSION ON INITiAL MODULUS

AT CONSTANT WINDING SPEED AND VARYING DRAW RATIO
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10 dyne/cm,

®

(

YIELD STRESS

FIGURE 6
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INFLUENCE OF RATE OF EXTRUSION ON YIELD STRESS AT
CONSTANT WINDING SPEED AND VARYING DRAW RATIO
@
WINDING SPEED 425
fi./min,
DRAW RATIO
—_— 5:1
< 351
- —_— — 2:1]
e @) e bl
@/
- ©
- ,
1 1 ! | i
08 ©9 IO ‘ i 12

RATE OF EXTRUSION (gm./min.)



INFLUENCE OF RATE OF EXTRUSION ON BREAKING

EIGURE 7

STRESS AT CONSTANT WINDING SPEED AND

"VARYING DRAW RATIO
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Yield poedny vas &wﬁmwmimwé by Qoplonts
e o ,» o
Tho variation of inltiel nedulus with rate ef
exbrusion s shovn dn Plgors 5 opd Tablo W
Up to apoeeds of G.9 gml.fmin. dndidiel modulus

fa wirtonlly constond. Above this valug,

howeovowr, it shows an apprecisnble increase o

fird

the bighez draw pobin, althongh ramsdining
vizbuplly coustant in tho wndrawn aad 233
dvaw ratio filomennbs. Fleure 5 shows oloorldy.
therelore, that the rate of exbrasion hag &
slgnificant affaet on dnitdial modulus only
ot higher dyvaw patios
The veriation of yileld etwvess with rate of
Cwnbrucion s chown fu Plguve 6 and Tableo VI,
The trends shown axe wirdually identiesl with
Bhose for dnltlel modulvs. This da bo bo
onpentod, of course, sinse both the inddial
mpdulus and yield stress are guanbibtlos
iﬁﬁ&ﬁ%@iﬁg rasistenco to deformadlon, aiboels
ceb alightly dfferont poinds in the stvess/
aherain @mvvm;
Dreaking stress de plotted agained rate of
extrasion ik Ploure ¥ from Pable VI, Thisa

/fipure



FIGURE &

INFLUENCE OF RATE OF EXTRUSION ON "BREAKING EXTENSION

AT CONSTANT WINDING SPEED AND VARYING
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figure shows a slight bubt interesting variation
Lrop the resulis obtaiuned for initlal moedulus
and yield styress. Asn has been polnted ocut
these quantitlics wore substantially unaffected
below o rate of oxtrusion of 0,9 gm./min,
Br&akihg shtyess, hawever, shows a linecawr
inerease wilth increase in rate of extrusion,

The variation of breaking extensgion with »ate of
extrusion is shown in Tipgure 8 and Table VIIE.
Tho brealidng extension Lincarly decvreases as
the rate of extrusion incrocoses for Fibyres ol
all drow ratios exceph for the 533 dyaw zatio
filamoent where the valuoes of breaking extension

Calmost remaln constant. This suggoests that at
higher draw ratios the rate of cxtyusion has no
significant offeect on breaking oxtension.
Considerable experimental error wes Found atb
the Lowex draw xvatios but the general trend of
the resulits woas quite ¢cloar.

3.22 Influence of Nate of Bxitrusion on Modulus of

Ripgiddty
Modulus of riglddty is thoe ratio of chear stress
to shear strain vwhich is a measuro of tho

Inherent resistance of the fibre to a change

Jof shape.,
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of shapo. In torsional rigidity, the forces
concerned avre at right angles to the fibre
axls, dese. they act between the molecules,

cand not along their length as they do when
orviented fibre ls stretched.

The varviation of modulus of wrigildity with rate

of extrusion is shown in Pigure 9 and Table IX.
As the rate of extrusion increases there iz a
small lineawr increase in modulus of riglidity
for filament of H:il drawv ratio. The romaining
three curves (viwu undrawn, 2:1 and 3.5:1 draw
ratio filaments) are convex Lo the wate of
extrusion axis as the modulus of irigidity
first decwveases, passing through a minimum
valuce, and then increases as the rate of
exbtrusion inéraa&es,_ The highest values of
moedulus of rigldity are obtained for filament
of 231 dyaw ratio, the curve of which then
shifts downwards in owvder of filaments of l:ili,

3.5:81 and 531 dxaw ratios,

The behaviour of these peculiar curves is very

difficult to explaildn on the molecular level
and no proper explanation has been obtained

for this phenomoenon.

/3.253
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323 Iufivenece of Rato of Bitrusion on Direfringonce

'ﬁirafwimgwnaﬁ-ﬁén be rwg&wd@&'am‘a moloculan
- properdy, whieh ig Aot ormined by vhe stracture
and~ﬂanf1amwmﬂiun’af the molaculoes amd'by
their mubtual ovrientationg. Birefringenco 1is
8 moLsure mf orientation and not of
@ry&ﬁmllimity sianve ovdiented chaln meoleoules
arve bthemasoelves bilrefringoentd hut,ﬁaé BnoeDsArLly
ceyastalling,
The differoncs in the refractive indices
| (hiwﬁfriﬁgwﬂﬂm)'&apwﬁﬁﬁ on the rmiatuun boﬁﬁmen
the direction of pelawisation of light and tho
diwﬁéﬁi&n_wﬂ a&ignmmnﬁ of the wmolecnlor chein.
gp;@héu the malanu19m~mré.aligﬁgﬂ-pa§aliﬂl ﬁm,
ﬁhe“éipwe axis;‘biﬁéfringenna Wikl he'gﬁﬁa&aaﬁ,;
aué it'ﬁi1l~b9-$@r@ when thay-arql?ﬁuﬂ@mly_
‘ﬁi@@éﬁﬁﬁ;
x'Thm_ﬁér;aﬁia@ ﬂf birafxim@emﬂe wiﬁh rate of
gﬁﬁruéién ta ahown ﬁn.ﬁﬁguwm'lﬁ and Tmble Ko
'Th@.hiwafwimgaﬁﬁ@ of undrawn filawent (l?m
‘ﬁraw-raﬁia) Lo abowub 0,002, which xmmaihﬁ
virtualiy conglbant as the rote of extrusion
ﬁmaﬁmagm&q | @hi&iﬁruvmﬁ that undrawn
filﬁm@m% oo v@rtﬁmlly no ordentation mﬂa'

/molecunles
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moleonlteos are randomly divected,. in foot,
woleoular orlentablion i1s induced duxring the
extrusgion of & polymor, but is lest alftor
extirusion when the pelyvser yvelaxes back to 1ts
isotroplce Torwm. Moleculayr ordlentation is
therefore reintroduced by o separihte drawvling
st Lt ean be seen from Pigure L0 $thai
highor velues of bivelvingence aroe obhinined
ot highoey dyravw ratios.

69 - Y

Falmey 7 has roported o valus of G212 as the
theerctical woxinmum bivefringonces of & set of
unlaxially opdentod eryestallltes of
polyothyviene terephthalato, This is shown
by & dotted Line in Mlgure 10

As the rate of extyosion incroases biryelyingened
elightly incronses and then vewains slmost
steady for filoment of 231 dyavw ratio, while &
much greator dnevease ls shown Lor filamont
of 3.%31 draw »atio. The 521 denw ratio
fdlament, hoewever, like the 2:1 draw ratio
Fhlament, only ghows a smpll dneyrenso, This
ig begause this Diloment hag o birelringenco
glogse to thie theoprotical maximuum at low rates

of extrusion.

Jiigure L0



Mgure 10 iandicatces then that thoe vate of
extrusion bas less effect on birdfrimgvncﬁ
values at low and high draw ratios, but at
intermediate drav ratios thoe rate of oxtrusion

plays an dmportaunt role in detormining the

birvefringence propertlies of the filament.
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3.3 Influence of Windinegs Spced on Tibhpe Properties atb

Yawi@uﬁ Neaw WBadilos.

In sxder to examine the influence of winding
apead on £inal fibre properties, a serlies of
oxperinents were carried out in whieh all the
experimental condltdons excepd winding speed woere
kopt consitant. Xﬂ‘mamh &xp@fim@nﬁ‘ﬁhW@ﬁ winding
speads, between 1450 and A28 €t./min. were used,

Sdnce there was alse the possibility of draw patle
influencing these wvesulése, tho resultant filamonts
wore drawn at deawv ratios of Ri:l, 3.5%:1 and 5311,
These resuits, coupled wit%-%hwa& on the undrawn
filament (2:1), enabled the data to be examined From
the point of view of influcence of windlng epeed on
propeirties over the range of draw ratios.

Owing to the larpe differ&ﬁam‘ﬁﬁﬁwamn the rato
of extyusion and the wate of winding, a streteh ratio
of between 20:1 amd 60:1 wag imposed on the molien
extruded filament, This streteh’: watio is mueh
higher than that obtained by hot drawing kﬁal) on the
conbtinuous hot drawing'apparaﬁuﬁ* Thus, although
maxdmum streteh was obitainod ﬁmmimg‘ﬁyinmiﬂgg the
resulting filaments were Pound weak in all the textile

propertlesn.

e,
L
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FIGURE 11

INFLUENCE OF WINDING SPEED ON_ INITIAL MODULUS A

CONSTANT RATE OF EXTRUSION AND VARYING DRAW RAT
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FIGURE 12

INFLUENCE OF WINDING SPEED ON YIELD STRESS AT

CONSTANT RATE OF

EXTRUSION AND VARYING DRAW RATIO.
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3.3 Influcnce of Windilneg Speced ou Tonsile Proportics

Initial wodvlug, vicld ociross and brealking
stresgs are plotted #gﬁiuﬁﬁ winding speoed in
Pilgures 1i, 12 anﬂ L3 Prom PTables V, VI and
VIL wespoctively.

Initial modulus romalns constant or poosibly nay
decrease gslightly with dncrease in winding
speed Loy undrawn, 2:31 nad 3,.,5:10 draw ratio
Pitaments (see Pigure 11 ). Hlth dnereaso in
winding speed, inltial modulus indgreascs uneil
a2 winding speod of about 300 fhe/min,. and then
remainsg congtant for the [H311 draw ratlo
4 Lamentd .

1t appearsg that winding s$peed hag ne significant
el'fect oun yield stress, fox undran, 231 and
3.5:1 dwaw vatio filamenis,.((sec Pigure 12).

As with dndtlal medulus, however, nt a dyaw
ratio of %31 there 18 a lavge plgnificant
lncrease in yiceld stvess with incyrease in
winding spead.

The dinfluvence of winding speed on breaking stress
ig shown dun Pigure 13, Theso ot miﬁs are
ravher sdmilasy to those found wiilh iniﬁial

moduluag and yvicld stress in thad at drav ratlaos

Jof 13l



FIGURE |4

INFLUENCE oOF WINDING GSPEED ON BREAKING EXTENSION

AT CONSTANT RATE OF EXTRUSION AND VYARYING DRAW RATIC
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of 131, 2:% and 3,531 breaking stvess is only
mvéry slightly, L at all, influonced by windlag
speed,’ At the 511 draw watio, on the othewx
hand, there is a defindte increase in breaking
atress particnlariy bhetween winding speeds of
200 and 300 £4H./min. There duma; MOPQOVer,
appear to be a levelling out at winding speeds
abhoeve 300 £4./min,.

These results suggost bthat wirding apecd can
influence the gni%iai m@ﬂu&uﬁ, yvield stress
and breaking stress only at highor diraw watlos
and at the lover winding speods. “

PFigure 1h and Table VILI show ﬁhntv&riatimn4ﬁf
hrmaking extengion with winding opeed. AThaﬁé
results show not very definlte or systematie
Lronda . Gompared with the influence of draw
ratdlo, the changes in broaking extension with
ineroase in winding speed are small. The facd
that the 3,521 draw ratie shows no change, the
151 a slight increage and the 231 and 55l
slight decrenses, would auggest th&%‘
@ﬁpmrimaﬁﬁ&l wwrﬂﬁ ie rether greater than any
possible changes in breaklng extension due to
change 1In the winding speed.

/3% is



FIGURE 15

INFLUENCE OF WINDING SPEED ON MODULUS OF RIGIDITY AT

CONSTANT RATE OF EXTRUSION AND VARYING DRAW RATIO
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It is worth noting that in goeneral the troends
shown for bthe vardption in tonsile properties
with winding speced ave very similar to those
found for the vaviation of tenaileo propovties
with wate of exntrugion, Both are, of @gmyaé,
melt flow processes invelving simuitancous
eriontation and relagabion processes.

3.32 Influeonce of Windiune Sveed oo Modulus of Rieidiiy

The wvariation of modulug of xigldiby with winding
speod ip showa dn Plgure LB and Table IX.
Winding speed appearg to have no effoct on
moduine of »igildity for the filament of 531
draw'ﬁaﬁiaa Yish increase in winding speed,
aodulug of rigidity ianereascs for the filaments
with draw ratios of 1:i, 231 and 3:531, Thege
ourves are 8lighély convex to the winding spoed
amis, but unlike the varidation with rate of
extrusion (sce Plgure 9) they do not seem o
pass through a minimam with incresse in winding
spoeed,.

3u33 Influence of Winding Bpeod on Dlrefringence

The variation of blrxefringenco with winding spoed
is shown in Figure 16 and Table X. Thie
bivefringence of undvawan fllament (13l draw

/ratio)



86,

ratle) is about 0,003, vhich rewains virbunlly

3,

congtant as the winding speed inerenses, This
condirus the wiew exprossed on Pagoe GU that
undyawn filament has virsually no‘malmﬂulay
oriontation and 4the moeloonles apre randomly
diroetad, With dncrease in winding spood,
valuos of bhiwvefringonco ﬁli@hﬁly‘inﬁwemsm froe
233 dyaw vatio Cilament, but for 3,551 draw

4 o

rasdio filament 44 ineveases ot o wmueh fastor

PAta, This curve appores o be glightly
concave to the winding speod axdo. Por Bl

draw pratio Tilomoent a sigmoidal type of curve
is obtained, 1f it ip assumed that 0,212
represents thet twue mainimum birefeingence Lox
polyvethviene besephtholate.

Plgure 16 shows cleawly that the winding spoeed
hag very 1lititle effect on birvelringence values
at lowoer diraw vatleosn, but at highey draw zatios
winding speod plays an important rolo i
doternining the birvefyingonceoe properties of

Pidlipments.



FIGURE 17

INFLUENCE OF DRAW RATIO ON DENSITY AT CONSTANT MELT

SPINNING CONDITICNS.
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G, dunfiunencn of bBraw Hedle on Phypioal PFropasiion of

b re

Theoeo deaw ratlos wore sologted (Ll.e. 233, 3,311
and %:1), and keeping all the experimental @Q%ﬂi%iéﬁﬁ
conatant thedy ofCeat on the phveleal propertiocs of
Fihaees woersn studiod. Piloament {131 dvavw wabio) was
also pasced over the hot pin and hodt plate, without
dyrawing, in opdor do obiain all fho semplon In gldmilaw

gonditions.

341 Influvence of Draw Rapio on Donalyy

The denpilty of the polywmey in the form of o
Toondle® wane feund to be 1.38Y9 ﬁmafﬁmmﬁp while
the densilty of fibwre, ot difforent drew ratlos,
variod foom L.983 o L.38% gmaf@mnﬁa Phdo

suggests bhat there dlg a slight fall In doensity

during melt spioning {(see Teble XI).

Denadby ds plosteod sgelast deoaw ratlo in Plgpure

37 . WAth increase in draw wvatdo vhe density
decrenses vory alightly and then romaing

aonsband. I all the weadings of dengliy,
sbhitnined at eneh draw matlo, aro avernged oud
and pletted ogolingt draw ratio, thoe some Sype
of ourve La obtalned as shown In Plguve 17,
Thoyre sooen. 0 be two logd Lonl grplenations Low

JEhie
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90&
this dyop of density wilith increase in dyaw
ratio. wrivsbly, at higher draw vratios
ﬁier@ﬂﬁopi@ volds have been vopoirited to appaary,
on occasion decveasing tho denﬁity.?ﬂ
Secondly, %the fowees applied during the drawving
procoesgs can gompregss the polvmoey to a fixod
exvent, qgulte aport from the dncresso in

denplty due to induvesd orvetollisstion as
06
wcd o s

indigated by Wn
36
Thompaon and Yoods and Farrow and ward have
also yeporved, foy polyvethiylene tevephthalatbe
filaments, that denelty slightly deciweases with

inerease in draw ratio, confirming these vesults.

3.42 Influence of Dyaw Ratbleo on Tensile Vroperties

Stress/strain curves of fllaments spun under the
samne conddtions but with Adfferont drawv vatios
are plotted in Pigure 13, I a Plxed length
of material (1:l ox 231 dvaw watio) Lo stretehed
at conestant rate, material stavitso exbtending
ualiformnly and thon guddenly o neoek will form ab
somg poing, thon propagate slong the sample
mwntld the entixa sample is agoin geeoemetrienlly
undfori,. Purther. extension will ocoup
uniformly through out the somple length.

/Duieding



L.
During svralning of the sewnple tho formation
of the neck oocurs oo stress passes through o
maxdmon (d.e,. vield peint), The stress
during propagation of the nepl then slowly
pises Lo Lts maximow valne when the gample
L enig .
The ﬁ%moﬁsfaﬁw&in gurve bon thres distined
Pagiong
(1) An dndiiial lineay portion or high modulus
reglon whoere the apecimen gstyretohoo
i tormly,. Wheir the foroe s applioed
to bhe Pbee sxtenslons will ocour for
LWo Ponsons:
2. 4 slight stvretehing of chain molecunlos
themselves
e & sitpralghtonlog of moloenles in
nonseryebtailline rveglons wiith reswldtant
shraising of thoe cntanglenents bebweon
Hhen, The magnitudes of the digtorition
of the moleeviesn and eontapgloments will
be proporsional to the applied fowco.
So the stress/styain curve is linear.
&t vhe vield peoind the specimen necks
down dn one reglon and stress deops bo

f& peariy
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£

)

(344)

a2 noarly constiant value as the
stretohing contliaunes. This relaxation
of atyoss could bhe esazplained as Ffollous:
tho sivess that is seobt up vhen a Tilbre
is gitrotehed is dlvided botween tho
molecules and the entanglements. Thaere
is every possibillity that entangloments
WAl give way in forming new poslitlons
vhereby roeducing thoe strosg

during strotohing heat ils genervated
which might bring dowa the vigeoslty of
polyner and po vrelazxatlion of gtyvess
onoeurs, o

the rate of welaxation is faster than
the rate of plagstic Flow, so when the
Instroen eross~head speed wae incyrsaned
to 20"/ min. (l.e, 10 ¢imes faster) this
relazatlon of sitress was noet observaed.

the second reglon, when applied Fovas

hocomos lavger some of the wmost highly

strained entangloments in the smoerphous

roeglon may break because they can not

support the force applied o thom, Thin

pormits greater stralghtening of the

/molecules.



moeleculaes. Congoquently extension
becomes much easior. In this xepglon the

setress/etrain eurve is conitained betwoon
twwo yield pointvs, sepayated from cach
ocher by a long heovigontel portion. Tho
cold drawn region gyvows at tho cxpenaso of
undrawn ones, untiliall of the apeeimen s
in the drawn stato. Wecking appears at
the fixegt vicld polnt and éi&mppamrm at
the second vield point.

{3) Tho third vegion of the stress/strain curve
Lnvolves further strainiang of cold drawm
polymer. This last region is
characterised by a rapid increase in strens
as the drawn materdal haeg o high modulug

My

stddtness in tho

0

aand i very strong.
chaln contributes to this high modulus in
the fibroe. In this reglon, sxitonsion io
agoin wndllorm but non-recoverable.

Bigure 18 clearly shows that wvield stross
inerveases with increase in the draw ratio of
the fibyre, 1.0, at higheyr drav vatilos the
firat wield peoint 1ls shifting upwards,
indieating that Younug's moedulus lncreases and

/the socond
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and the second yvield polint disanppears. In
Pibreaes of 5i1l draw vatlo, at aboulh 129

extenslon, the vleld poinit dloappears and o
alight inflexion appears in iis place. With .
inerease in the draw ratio of the Fibwre
rolazation of stress decereases uwntlil, Dinally,
noe velaxatlon of obreoss occurs.

The brealing polnvs of the Fibres of all draw
ratios have beon Joined by dotied lines in
Plpgare L8 giving o ouwrve of breaking stross
agadnst breaking exteunslion. Thia indicates
theat Qiﬁh increase in draw vatie thoe locus of
the brealing point movoesn upwards, l.c. breaking
stiross increnses with decwreaps dn breaking |
extonsion,

A similar styecs/strain curve for undirawn
filament has been veporvited bHy Meredith,
Marphall and Thumpgwn&a end Williame and
ﬁwndem?ﬁ
Roth and Sah@mthkﬁ have studled the stress/strain
behaviour Tor fibro with dyraw ratios Prom 2.9:1
to Bal. Yhese curves were obtained using only.
the bot pin in the drawving apparatus initially
and then ilnserxting thoe het plate av 150°%¢ for

/iater



INFLUENCE OF DRAYW RATIO ON INITIAL MODULUS

FIGURE 19

AT CONSTANT

WINDING SPEED
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FIGURE 20

INFLUENCE OF DRAW RATIO ON YIELD STRESS AT CONSTANT

WINDING SPEED AND VARYING RATE OF EXTRUSION.
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Jatar ouporiments. At this high hot plate
towmparature necling wags olilminated from the
stress/strain curve. Thip shows that the
sitross/otrain oueves of poelyvothyleone
tosrephthalate ean be variod accordling to the
tomperature of the hot pin and hot plato used
during drawving, and on the draw vatio cbiained.
Indhdial modulus oad yield stvoss are plobttod
‘agmimﬁt draw ratio at consbant wimling epoed
and didforent rates of emtrusion in Piguro 19.
and Plguve 20 vespoetlealy and from Pablos V
and Vi, These Tigures show voxry similow
TEOBAS .« Inisial modelus ond yield stross ave
asubotantlially vaafTeoted by dneroase ia drow
f&ﬁﬁm Belaow o deaw ratlo of 251, Above bthuls
volue both properéies show an dnoyveasingly
giront dependonce on deaw ratlio, and ineronso
papldly. Morcover, bhobh inlgial modulus and

e b

Lo

yviold stress o wabthor norse sonalil

ehangeos in deraw vatieo, below dyavw watia of

Fe¥3k, ot the higher rate of extruslion than ab
& b

the Lower ratos

L

L]

Broonking stress dngreases s dieay 2atlo fncronses

drreapective of meld obinnling conditiona. Thils

S aan



FIGURE 21

INFLUENCE OF DRAW RATIO ON BREAKING STRESS AT CONSTANT

" WINDING SPEED _AND VARYING RATE OF EXTRUSION.
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@it be seen in Plgure 21 and Table VI, The
pesential difference betweon Pigures 19, 20
and 21 is that there ls an increase in hr@aning
stross with inerease in draw ratlieo, even ot
lower drav ratios. At counstant draw ratio,
as has been pointed out earlior, the highey the
rate of oxtruaion, the higher is thoe byealking
BUPQHHE .

Whon dnitdiol wmoedulus, yleld stress and breakdng
styress are plobtted agalingd dyaw rablioc atb
conastant rate of exbtrusion and varying windling
speed, similar curves are obiained.

This coneludes that at high rate of extrusion and
winding apaaép if the filament dsg dyawn at a
higher draw ratio, higher wvalues of dnditial
moduluas, yvield stroess and bwm&kiﬁg straess can
e obiained, This 18 becauge molecular
orioptation dncreasces with dncwease in draw
ratio

oth and ﬁnhwathﬁﬁ in studyving the offect of
breaking stwrese on diaw ratio, have also
observed thait as the draw ratic or moleculaw
orlentation inereases breaking stress also
inereases.

/The varistion



INFLUENCE OF DRAW

FIGURE 22

RATIO ON BREAKING EXTENSION AT

CONSTANT WINDING SPEED AND VARYING RATE OF EXTRUSIOM.
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Thoe variation of brealisng extonsion with drew
ratio, at constant winding speed and diffoeront
rabes of extrusion, 4in shown in Plgure 22 and
Table YIEIX. Wath dnoreaps dn draw railo,
baranking @M%ﬂ@ﬁiﬁﬁ_d%ﬁ?@&é@& ivpoapective of
the melt spinning conditions.

When breaking exntonsion ds plodted sgoinst drew
rablo aé consbant rate of extrusion and varylog
winding opeed, once again ouvves are obitalined
similar Po thoese shown in Pigure 22, Thess
ﬁm@vég aloo in@iﬁaﬁé that ot constoant drew
raslo, 1 the winding speed is high, Low

bhreaking extensiong ave obtainoed,

383 Xmﬁlmmmwmymﬁﬁggaw Ratio on Modulne of Rieddity

The vaviation of modulus of rigidiby with draw
vatleo s shown in Pigures 29 and 2%(a) and
Tobla XX, Fﬁﬁmw@ 2% showg ﬁha%:wi@h LRCranoes
in dvaw vablo ﬁhé modunlue of rigldity inevensoes
umbdd Al deaw wabio aﬂﬁ then decreases. This
maximom ig shown af Bil three rates of
erbtrusion indicating that wbhile thore aze Some
apparent dneonsietoncles in the posulis, the
maximewn I, in ﬁm@ﬁﬁ gonudneg,

Plgure 33{&) shows the seme Pypes of curves o

/ahoun
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shown in Tiguro 23, At lover winding spoeds
vis: LS50 and 250 £t./min., with ineyvease in
draw ratlio, the modulus of rlgidity increases
antlil about 3.5:1 Advaw atio and then drops Lo
lower values with further inereasce in draw
ratio. The txend of thoe curve remalilns The

game at o windlag apoed of N25 Pi./min., but

the maximum oocurs ad a lowvery draw »atio, Al
the 5:1 dvaw wotio a wlvgnally oconstant valueo

of modulus of »igidity 1ias obitalnpd,
irrespective of winding spoeoed,

The average of five measuroments wevre taken as a
mean value for modulus of riéidityﬁ but Largoe
experimental variatlions amongst these resulis
wore noticed. Howover, evoen the lovest value
of modanlue of sdpldity dn uvodrawn filament Lo
sipgnificantly higher than the highest valuce
obtained at the 531 deaw ratio. Thus, at the
higheast draw ratioc the modulus of yigidity i
even lower than in the wudrawe £4laosient.

The osuse of this rdse and then fall in modulus
of plgidity with inervease in draw vatlo ls very
difficult to explain on a moleocular lovel, LE
it i assumed that the value of ghear strain

/remaing
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romains consiant daring the cuperimental
determination then the valve of sheoy giress
must have decreased at thoe highest dvaw ratio,
thereby decoreasing the value of modulus of
vigiddty.

The undrawn fibre ls unovicented with random
entangloments and no signlficant crxystallinity.
At drvaw votio of 231 to %211 a midway poilnt in
the orientation has beonn reached in which the
moelecules are partially oxiented,; the
intermoloculay entanglements are strainéd but
not necessarily reduced in muborxr, and some
degree of crysitallinity hes Dooen achlevoed.
This would suggest that the force regulred Lo
defomn the fibre by twisting would be rather
highesy than the fewce noeded in the internally
nnetirained undiawn Fillament. st the highost
dyaw ratlo atteined, i.0, H2Ll, the moloeunlos
are prranged ln a very mach more parallel
configuration with o falxly bigh dogyroe of
ovyetaliinity., Undex those eircumstances 16
might ba anﬁiaipm%md thot resistance to strain
by twigting would be rather Lless than idn the
intermediate dyroawy ratlo,

/39 2]
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Ahe m;@‘sﬁm@ uﬁ‘ '&m‘!,.swf’ h@f_ﬁfﬁﬁ??&ﬁ?ﬁ&? e mm thod ogadnst
dvay wad i&;fﬁi. ab sf;gﬁ;@é*;éa%é__’i;@éi@&; %’Ef%:i_f%%ii;@&%fﬁ“@ spoed ond verylag
gmu‘m of oxtrusion in Phgure 24 from Tobl 8 Ko
Jm@m@aﬁm oA aﬂmw :&&3&1’3 »m%ﬂm,xzmrr;ﬁ;i; With inewonpa
e ehme ‘”*5:3;, ‘% A g %} ,:fc*ccafzxi i:mp:ﬂ'ﬂms {o meaguremnant of
GEAek g‘m,um m} .mm mmrsﬁmmﬁtﬁ ’q»;? lowly betwesn: L1
el & m\*%‘ e fsm iy rablo mﬁ%‘ %Mwa fncrensssh ad

1

2 m‘ﬂ"wiﬂ ;ﬁi’m;%*m’ EAE) %;m Loy ﬁgﬂgfﬁ.ﬁf‘“- ﬁ@‘ bolow whe
| aﬁ%ammw idaald. gmﬁmm e ‘3!:;‘5;1@«%3 suggests thot devawving
'@m »ﬁi’%ué‘fﬁ‘%ﬁ*ﬁ The PAlyre nelooulon. As g Doen ohown
ga:e;*%&z*é?é,‘m;ags i -i:sie:%é:a Paga 82), at consbtant deaw »ablo,
A she 3?“‘“%:*‘“!’3 of emtrvelon e Bigh, highor valuog
of bl M:'mmf&@s, oo aro obindobd.

geitle wzmmaa welabionohi e do obinined whon DIPrefPLnTERaC

plotbed agedinst drey wabtlo ab conpbont saibo of

m%«ax fms, sl *»@'w*y&mgﬁ wwm% iy ospged.
Peyimrai *‘wm ,a}h,{: ésa? zmww sugpented thal 1d is ¢he
FROE 3 ,?;U el ﬁﬁ;«‘m (3% **5‘ a:a%é‘ai;-gzx,%;;%wm yhteh ohanpos wiih
| stwow ¥ m s
imw’l%}ﬁ imu 1:#3;,#@' Mm? blradyingence peainst draw po 5;;% b
ﬁi*&:*@:yé:fa «é? *’g % wayr ravdo onw a*s:?,gz o En the propand
seudys the bhpess rngonce/draw Fatle euwves (oo
5*‘3yw=m ﬁ%‘*} ﬁ:’ SR .«*,a""“:,:il e:%z au “mﬁﬁ cnrrarde . ooy
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exactly the same hehaviour ap obtained Ly Wazrd,

.45 Influence of Drawving on Orientation and

ysballindliy

Thae X-xay pattern of an extruded polvethviaene
verephthalate sasmple is poorly deflined and
shows o chapractevistie amorphous halo with neo
evidence of eryvstalline roficctions.{(sce Plate
V). The extruded sample of polyvethyvicne
terephthalate, thevefore, posscsses a very low
dogres of molesulay oxrlentation.

The X-ray roeflections glven bHy a drawn filomoent
of B:1 dyaw wvatio are shown in Plaobte V., Those
roflections are of short sves showiog that
G?i@mh&%iﬁﬂ and eryvataliinity have been lundused
by the drawving procoss. The length of the
aras gives an Indiecation of meximos disporsion
of molecular axes of the evyvsials Prom idesl
paralioeliem wilth the fibyro axis. Tho
production of orientation and erystallinity
by the drawving process is, of courase, Palriy
wel; known, and this expevdiment seprved only to
contfirm. that 16 was dn facy occcuryring in the

samples.
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3.9 duflivence of Hot Plato Temperavuye on Fhvoiood

PFropertdaen of Pibpe

The Gamperadure af the hiot plate was inoressad
L T, ﬁgﬂﬁ‘q - ag-@’g‘?‘a ; . *'Qw . e ek g b Y N
From 9% € o LI5 0 apnd 13074, heeplding all othow
fastors constand. Pl iament produeed at o rate of
pxtrosion of 0.915 gm./min. and o winding speed of
60 £h. mdn, wos divown ab a 511 deaw ratio at each of
thoss threo het plate temporaduros. The hot pin

towmporature wag, of course, kepdt congbants

3«53 Infivence of Hob Plate Teapeoroature opn Tensile

Yyopoersioo

Preaking stwaos and initicl sodulve are plottod
ageainsd ot plote temporadture in Plgure 25
feon Tablo Kﬁmah The eurves are convex to the
hot plote axdo. With dneronpe in bomporatuis
oF the het plato besaking stross apd inidial
modulng alooe In0reanesd. Thisg 4o o bo
expeeted sines a gronter amount of the rawing
takes plage 2% the ot plete and leoss ot the
hot pin, as the hot plate towupersture Ineronsod.
Tho net yepuld would boe an inoroasse in
grientation with o gubsoguent Inersasoe in
breaking stross and dniltiel sodunlus.

b )

Roth and Sehirodh wve obaserved that by

Finerensing
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dncressing the Sempapature of the hot plate,
brosling strose onn be ilneponsed.

Tield stwress and bhrealking exntendlon ave plotioed
againsd hot plate tounperature in Pigure 26
Prom Table RIE. Yield stvesy seoems o
Anorenso linearly with inoreoase iu het plate
tamperatunres  but there 1 o ﬁﬁﬁgﬁﬁ £all in
bereaking extension with increase in hodt plato
Loemporature .

T geneval then, by inersasing hob plate
womperature indtial wodulun, vield styvess and
broahing stsrongth ineraase and bhrealdng
extension falls only slightly, 17 ob all,

snfluanes of Hob Plate Tomporsinse on

Riwolrlaoenes

Bivedfedngence 4o plotted agalnet hos plate
Semperature dn Plgure 27 from Pable XIE,
ﬁi@mfriﬁg@mﬁ@ incroages allghtly with dnerense
in hot plate bemporsture and then remaing
& endy « Thio confismns that soloounlsy
orlentntien eann be inoronssd 8t highesry hod

plate tempesrature ailtheoeugh only to o Limited
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3.6 Reletionship botweon Oricntotlion Foobew and Tonsilo

Vroverhios

Ty Bigure 28, bresling strecs and breaking
oxtongion are plobtted againgt owlontation fastowr.
The curves obtainod show that as the @Wiﬁ%%&%iﬁ%
Footar inerenasos, l.te 88 the oriontation of the chein
wologules inereasos, bhreaking sireose risos and
biroaking extenglionm fallo. This, of couvpe, wonld beo
erpeated from the bhivefeingonee Poouliso. Bvon in ¢ho
undrawin filaments Plgure 28 ghowe that gsowme orieontation
oxiate Andloating thatl compledo velaxstion of the
‘wolecules hoo et ogourred botween the wmelbten polymer

lopving the splunevet and golidifying.
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WINDING SPEED AND VARYING RATE OF EXTRUSION,

DENIER Vs

FIGURE 29
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FIGURE 30

DENIER Vs BREAKING STRESS AT CONSTANT RATE OF
EXTRUSION AND VARYING WINDING SPEED.
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3.7 Influence of Donler on @wnﬂil& F§§w&wﬁiﬁ%v
 So gav in thie %h@ﬁi@a%ﬁé"@ésmiﬁs‘thwgmémﬂ_
pxaminod From %hw\gﬁﬁhﬁ-m£~ﬁi@we§£‘%%ﬂ;igfimmm@@ o
,&yiﬁaimg‘mn& @Q&w@mg wmnﬂ@%iama"Qﬂfﬁﬁgpgrﬂia@‘wiﬁh@mﬁ
pebually taking into a@ﬁﬁﬁd@%&%&éﬁ'éhéfdﬂmi@é'uf the
Bl lamont ywaﬁm@éﬂa Hmw@vwé;,iﬁ ie of dwmportance teo
congilder the mesults from mmmﬁ'ﬁham one polnfg of wiew,
Por example, the dote con be wsed ﬁﬁufiﬂduﬁﬁg vonge of
phymim@% proporties ghﬁ&imabia BnY any wmqmiwaﬁgﬁ@mﬁﬁmg'
and whether or not there iﬁ'ma$@ thaﬁwm@'ma$hﬁﬁ of
actually attoining thet ﬁ@m&gﬁa Tho pfaméicm&
advantages of %hiﬁ‘mﬁnggéﬁwéﬁﬁg.@f eonree, obvions.
in PMlgures E?mﬁﬁ’&%@im&iv@§ ﬁe&iékVéa @i&%ﬁﬁ@

agoinst various @hy&im&i“@wwyaﬁﬁiﬁﬂ uRde m vaw$ﬁ%y of
 @piﬂmim$ Q@ﬂﬁi%i@ﬁ&, f?mmrfﬁ%lwa VL, Vixﬁimmd xx&xg
In Piguroe 29, for exampl ¢, ﬁrﬁakiﬁg,ﬁﬁwﬁéa ig plosttod
againest denler ab %hymﬁ rates off extrusion, with |
Cgonastand wiaﬁﬁng ﬁp@ﬁ@; fom ?&%3@@ VEX“&%@.VKE;a By
'gmﬁﬁmmg §mimﬁ& @fz@qwaklkaﬁmé @ﬁ éxﬁﬁﬁ&%ﬁﬁ:%ﬁw@@ &lmﬁﬁﬁ;
:par&liel cur%éa, wa&gﬂlyyﬁypawmmiiﬁ ﬁm_ﬁﬁﬁﬁagm&fﬁ
ﬁb%aiﬁmﬁs Tl h&@k@n 1iﬁéﬁ7ﬁﬁim,ya&mﬁéﬂ§€ @qﬁml ﬁ#aw
Patio. @him Fiﬁ%Wﬁ shows %H&ﬁ_h?ﬁﬁﬁ&ﬂﬁ\ﬁﬁ?ﬁﬁ&_i@A
mm@mimmwﬁ dependent on ﬁg&i@% &%ilﬁﬁ‘?ﬁ&%ﬁﬁv%h&ﬁaaﬁ
high values of denier. | Thiw means that wﬁﬁﬁ roabe of

Jextirusion
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antirnslon im Vm@mmﬁ oy ?§3 gmgfmiﬂgé%hfiaﬁiﬁ a
ﬁmg/miﬁn.4& ﬁ@ ﬁmm%ﬁ@; %wamkﬁmg @@wmmm &ﬁﬁwméﬁé@ ?gﬁm
Y@aﬁ'ﬁ ﬁ@gviym@fam@ o L& m i@g ﬁymﬁZQmQQQK The Bame
ARCPEnoo im vate ofF %xﬁrm%ﬁmﬁ)a% 20 ﬂmmﬁ w prroducas

8y %n@wmaﬂ@ KR %?@mk@mg vtyaﬁa @wam m&gb;m &ﬂg dyned om.
o B9.5 16 ﬁv&af@mﬁg n ﬁ“hﬁa wiada o an o gords
mwwahiﬂgvsﬁwwaﬁ, ﬁx&v%wiwm votes are mu&h leas
critleal f*w hiyu dande e Fllomente thon foy lowv ﬂgmi@ﬁ -
filmm@mtﬁ (ﬁ@&ﬁnﬁyea orifice being kept conobant). |

Where o parsiculayp bwm&Mim@ @ﬁyﬂﬁﬁ Lo ma@uﬁwéﬁﬁ
a ‘ '
L

[

Cefe #0 m O ﬁy%%/@mﬁ » ?iﬁumﬁ 29 shows that 4t %%ﬁ-%
o obtoinod zﬂ o vardoby of WY, ﬁm&v dontar 4o aiﬂ§_ 
‘apmaiﬁ&@ﬂg RQWQVuwg ﬁhéi@@iﬂ& %@mmme@jﬁﬁxmﬁ i @p&&a
and @ﬁ&y @m@'éﬁﬁ of &ﬁﬁﬁmiﬂﬁfﬁ@&ﬁi&ﬁ_é%ﬂd&ﬁi@mﬁrwilﬁ.
iﬁﬁhi@%@ it ng P@ﬁﬁ% and W&ﬂﬁ Aa¥ed @ymanuf Those

ﬁﬁl@i shons . ﬁ@m &ﬁ @@w%@ hy dntewrpolat amp iw ?ﬁwﬁrw 2O,
Vﬁ*ix%ﬁam im wimﬁ@&m ﬂpmmﬁ imﬁ&aauﬁmu v@m ONG MOPS
'ﬁﬁﬁﬁﬂﬁ @wmaﬂumg o mmam&tag &.ﬁﬁéﬁmgm% mf 20

'M

denien &mﬂ %Q‘ggﬁﬁg @Vﬂﬁ/hﬁn can §é $$@ﬂmm$ﬁ’£ﬁw@
:Eifuwa 3@} a§:&4@*mﬁ:ﬂg ﬁ%eﬁ*ﬁf hay YL fmﬁm@@ & %&t&'
o Qﬂ%%&ﬂ3ﬁm @ﬁ mupgﬁgimﬂ ﬁiy'%slqwmg/m¢méé &mﬁ £:l ﬁwav"
ratio of &ﬁwwmxﬁmaﬁmly'%gﬁn 1;%% ddontionl dmmiﬁw ﬁ%ﬁ
Byoal ing mﬁ@m ﬁ @muﬁd ﬁi%ﬁ.bﬁ nokid oved {mvm ? LEner %ﬁ)

BY 8 vate of exbtrusien of 0. DLE g /misng %&:ﬁﬁ.ﬁl{g’ e

Jvinding

[
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'wﬁﬁﬂﬁmg spoead oF approxinatoly 950 06,/ min., aud &
dvaw Pabin of &ﬁ?@@ﬂimmﬁﬁiyv@nﬁﬁlu
| | The broken lines, in Pigures 20«32 &@@%Mﬁiv@g
@hwﬁ the aﬁf@ﬁﬁ'@ﬁid@niaé éﬁ pmymiaal propeitios at
@ﬁﬁéﬁaﬂ% A ﬁéﬁi@»  Phe &mﬁma&v@ffﬁ@k %@ﬁiﬁa wibh
ﬁhé p@yﬁi&ﬁi&@ @@@@éﬂﬁy %wimg-émmaﬁ&aw&d; Plgnee 29
shows ﬁh&ﬁ{iﬁ ﬁggmm@ﬁ% apun by Reaping wiﬁﬂ&ng spoead
consbant and %ﬁxwﬁm%g ﬁhﬁ’w&ﬁﬁ of ertrusion, donier hag
1o oifoect on hwmﬁ%&mg shrass in um&w&wﬁ filoment, Fi¥
dwaw pabio dncvensos, however, bresking stvess becomes
inereapingly dependont on deniow.

In Pigure 30 sinilar ourves ave obinined. It do
‘ﬁnﬁmwﬁgﬁimﬁ to note that at constant denley breaking
Ay T %ﬁlhﬁﬁh%fg the lowew the winding spoed. This
aerees with Pigure 20, in that both snopreaning the rate
of extruslon and decreasing the winding epeed incronses
.ﬁh@ denday of coonstondt draw vabio. In both coses thon,
deaw ratio must Do laoreagod te kewp dendeyr conshant,
and heneo brealilug stress inereasas.

Thoero ls an appapent disagroenens hﬁﬂwemm'%h@
results ahown dn F&gm@&& 280 apd 30 in that the linces
of constant dvaw ﬁ%@iﬁ‘@ivﬂ a positive slope in Plgure
29 but s negative slope in Plgure 30, This can Lo
explained by roeferring Ho ?igmwa& Yo oand 13 respectively.

IPigure Y



fipgure Y shows that, as the yrate of extrusion inereases

(ioe. denlexr inereases) hreaking stiress iucreases fov
drawn £ilamont prﬂvidimw winding speced dg Lkoept constant.
Pipure L3, on the other Land, shows that at constant
rate of extrusion brealking stress increases as winding
speed increases (i.e, denievr deocreases) at constant
draw ratio.
Brealking exteunsion is plotted apgalinst denier at

constant winding speed and constant rate of extrusion

in Figures 31 and 352 wrespoctively Lfiom ”able VEILT and

KEXE, The wesults show yather more experimental
variation bthan those for breaking sitress. Brealking

+

smtonslon ls extremely sensitive to denlcey over the
onbire range of denders obtained. This accounts fowm
the experimental variation of results,and a slight
variation in denier produces a very larvge variation

in breaking extension, Migures 31 and 32 can also be
used Lo find, by dinbterpolation, the spinning and
drawing conditions necessary to give any required

brealing extencion,
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k - QONCLUSIONS
Melt filaments of palyethylaéa terephthalate ave
“amorphous, relatively weak and highly extensible,
irvrespective of melt spliaoning conditions. A separate
drawing process greatly improves their ultimate
physical properties.

Rate of extrusion and winding speed have no
| significant effect on tensile properties and
ﬁiwafringance at lower draw vatlos, but they play an
important role in determining these properties atb
higher draw ratios.  With increase in rate of
axtirusion, winding speed oy dvaw ratio; vield stress,
initial wmodulus, breaking sivess and bivefringence
ineréaﬁép while breaking extension decreases. The
increase A0 birefring@mue with increase in draw ratie
puggests thaﬁ draving ovientates the fibre molecules.
Thua, Tibre with a bhigh dogree of moleculayx orientation
will bhave gaaﬂ nltimate tensile propevties.

From molecnlar welght determinations, it appears
that polymer is only very slightly degraded duvring
melt spinning. Polymeyr dénaity além falls during this
period. with iuereaae in dravw ratio there is a slight
fal; in fibre demsity, wntil it reaches 2 steady wvalue.

Rate of extrusion, winding speed and drav vatio

/are
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