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‘ ' T+ . CHAPTER 1 \ S

Rhen a polyner ne!t enerqes fron a ﬂie, orlflce ﬁr any

= S

o?her klnd ot fiow channet, 13 exhlbifs an appreclable increase

. l

in cross-sectiona area. Thls phenomenon is known as axtbudafe

suel! {Fige 1;1). *Alferna?iVa term§ Uescriblﬁg ?his behavio%

RN : :

are die snell, memorv, puff-up and Barus effe;f‘v It is a f}ow .

defecf ahd‘occur§ at bo ¥H !on and re!affve]y hlgh shear rates.: o

- >

Honever, beyond A crliical shear rate, x?rudafe dls?ortion‘

-
>

Atakes btace (Fiqs.kez a X bla

Ex?ruda?e sne!l can be described qoan%itatiVe!v in terms4)

of fhe sheit ratlo' d/Da xhlch is the\ﬁﬁ%#ﬁ af fhe diamefen of

‘1he extrudate fo #haf of the die.A The reasons for increased in-

T e

o teres? in }his phenomenoh are nuneto&s' tanqinq from a deslre
to deflne the viscoejastgt re5ponse of go!vnerlc materiais to

the need‘to bb?aln dlrec? re!atlons befneen exfruda?e swetl and

sueh poiymer orocesslng characterlsflcs as snel? in blow no!dlnq,

» - .

thickness 1n extruded nire and cabte cov:rlnq, as . well as fhev

- S
\" £y

“dran-ﬂoan‘ ind “neck*ih‘ In sheet extrusion. Honever,‘tﬁere has _

'fnot been much progress Inrralatinq extrudate swe i1 tvoo!vgeéic

. \ a e . Y

. ) . N
Structure. : o SRR

i
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L o

B R




Figure 1.1

»

: ‘Extrudate Swell of Poljiner Melt.
Top and Side Views
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AL 3

" i1larles and zero-1éngth dies. It has been observed that die

"snelt’depends greatly on capiitary diﬁenSIoﬁé which can be das-’

fhat has been deva?ed to Investlga*e this behavlor, ?he,exblain-

'ation stl!l remains. unctear.A .MA R . L 2J

Seend Tpt L

ot

This® phanonenon\ls nnt unlque ?o pquner te!ts. non—etastic_

- - -~ )

VT R e ok

L.

lluulds exhlblt‘ ’aie snetl of about 1.10 at nn Revnotds number. i

E .
For high Reybolds nunber flon, }he iioutd jet CQntﬁacfs bv about .

.
ok ta gt

13%. Hoxever, tberg is 3 smooth fransltion betueen the fuo ex—

~

.
- e d By e

treme lilits anc ?hls effect Is suh!l cownared :o the large dle

sweit observed w&th viscous puiVner melts, - S A

Sfudles‘on\extrudate swelt.l using=|onq capiilary dies have . %\
I

"been éx?ensive¢~bu?_ﬁot such work has been done uith short cap~-

-

. 1
R SUp
I .

crlbed in terms of fhe.L/D ra?io (Fig:i.Zi. Desnlte the effqrf

<

The ob}ecfive of thls ?hesis Ist o ' . ) A@;,;Jf%

1. tb inveg#iga?e the effect ot canll!arv lenqth. dlaneter, and

\1?5 lncludhd en?ran.z.ang!e on die sneii tor iou-denSlty po!y-

’gthv@enegand polystyrghe;sanglgs,~'~'*~_

~2¢ to sfudy. the affecf_ofﬁe&§?n§f§usa$iédies)of sﬁear rafe,

-

shear stress and temoerature on die sue!i‘phtnomenon'

3. to iﬂvestl;ate the ef fect of “frozen-in-sfresses on ex=

—

e ) oot - -
i thudafe. o e T

B RS -

«
— e

be to invnsfigate neu’*o¢&1s uhxch ni!t predic? extrudate swe ! §

- - . o,

ui?h shorr and tong cooll!ar? ﬁies.
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":*tion and_reiated<areas (3,#)._ ,"

CCHAPYER .20 ., T T
S {LITERATURE §UR,vsv .

2«1 On Genera!'Use of Studv Qt Exfru&a?e Swel!
) The probien of die snall In rubher Indusrry was recognized

‘ as éar;y as 1933 by Dillon an& Johnston (1,2). Thev~te!a?ed(
extrudate snelt to rubber prbcessing?behavlor Q\/ conciuded that

af constant oufpuf rate, ?he ahounr of sne!llng decreased wifh

< -~

_v-in:reasing fenpcrature. e R i ‘*' LT

~

37 Sjnca,igﬁs, fhe speedlng grouth of fhe theraoptastic in-

dustry lad‘to the study of extrudate sneil as. a slgnlficant oro-

— - > -~

) cessing.and characterization parameter. Recent advan:es ln the-"

oretical deyejoonenf have nade fhé uork on. this phenomenon more

T
N N

' connrehensive.‘ Investiga#ions of’thls eiasfico-vlscous effent .

are bar?[cutar!y usefu! in fhe processlnq of thermonlasfic naf»»ﬁ .

I

. erials in bion no!&ing, sheet extrusiony nire and cabde Jﬂsu!a-‘

Phe - .
.- - - * . - « e .
. N - .

Al -7 - ’ T
e . < . Q“ s . - - . \"

In the bott!e*blouing pro:ess. wechs&er and Baylls (51 stud-

led the eftect of fempera?ure,'shear rafe, dansitv aﬁd melf index .

I~ - ~

. on extruaare s~e1!. Hilsoh (63 also'dlscussed dle sueil as an in-

- -
.

partant varlabte ln fhe axtruslon blonlng of pbivefhyiene hott!e

-

“f and shoued lts ﬂep&nd&n:e on 901?!!? comoositioa and,ate de519ﬂ-7
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T~

Di!lon and Johhsfon (1;'

Ln ex*enéihg his unrk. Bevnon an¢ G{yde LT) obsePVed die sweil

-

‘an lncreasing fnnctlon of shear rate up to a crltlcal value bs-;C

L. . . .-

‘,;yohﬁ uhich certain tlon-defecfs occurred. They agreed nith

? die sneti de;beased nlfh in-

s

\‘,A - - -

er aslng famperafure,'but !arger\sxelts were also aftalnable at

hkgher fewoeratures. ,.f~»‘ﬁ R A ’\
F°"°'1"9 Wifson®s wors Burgess and Lewls (B) ulscussed

. the 1mportance.of stuay of ex?rudate snel! in dxe design. They.

s~

.

conctuded fhaf In addltlbn.?o fennenafure and éxtrustnn rate,

- ~

die»sxetl ls also»a coiplicafzﬂ funcfion bf theouoletuiar,}

.,»

: ueight, ao!ecular neigh? dlstrlbution and brancﬁing of . polv-,

ner as weit as tengfh.of the die-iand. The general eoncJus- .

"

ion nas rhat fhe thher fhe motecu!ar wnlghf and the shor?er

the die—*any, }he largtr uas fhe saet!. A

-

Eftect of dran«donn and neck-in (3! are very lmportani

- - - a
. - LN

1n the ppoca5595'uf eXfrusion coatlng and sheet extruslon of

K -t ‘,s -

paiynersn Ihn tornar refers tu tha abl!lfy of the poiym-r

Cra s e

fo coat aven!v doun ?o verv on coathq neights over a nide

-

. range ‘of coa*lng s¢eeds, Tht 1af?eh is a phenonenon associ~

»

‘ated ulth cast fi!m exhnusion anﬂ is,fhe fera glven ta the "A'ﬁ

redacflon ln.fitu neb as. it ieaves tﬁg #ieg Ppijer uttnﬂa—

N . e

{apgeb;sueiﬁjpg.yaft@nQXQIbitg_aou\_heé&fln“.'3

A et b hia s
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-;;3:‘.

. Katfanbacher et al (9) coupared uraw-donn characteristics

ulth apparent v!stos[fv, melt eiasticlfv as. assessed bv dle

;sneli neasarenen*%‘hlgh degree o# corre?atlons between drax-

down - behavibr ln a coaflng process ulth fhe nelf vlscoslfy

~

and ;I\\suabl uere\obtarned. rhev a*so coupared neckbln ulth

melt vtsc0si?y. nelf elasflcitv,\moiecuiar neight and notetul-,

ar nelghf disfrihution. and conflrned that the greater the

.elastic prapertles, fhe be#fer ls fhe nolymer-‘ The-coated

) uiufh nas correiated nlth snelting raflo and nelt fldw Index.'

) I# ﬂas‘f&pad thht.thesé_fagtprs.sduldgreduce<neck*1n buf would

- 'ét#pifeddce;jéxlnuiicoaftné_§pegds.

-Enoha#té‘ on the Inporft»énéa df —die §nel 1 ms .a.charaéf'é.riz-

1 -

) ing variable.in sheef extrwsfon and extrusion coaflng was also

"dLscussed (iu‘iZ’v IT uas nofed thaf draa-down anﬁ neck-ln

~

‘are,re}ated fo dle sne!T in su:h a way that any- change made

'{;tﬂ inprove Qne ornper?y ui!i advers:!y atfecf the other, a

. P

‘]T connon but~dupﬁess1ng ahserva?lon. Other apptlcafions on

Afhe sfudv oj exfruda%e snei! have a1so heen discussed bv

‘Brvdson 13}4
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2.2 On Exfrudate Saelt \: S  ‘7::~‘ S
2cz; Hébhanlsm S . L S

’ The earuest ouantitanve smay is oerhaos that of mn-

-

fon and JOhnston (1.2) on rubbers. 51nce then a nunber of ln-

vestlgators (13-1?! suggested thaf stress relaxaflon rs res-

-

~‘1ng Lodge s idea (22) o# e!asflc recovery ot a KBKZ tltuid (23%

ponsibie for swe!!ing.. It Should be’ noted, honever, fhaf even‘

Neutonian iefs suell by about 131 at’ very 'Oﬂ Reynolds number

' (Re<16) tiB). Thls va!ue.cf snell,has been found”both exneri-'

~ -

‘ menfa!ty (19) and. Tbeoreficalﬁy (20).' The sweillng of Neufon-

~ . -~ -~ - ~ - PR - -

“ian jets is probabty due to the streamiine adiusfments as the

llquld cones guf of an ooeninq lnfo air and aaqulres a free

surface‘ fhus. both stress‘retaxation and Nenfonlan snell
/ - . .

gzve-cbntrlbufi 'To exfrudateAsneil. - “,‘*" .

3

) Naka)lua -1 d Shida (21) consldered the exfrudate sneil

- I

orobtem as a conéeﬁuence uf elastlc enerqy recovery. Fa!lou—

- - A

nhen reieased Trom a. state nf stress, Tanner (2&) oroposed an

' e!astlc recovery fh%orv to deternlne tha»suetlinq due fo a

sudden and uncons#rained reegvery !rom a tong durafIOn Polse-"

o~
& \"'

ui1te f!ow In a. die {see also secfion 3.3). ‘uhife (25) per— .

formed a general analyéis of the uncons?rained elas?lc re-

~ ~i S - -

)‘fcover? ln”vlsqoelasfic \!uids. «Fornuiatloﬂ of Tanner s the-

s
-~ - - - - .
- T - L - N - -
- - - - . s e . -~ - .-
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‘a snziirng of about 78% was reoorted (29.30). To explaln
'this phenaienpn; Tanner‘(Snt developedfbn inetlastic theory }
" by considering the extrudate as consisfing of tws tayers -

' the outer tayer Is in tension-and the inner tayer is in com-

. Ion of force and mass baiances for ‘the two !éyeﬁg, Tanper
"(30) showed that sne!!ing is oredlcfed for variable-viscosity

lNeujonianf‘second-brder.‘odher-ran and Haxuel! f!ulds;" Somé

~uere}mane eariler bv Kiselev anﬁ Kanavefs (31). .

.xat{oqa The confribuflpa due to Nentonian fs about.13%. - - -

% M -

ory has been modlfled by a number of authors (26-28).

[ R

Recenfrv, Phuoc and Tanner (29) dis:OVered'fhat a Nen- - E

I -~

fénlanfffuld?ujth 3 tenpgrature#depepdent’vrscosltw‘exhlbits. X s

*

a'snelliﬁbxkéee’a!so set?fnn 6;3’. Fo;ﬂtypica! tow-denslty

po!yethylene viscoslty va!ue and usuail ex?ruslon coqdlfions .. 1

v K ey

présgibp;“.pé assused that the ﬁnéfting is caused by an in-
creased resistance to deformation of elongafed filaments near
the bxtruﬂate surtface. B?;néaps,of an appropriate formulat-

.-

-

¥

direct observations that support Tanner s two -t aver modet

. .
. [
LN e s b o toun ety o e 47 S A P ) S S

_—

Theretorea 1? cah be argned thaf four mechanisns are

) responsible for extru¢ata snellt A Nenfonian snel!, an elast-

. v ~ N v 'A‘ \
ic reccvcry, an’ Ine!asflc lthergal) snetl an? stress reta-

.

3

o
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x - .
- . -

,‘The confrihutlon due tu stress relaxatlon‘is perhaps few z

-

for !ow-densl?v polvathvlene and po!vstyrene, but becones
’Quife slgnlfican? for high-density poly-thviene !see also
section 2.2.3). ‘No- exoerlnenta! observat!ons on polyner

melits is avél!aple to fustity fanngrfs new ine}asticrfheory -

-

on exfruya?e‘ﬁue!l.‘ Thé idea that elastlc recovery is the

major contribution to exfrydafé swelf™is genarafty accepfed ,

(21,24-28,32-35) .

2.2.2 Effect of Die Geometry
C . " past e*bérgéncé‘has indicated that die swelt is a comp-

" tex prdbleas 'Ho§f of i?s:preQIous iﬁéesf!gatlong uerevbased
on tong fiow chg\ye!s of siaple constanf cross-secfion-so
. ) K“" . - . = T
" that- the probie- can be understood ba?ter in terms of uetl~'

-~

-

- .

defined f!on histories. ﬂ

Early studles on exfrudafe swuell uslng capit!arv dies
»nere nade by Spencer and niligg (13,1#), but theLr ana!vsis(
'on dle sue!l has been crlficized bv Hoonev (36) and Bag!ev et

*al (37).' The !after lhvesfigators used lau-density polyethv-

E I

!ene and observed fhaf ektrudate swell decreases QXponentilt!v

~ _\— -

T owith capittary length. Ihcv explalned thls behavlor 1n-1erus

T A » N . \
ot a aemorv effact and introduceﬂ the concept of fhe average

ttne translf #/‘?hrouqh tht dio ‘to ob?aln ihn folloninq eauaf-

’

'
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(BBl = tBo-B.)\exo(-kﬂ S R R £ 2 ¢

"*n"he.r':e"'B I_s “the- $ue"l_‘l‘1‘ngi_1ndek-' cd‘ei‘;gie:‘f as th.e"raﬁo of 'ex't'ru- )

idal‘?‘i .'&ianétev;'t?) die d'l'aaé’_fer,i'»e“ dlﬁ‘. 80 ahd &-ara vatues

of B af zero aml inflnlte trans(t ﬂies. anu k is a decay cons~

P .- -

!‘an’f. S . B e sy

In an attenpt n re!afe fne snéHI‘ng index to ?he capln-

ar‘y QIe length to radius ra?io' L/Rg Baqtey et at (37) suggestv' 1

ed a volume ayarage transit or rtsidem:e ﬂae: far‘ es?hntgn hv..'.::

‘ ‘;r:‘“leans o! ﬂ\e» éolt;nlng e;;t;;ffo:nz/ A ‘ . z

+- ":’uh_et_-e_ Q 1‘§ e -constant Qa_}@ngit‘:;{“@:‘_}":bg’r'a{{e. " Eq.s tz 2) can be R i
: ;éh'é'g?'r‘h_ /R’-b(L!Rlly o ﬁ T (z.s:
.n:\her’ew‘y' ‘is th—e‘p emlo she:ar rate of fhe uai! (t‘o 'oe discus$ed " i

. ‘;in- secflon 3.1). R ‘ i . ‘ i . :‘m ‘ : : ﬂ

k Bagtgv ;? al ( 71, used ﬂw eﬂecﬂve capillav:y-‘;ength-to-‘ " t

r‘i ’ "radius raﬂn (LIR +a§ (se‘tj suctiW3t2¢6) sothat zqa (2. IJ ;
: :’ * bet:;nqs SO : B j::" T : o 1 -:‘ ., :'f_“ S " "f - " }
l : '(B-B:.l =lB¢"B.’expt-(#K/' HLIR“;H . > (Z-&) L ",‘l k

. L. They found tbsf for the !on‘density oo! yetﬁyient sfudtad' ‘k\ ":"c:‘ 11 3

8 ~varies* umar“w nifh ‘Y and therefore IR " b
\ = ey ) ; ‘ iy . R : ‘ - ‘ - \.j‘

L e BN et e T | |




v *,,\'

=12 -

K=(C/8) g - - - 7 L 2.5
‘where C is a :onstan#'aﬁd“eq.(zl#! nav~§e né;tfeh as
(B-B.} (Bo~a.!exp( C{L/R +e)1 (2.6)

Tet s i

Rogers (382 studléd the dependence of dle snell ‘on cap-’

«

‘« il!ary 1engih using 18 sanptes of counercla! and experiment-

N\
at polyethylenes :and found - good agreenent ulth Bagley et al N\

" results {37); but the experlae@t was not designed to etucidate

".“Swmechéﬁlsa nor dévelop an- exoression retating the swelting

-r5§i9~f€«c§nittary geosetry.

'plébe and'caUst die-sné!t.f

AN
%

~

PO

Kaqysaxi'.fat§§§aka.and,Ono (395.:onsidered the extruding

procéss as a series of deformation mechanisms and after 1eav~

ing. the %lgn#chqﬁné!, recovery of the remaining stﬁ:ld takes

- k3
-

An‘ﬁ!drovd moceliihich consists

~ L

Lot & series of dash_pots (dynanic«vlscosifv1u ) and- Voiqt e!e-

N

nenf (dynatlc wiscoslty uzrand re!axat!on _modolus 62) Is euotov-.

- ™

ed as- the represenfafive rheological mode! tor nolten nolvmers.

- P 7o~ ‘V‘ -

Thls led 1hen to ah :qnatlon relating fhe swelling lndex 8 of

the extrudatg to ths<LIR of fhe caplltary.'

]ﬂ { ’ ‘ﬁ.t I‘ - - A}" - in, { ~“"' ) } ‘ 74 '(L{D) (2.?‘)
IR R .'B,.?‘A; )g ’ T21%1) v‘a .

4

B
g



4 v

:de By varying Yhe~ca%}!!any tength oniy hence changina.values
f

ey -

“L/R wbile fixIng Y. 2 inear relation exists betwsen

in-f1 -'7%—553} and L/R. Honever,~¥hg§paraméf§r A. is not

t!early defined (QO). -

A\

9‘ Gn the,confrarv, VIgcﬁoqoulos et al {41) ‘used capiliaries .
{i0< LfD <24) to study d4ie "swell of polystyrene énd f6und; in
‘ good agreéﬁenf with Graesi!ev;s result (35), that-the swelling
rafios‘aréiéihosf indaepandant of L/D. The (atter lEVQB?iqafor
«v‘atso“used¢;e!atively_Léng caoll?ary?dLQS’nith L/D ratlos rana-

-;ng froh-iS-LDp: the‘sgéillnq lnﬁex of éolysfvréne samplas may
'perhaps be Insen;itive to capil!arv length change ln thIs ratio
rahge.' On th?:other hand, Mori and Funatsu 142) indicated gpat-
f;ﬁé;gkéftinilfétlos dbcrgase ;a;}dty wlth lﬂ;reasrng L/D up to
‘a*L!D‘of';bpudeO for,oo!yprooylege ahd;db!yerhyiéﬂe_;anojes -
¢§é'saheiconéiu§i6n as dﬁéﬁélbv Han et al (43). |

The dependence of die swell for polyethyiene oé die entry

Aggomgfry was investigated by Arai and Aoyama (44) using capiilary

- dles. The dies have the same L/D 6f 1.0 and same diahefaé/gﬁ

—
%

1.8 mm with entrance anqtes,ranginQ'fobh 30 -1800, No appreci-’

-.abte change in swelling ratio was pbserﬁed;
. N . .

. thieiandﬁRoman (27) used capillaries with L)U:rafibs rana-

P

R e L PO L PR

ey

P
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&ng,from 5.0 to 47.5 to examine the dié swell of low- and high-
-density nolvéfh?!eae; polyorop?lene and polystyrene, Resu!fs in-

dicated that swell of tow-density potvethy}ene is most pronounced

\ -

“

'to capiifary length change while polyStyrene the feasts

_ Recently, Huang and White (45,46) made exoerimental and the-

P R -

oretical investigations of extrudata swell of polystyrene and poly-

.
R -

propylene from large and smail {engih/cross-section ratio stit and

capifiary dies. They found that the eftect of die entry geometry,

lee. enjraopg:aqitgwo!,gigsg_islprpnounced for zeroelenath'(Lkozn)

and very shorf~hie§ tﬂfﬂiﬁi. #o}lth;‘tw5_oolymér-sampies\sfudied,
(hév cbné}{dégAiha? exgrddaie‘sueli decreases with éecreasing-enf:}
;ance:anglé of tﬁeAdi;:}sea a{so sect}on 3.3). | \
24243 éffééf'otiﬁér}bué~5ethod§.of_Heasqremenf
. '}ﬁifféﬁ?%élkethods gave been employed and>1¥orovéd to-
meESQfg'digiEwéll.of pé!vmer melts. Baqléy gtiai ;37) studied - .
die‘§ag%1qu‘ﬁqugrhy!ene‘ﬁsiég~a éas-ﬁrl§en ﬁaﬁillarv vis=

cometér and measured the diameter of the frozen extrudate with -

_a micrometer~ The diameter of extrudate is corrected tor the

density difference befween roon tempe

and .extrusion
. L .

I

temperature, i.e. L : )
b‘ . A . -

-y - 1’3 ) - - . : P
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ature
d,=diameter of frozen poilymer at room tenperatu-e
poand p are-densities of polymer at ooefatina and
room temperafures respectively,

Once extrudedy, the polymer mei{?t Is altowed t0 cool and
solidify at room temperature. They reallzed that die swell
measurement determined in this way is not accurate because solid
densjties depend on crystallization kinetics. Atsos the draw
_doun effect due t0o the Iﬁcreaslng weight of the extrudate will
stretech the diametery, but they suggested that all measuremgpt
be taken at 1/4 inch froa the emergent end.

When aotten polymer comes out of the die to room temper-
aturey, solidification yill take place prior to complete re-
laxation of the extrudate thereby “freeze” pan; of the stresse.
The effect of frozen-in-stressas becomes mora pronounced with
those qolten polymers which have long retaxation times.

Han and Chartes (47) proposed a new photogranhic techni-
que to accurately measure die swell. In their method polymer
melt is extruded to a chamber which is maintained at the sane
temperature as the operating temperature, and pictures Aare
taken of the suspended stream at various time intervals until

the melt has fully relaxed. High-density polvethylene sam-
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ples were examined. It was found {(47) that for shear rate ran-
ging from 200-800 ifsec. measurement obtained from the froren
extrudate were lower by 3.3X than those obtained by the photo-
graphic technique.

In an attempt of developing an even better technique of
measuring die swell, Utracki et at (48) designed 3 new device
for this purpose. They suggested that accurate measurement
can only be made provided that the extruded strand undergoes
complete isothermal retaxation in the absence of gravitational
sagging and interfacial tension effects. Methods lnrnhlch the
extrudate was elther aliowed to guench into cold water {(43) or
relax in hot gas chamber (50,51) have been employed. Extrusion
into a hot gas chasber increasas the effect of gravitational
sagging and Inter facial tension while quenching introduces an
additiona! thermal history, which in the case of crystalliz-
able polymers, infroduceS'aﬂ addi tlonal stress (32).

In Utracki et al (&8) lnvestlgaflon, saiples of polysty-
rene, polyethytlene and polvvinyl chioride (PVC) were examined.
Extrusion sample was attowed td> emerge into a thermostated
fiuid ot proper density ani inter facial tension in a thermo-

_stating chambers collected and photograohed.s The melt diameter
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w3as then deferamined by comparison o0f the extrudate diameter In
the developed fitm to that of a standard. Measurements made
in this way were foqnd to be reproducibley retiabte and accur-
ate.

Annealing is a process In which the molten polymer has
been frozen and returned to a siticon bath at 3 temperature
above its melting temperature for some time. \ﬁhlte and Roman
{27) studied die swell of tow- and hlgh—densif; poivethylene,
polyproptlene and polystyrene using various methods. High-~
density polyethylenes were found to exhibit much greater stress
recovery in the anneaitné process than polystyrene and poly-
propyiene: Variation of magnltude of die swell does depend
on the type . of measurement, and the values are {argest for the
isothermal extrusion into hot silicone oil and lowest for the
frozen extrudates,s The diffe~ences in extrudate diameter fronmn
different nethod; of measurement range from 10-30% for high-
density polyethylene (27). However, measurements on dle swell
with polvst;:ene (35) and low-density polyethylene (52) showed
the difference is refatively swmall,.

2e2«4 Effect of Moltecular Weight and Its Distribution

Polywmers are composed of macromoleculies and therefore their

elastic properties are characterized by their molecular weight,

C oy -
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moiecular nwelght distrisution and degraee of 1ong-chain branching,

Rogers (33) studied the déoendence of die swell on mo[ecular
weight and molacular we ight distribution using different poly-
ethylene sampless By and large, extrudate swell was greater for
bproad aistribution than narrow dlstrlb%fion polymers of simitar
welght-average molecular welght. He observed that swelling in-
creases | inearly with incréasing we ight-average molecular weight,
but some efhylene-butene copotymers showed greatest deviation from
the linear plot and could oossibly form anofjer tfamily of curves.
A slmitar trend was also observed with molecytar welight distribut-
ion. However, it has been shown (53} that mhen the molecular
weight of polymer reaches an approximate value of 4L00,000 swell
does not increase appreciably. |

On the contrary, Sieglatt (54) examined the rheoloalcat
properties on commercial PYC and concluded that the degree of
swell at low shear ra+es is tess for higher molecular weight
samples while at high she;; rates, prinr‘fo 3 critical vatlue at
which extrudate distortion occurs, the extent of swell [s not sen-
sitive to aotecular weight changes.

Gr 2essliey et al (35) used tﬂree narrow distribution polysty-

renes to study die swelle. A constant swelling ratio of 1.10 was

observed 12 the Newtonian region, but Iin the non-Newtonian region



-19 =~

the ratio Increases rasidiy. They also found that swell increases
both u;fh solecular weight and molecutfar welight distribution.
Similar conclusion was drawn by Viachoooulos et ;l (41), and Raclin
and Bogue (55) that the broader ls the distribution, the larger
the extrudate swells.

Mendelson and finger (52) examined the effect of tong-chain
branching on the melt elasticity In shear of oolvefhv;enes. Re~-
sults have shown that both low and high molecutar weight branched
high-density potyethylenes undergo fess elastic deformation and
hence swell less than the linear ones. They also found that the
t‘ong=-chain branched (ou-density polyethylene samples have higher
melt elasticity and ther;fore ;nell more than the high-density
polyethylene samples.

2.2.5 Efttect of Tewmperature and High Shear Rate

The dependence of die swell on teaperature has been examined
by a number of Investigators (1-3,7,35,52456)« for polystyrene
and polymethy lmethacrylate (PMMA), it is generally agreed (1-3,35,
L6) that the swelling index decreases with temperature at const-
ant shear rates. On the other hands, Horie (56) observed the ano-
malous behavior with low-density polvethyiene whose snel!}ng ratio

increase with temperature - a disagreement with eartier results

o L b b
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from Beynon and Glyde (7)), and Diltlon and Johnston (1,2). He noted
that the polyethylene sample studlied is branched potymer white the
polystyrene and PMMA commercial samplies are (inear sampies - dle
svell of branched polymer Is usualiy more compl icated than that

of S finear o;e.

Swell increases with extrusion rate uo to a3 critical shear
rate, equivalent to a die wall shear stress of 10° Pa, bevond
which the emergent ex;rudates become distorted for at! polymers
(7,#5.#6.56-55&. Extrudate distortion is observed In the form
ot surface roughness, sharkskin and metlt fracture (3,60'. This
ftow defect is be!ie;ed (61-63) to be a consegquence of flow in-
stabillty in the die entry region. It has been Indicated (58,60
that the onset of aelt fracture occurs at higher shear stress in
stit dies than in capittarijes,

1 Experimental studles on melf\fracfure of commerciat ;amoles
of tow- pnd hligh=density potyvyethyfene, narrow and broad mofle-
cular weight distribution polystyrene, polvpropylene, tinear and
brénched pofyethylene were made extensively by V|achopou§os an
his co-n;rkers {57-59). They concluded that critical shear stress
lncréas;s siightly with temperature thereby the naxliun attainable

swell ing ratio atlso increases with temperature. In additions the

critical shear stress was found to be independent of molecular



uelght'distrlbuflon,and that increasing the weight-average mote- .
‘cutar weight of the polymer will decrease the critical shear

stresse

-y - [N R e - [



3«1 Capiflary Flow

The flow of a tiuid
equations of continuity,
entun equation takes fthe

ov

eHF = - VP - v.T 4+

CHAPTER 3

THEORETICAL BACKGROUND

in a capiitary can be described by the

momentum and energy. Generaity, the mom-

form of!

£oF (3.1

By assuming that
R

the fiow is steady,

the axial velocity is a tunction of the dlsfance from the

the capllitary is sufficiently tong so that end effects are

negl igible, 4\

{1)

(2) the flow is in the axial direction oniy,
(3

axis alone,

{4) there is no siippage at the wall,

{5) the fluld is incompressibile,

{6) the tilow Is isothermal,

(7)

(8) external forces are neqgligibte,

(9) the flulds 1s time-independent, i.e. 1=f(y) only,

{10) |

viscosity does not change apprecliabily with change In pressure

-22 -
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down the capiitary, .
Y

and expressing In cylindrical co-ordinates as shown In Flig. 3.1,

eqe{3+1) reduces to

o
1
I

tﬂd

N
1

S

2 -
br( roT., ) (3 ?)

Rearranging eqe{3.2) and integrating vyields
= 40P &P (3.3)
Trz ir 2z ir L )

At the wail

AP - {(3.4)
T WD D=

1

From equations (3.3} and (3.8},

Trzz (r/thw (3.5)

In a capillary of radius Ry the votumetric flow rate s

R
Q= S 22 r v (r)dr {3 .6)
0 z ‘

Integration by parts aglives

R
R L 4
i—%ﬁirzvzlo—go(irz)dvz {3.7)

At r=R, v =0y the first term on the right-hand side of eq.(3.7)
z

vanlshess Therefore,

R R dv
Qs«-'j ré dv = -‘IJ r2 ( Z/dr)df {3 .8)
0 z 0

Differentlation of r in eqe(3+5) wWerets T gives

P -~ — - [— - - - - o — - - - -
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Fig.3.1 Schematic |llustration of Capillary Flow
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dr = (R/ 1,) d1 (3.9

dv :
By writing ¥ =(—d—';?= ), using ea.(3.5) and combining egs.{3.8) and

{3.3) so that

rd

3 (T
Q:-—‘-:%—So'.'y 2 de | (3.10)
w

Rearranqging eq.{3.10) yields

3 Tw
- . 2 [(3.11)
f}gy SOY T dt

Differentiating eqs.{3.11) wer.t. ty 3and employing Lelbnitz®s
rule gives
3
T2 4O 2 3 w2 (3.12)
( 'w o + 31w Q) /xR3 = Yy Ty

) w
Dividing eq.(3.12) by +2 and rearranglng in terms of uQI:Rz
w ,

. 3 Tw  d(40Q/aR3 ) - £3.13)
LMl e L dr_ . .

The second fterm on the right-hand side of eq.(3.13) repre-
sents Rabinowitch®s correction (64) for non-Newtonian fluid ftlow
in a capittary. kQIsz is calted pseudo~shear rate i; and is

4

the true shear rate at the watl for Newtonlan fluidse.
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3.2 Errors in Capitlary Flow

Derivation of equalions in the preceding section is'based on
assumptions which may result‘in éxneblmeﬁtal errors. Standard
textbooks (3,65-67) are avaiifable to discuss in detail the valid-
ity of these assumptionsy the resulting errors as well as the
methpds‘of‘correcfing theme %or the major possible errors, only
the entrance effect is considered in detail] other effects are
described in brief.

3.2.1 Isothermal Fiow

-

. Polymer melts are characterized by their high vlscositles{
Heat Qeneraf!on through the acti;n of viscous heating can cause
significant temperature changes acrogs the shear }ields. In de;
riving viscometric equationss isothermal conditions have b;eg
assured and since vis;osifv is feﬁnerature-deaeﬁaent, thlis ass-
umption needs to be jus?ifled; However, under usual operating
‘conditions in capitiary viscometers, the temperature rise due
to viscous dissipatlpﬁ is tess fthan 1°C (67). Therefore, the -
chéng; in viscosity can be neglected.

3.2.2 Laginar Flon

For Newtonian fluids the criferion of transition from {ami-

nar to turbufent fiow in tubes Is glven by the critical Reynolds

number of 2100 (65). For non-Newtonian fluids fitted to the

. R . S
e et ey —— M o s s — - - - - ~ ~ - .""r"‘ft - - e mm e - - - b —
N - > P .

e - - - R el
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power-1aw model, such as pseudop!‘ tiic fluidss the onset of tur-
butence takes polace at stighttly her numbers (68). Because of
the highly viscous nature ofﬁpotvmer melts, Reynolds numbers of
this order of nagnitudg‘can never be attalned in polymer melt
flows. .

3.2«3 Slippage at the Wall

No siip at the capitiary wali requires zero velocity there.
If a fluid has a finite vetocity at the wall, a change in bound-
ary cc'adition should be taken into acc'ounf l'n deriving viscomet-
ry equations. it has been shown (63) that if siippage occurs, a
piot of pseudo-shear rate against reciprocal of radius at fixed
shear stress and temperature will give a stralght line with a
slope eqgual to four times the slip velocity. A hdf}zonfal line
indicates no siippage. Polystyrene and polvethytlene under
.usual! processing conditions do nof&exhibif'stip at the walle.

3«24 Fluid Expansion

Under usual operating condifloﬁs‘in\viscomefrv; the compre-
ssibliity of polymer metlts aénears to be negligible (3)., . Expan~
sion of fiuid would tead to a change In its volumetric flow rate
whose correction has been discussed bv Spencer and Gilmore {70).

Pezzin (71) used their method and showed that even under extreme‘

conditions, the coﬁrectlon for tluid expansion is only 3.9%.
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3e2e5 Time~Independence

A material is time-dependent if Its apparent viscostiy chanaes
when passing through a tubee.

If entrance effects (see section 3.2.6) are corrected for and
the flow curves for dies of different dimensions still do not
superimpose then this could be due to either time-dependence or
stip at thé wall {section 3.2«.3)e To distinguish this difference,
a serjes of dies of same radius but of ltengthsy such that each die
is tonger than the preceding one by the séme amount, could be
used and the flow rate for each die determined. No difference
in flow rates between successive dles tndicates time~-independence
of the materiale If the viscosity decreased with time, progress-
ive.lncrease in capiitary length would have less and‘less effect
so that the difference in flow rates between successive dies nwould
decrease. The conseq;ence of the time drift effects {eads to
difficulty in obtalning a uniaue and relfiable flow curve which
would be useful in quantitative apolications. However, no known

reports of ftime-dependent effects have been observed with poly-

mer me{ts {(3).
3e2e 6 EnTrancé Effect.
Assumption has been made In derlving eqe{3.4) to calculate

shear stress at the watll that flow is fully devaioped even at the

- -~ - - B [

«
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capitlary entrance. As fluid enters the die, a change in velocity
profile occurs resufting in a considerabte amount of oressure drop
there (Fige.3e«2)e These entrance effects are indeoéndenf of the
tength of the capiltary and may be considered as increasing the
effective tength of the die (72). Therefore, the use of long dies
can diminish and even make this effect negligibte (71). Merz and
Colwelt (73) Indicated that capitiarvy geometry witi not affect
shear stress data when using dies with an L/D of about 60 for
polystyrene, and about 30 for poivyethylene at the pseudo-shear
rate of 100 i/sec. Because of the hithy viscous nature of poly-
mer melts, norkinq with long dies becomes difficult and retative-
fy short dies are generaliy used. Bagley"s end correction (72)
is commoniy employed to account for the entrance effects,

In his empirical method, an effective capiliary length,
{L+Nc.D)y greater than the-~actual tength of tﬁe caoitlary is ass-
umed. From eq.(3.4), the true shear stress can be catcutated from

\\/ .

the equation

D AP - AP (3.14)
Tw™ 4 L + Nc.D 4( L/D + Nc ) ‘

It the ftuid is time-independent, then

- s ' 3.15)
Ty f('{' B ( (315

Substitution of eq.(3.13) into ea.{3.15) vields
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Fig.3.2  Correction of Tube Length by the Addition of
Length Nc.D to Account for Entrance Effect
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T 3
3 w d{ 40/xR3 ) - 3.
f 4 4 ('§§§) * 4 dtw } *w (3-18)
Alternatively,
- 3 - 4
Tw = f{4Q/7R° ) = ¢ Ya) {3.17)

. 3 R .
nhere Y, =4Q/%R is the pseudo-shear rate,

Also from eas.(3.14) and (3.17)s after rearranging,

AP = 4CL/D+Nc) t (¥ (3.18)

A number of caplilaries »ith constant radius R but different L/D
are used aﬁd ftow curves are obtained by Dlofting AP agalnst %a H
the former can be read off at arbitrarily chosen values o% .

and plotted against L/D. From eq.(3.18) at aAP=0, Nc=-L/D.
Therefore the value of Nc can be obfained from the negative inter~
cept of the L/D axise Alsy from eq.(3.14), trﬁe shear stress at
the wall can be estimated,

Shroff et al {74) suggest;d another method of obtaining T,
using a die-orifice {(L/D=0) and 3 retatively 1ong capitliary (e.ge.
L/D0=19.4) 4y having the same diameter of 0.087 cme By means of the
zero-tength die the oressure drop due to entrance effect can be

measured diredf!y, and the true shear stress can be evaluated

from the fol{lowing eguationt

T, = (&P, = 4Po’)/ 4C L/D) L (3.1

/o
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where L/D' * 20.0.

Notablyys the Instron Rheone;er whose diameter is 0.953 cm
is not suitable for making measurements with orifice dies., The
barrel ef fect (75) becomes quite imporfant when studying resins
of high molecular weight or of tow mett index. Operating at low
shear rates makes accurate measurement.almost impossible.
\”‘”ﬁﬁbﬁ;ercla! samples of high- an3 low-density polyethytene,
polystyrene and polyprooylene were examined in their experiment
{74)« The vajlues of aPg were compared with those extrapolated
values obtained via the convehfioﬁal Bagley piot (72). These

values were found in good agreement. However, this method is

not 1087 reilabie as discussed by Colbert and Ziegel! {(76).

. ‘ .
e e
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3.3 _Expressions Predicting Extrudate Swell
In an attempt to relate swelting index id/D) to recov;:-

abte shear strain (¢), several expressions centered on the

concept of elastic recovery of the swelliing process have been

proposed. <
The recoverable shear strain is usually defined from

Hooke®s taw which seems to hotd fof most polymerss
o = Ty,Jo0 | (3.20)

nhere Ti2 is the shear stress and Jg the shear compliance

(Jo=1/Gs where 6 is the shear modufus). Coleman and Mark-

ovitz (77) relate Jo andxlzfo the first and second normal

stress rlland 122 by

2
Tyl = T22 = 2J0Ti2 {3,21)

_Combining eas.(3.20) and (3.21) vields the “stress ratio®

¢ = (111 - Te2 )/2 712 | {3.22)
éeverat questions have been raised in the past as to the num-
ericat factor 24 but it is generally included for poiymer
melfs.

Nakajlma and Shida {21) used the concept of rubber elast-
icity and assuzed that the polymer in 3 capll!arv is in an

elongated state in the direction of the capittary axis thereby

stored elastic energy in the same sense as the potential N
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energy of a stretched spring. Upon leaving the capillary,

thié energy will recover and cause dije swelle They estimated
the tensile stress for the elastic deformation of the extru-
date until its diameter equals to that of the capiilary, and

arrived at the foliowing eguation

b
NacT

A -1/ AZ {3.23)

where x=(d/D)2 =B2 * Ty is the tensite stress, Na and c are

.the nunbeé of chains per unit volume and Boltzmann®s constant,
and T 1Is the absolute temperature. Shear modulus G iIs defined
(78) by

G = NacT (3.24)
Anatlogous tp recoverablte shear sftrain, Tt+/NacT has 3 meaning
of tensite straine. Nexty a bold assumption was madg that the
tensite strain is taken as the quantitative expression for
the recoverable strain in the fidu!
G = T+ 7/ NacT = B2~ g™ (3.25)
where G is the average recoverable strain and is different
from thg‘recoverable sfral; at the wati o, The§e'quanf1?1es
‘niit be discussed sgortlv.

This assumption, In a strict sense, is not true since

stored energy is carried out at the capiliary exit but not

A
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strain. The free recoverf is in;erpreted in some what anal-
ogous manner'to creep recovery where 3 sudden removal of the
stress is_¥reafed as if a reverse stress were applied to null
the previous stress an& the new stress were held constant
over the periosd of recovery,

Assuming 3 parabotic velocity profiley, it has been shown
(41,56) that

o,=/30 (3.26)
and in case of a flat velocity profiie

s, =/20 (3.27)
From eaSe(3.25) and (3.26), one obtains
o,=Y3 (82-87%) (3.28)
for a paranolic velocity profife.

Folloning Nakajima and Shida;s analysis, Bagleyvy and
Duftey (79) used a one-constant energy function for a Mooney
material {(78) and arrived at another equationt

W=o0 (I, -3) (3.29
where C3; is a constant and I} Is the first strain Invariant
defined by

, 2 2 2
TI1= A& #2242 \ * (3.30)

Assuming fluid incompressiniliity and simple esiongation process,



the princisal extension ratios are given by

Ay = A
(3.31)
A2=A3=A‘*
Therefore,
- 2
W=Ci1 2 + 272 -3 {3.32)

and the force acting along the axis of capillary isy, In case
of simple sliongationy

fb = dW/d ) = 2C, () - 22 (3.33)
Thus the fensf%e stress fzz act ing on the cylinder In the
tinal elongated state is

t,, = fp = 2c:1(>‘2 - 1/2) (3.34)
Tretoar (78} has shown tnaf'

6 = 2C, : (3.35)
Bagley and Duftfey (79) assumed that

2

st=t /o (3.36)

and arrived at a nemn expression retating recoverabte shear’
strain to die sweill

2= A2- g/a=g* .- g2 (3.37)
They atso carried out an enerqy balance analysis along Graess-

ley®s (35) iine. Tretoar (78) indicated that the strain

energy function in. shear Inside the capiltary Is

W shear = Bg2 /2 ‘ - (3.33
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" In the course of efongation, the stored strain energy per unit
volume of the materiat in passing from unstrained to stralned

case is,y, from eqe({3.32),

— - 2
”elongaﬂon = {(5/72)0 ¢+ 27 = 3) {3.39)
At the die exit, Helongaﬂon must egual W shear S° that
62=8"%+ 2872 - 3 (3.40)

In the above eguations,. the value ofog is that existing
in the tube Imaédiately on exiting and Is not the value at the
tube or capiflary entrance except for Zzero-length die.
Based on the etastic recovery of a Poiseuitte flow of
KBKZ fluid (23), another expression has been proposed by Tanner
{24). He =m3ade the foliowing assumptionst
(1} the flow is Incomoressible and isothermal,
(2) the die is {ong,
{(3) lnerflal_effecfs in the flow are neglilgibte,
{4) gravity, other body and surface tension fofces are ignored,
(5) the flow at exit may be aoproxi{imated dby a sudden strain
which takes the ffuid from the viscometric stress Inside
the tube ld&fantaneousty to the zZzero stress state outside
the tube,
{8) as a constitute equation for their material, the K8KZ (23)

form is assumed.
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On the basis of these assumdtions, Tanner obtained the fol i~
owing equation?
~ 2 _ 6 - '

oy = 2{(B* - 1) {3.41)
Since it is meli-known {19,20,25) that the swelling Index app-
roaches a value of about 1.10 for slow Newtonian flow, he sugg-
ested a modification of the above equation so that

£

05 = 20(8 - 0.1 6% - 13 {3.62)

v{gchopoulos et at {(41) made an evaluation of the above
expressions oredicting die swelles Following thé energy bal-
ance analysis of Graessiey (35) and assuming a parabolic vel-
ocity profile inside the capiliary and that polymer melts be-

haves as power jaw fluids, they obtained an expression relat-

ing the average recoverab!e'sfrain's to the recoverable strain

at the walt aw t

o, ='3¢ | (3.43)

Since the eva!uétlon of these expressions requires the in-
dependent determination of the recoverable strain which 1s hatf
. the ratio of the first normal stress difference over the shear
stress. Whije the iaf;er stress can be obtained from viscomet-
rys the first normal! stress difference is difflicult to measure
accuratety {(88) . 'Graess}ey et at (35 usea Weissenberg éheog-

oniometer to measure the normai stresses of polystyrene samples

o, w . -
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and 1heir*5{;nds. They concluded that those exoressions based
on the concept of rubber elasticity introduce an elastic shear
modufus which is not easily deflnéd: in this sense, tnerefore,
Tanner®s efastic recovery fﬁeory ;n die snwell has‘advantaqes
over other exoressionse.

Rokudai (34) made an evailuation of die swell theories in
terms of a non-{inear constitutive equation. Polystyrene

-

.Vn§ayples were examined ahd he found that the theory of Graess-
~;:ﬁ et al {35) faited to agree with the experimental results.
Hﬁ;evet, Tanner®s elastic recovery theory (24) well predicted

- the experisental results at lon and medium shear rates.

- Mori and Funatsu (42) employed the efastic theory of

.1arge deformations by Riviin (81) and suggested that

0= (T =Ty M/ Ty, ' (3. 44)

nithout the numnericatl factor of 2 (cefa Qe 3.22) . In addit~-

o

ions, they assume that the mechanism of die smell can be char-
acterized as fo%ionsx

{1) the polymer element flowing in a capiflary tube induces a

»
3

recoverable shear strain In the materiatl,
{2) the recoverable shsar strain is a function of the initi-

al condition of the strain at the startiang poinf of the

+
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fptly aeveioped fiow region a;% the resjdence time be-
" tween the startingﬂbolnf and ‘the die exit,
(3) the recoverable elongation ;s'pr;duﬁea by the recoverable-
shear stralg,
(#) upon leaving the die, the polymer eléqent responds in a =
- manner siwijar to 3 v%scoelaéfic solid #hich Bas been

-stretched and released,

{5) the extrudate sne!is gradually to reach ; finail state, at .

3 rate cqntrof!ed by its relaxation time, -

" On the basis of these characférlzat;onﬁ, they arriyed at a
‘new expresslon-rela#lng_the"recoverable shear strain at tge
wall g, to die sueli By isca

o, = ee [ +%]z -1 ' (3.45)

. Bas;d on the unconstrained recovery theo;y from Polseuille

f!uu as suggested by Tanner (24) and assumed that the shear mod-

ufus is constant, Huang and White {45) derived another equation

for tong capitllary dies? . -
Beo0.14 {1+ gh¢—,2 sk (3.46)
w 1

1
. refers to the xall and "a® is defined by the ewpirical power

.where N’=¢11-r22 =first normat stress difterence, subscriot “u™

‘1an éeiafiqu(BZ) ¢
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Ny = ace P (3.4
The values of A and a are avaltable (82) for commercial:oo!¥°
s}yrene with narronm or moderate molecufar weight distribufiog.
The numerical factor 0.1 is 1o.accounf for swell Iin Newtonian
fluidse

Recentiy, Huang and White (46) derived new eguations
nhiqﬁ predict die swell for short siit and capltiary dies.
fhey suggesfed\th;t the extrudate swel! from short dies should
be defefmlneg from ?hg characfer of the entrance flow because
this is the only known f!on‘history of the poiymer meit. They
ehployed a dimensionfess aqa{}sls and related the swelting
Arailo as a function of the entrance anglé 8, non~dlméﬁsiona!
ratios of vlscoelaétlc coqﬁfifuflve parameters, and f“é
. Helssenberg number We defined by

We' =t v'ch/Lc;a | {3.48)
where t 49 Vch and Lch are the characteristic tinme, velocity and
tength res;ecj;velv. Also f;oa th?lr previous studies on Ioné‘

capitiaries (45), HWe takes the form of

G ) .
L, Yeh T Ny o Nwo ’ 13.49)
We = tonTon ™ ¥ Ve TZgw "X, _

¢

nhere Niws 1 and ‘Q‘are previoysly described.

. For die swell -from shor?wééprilarles the ratio %h 7Leh is
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-

niven by the elongation rate v, /2z defined by

Veh _ - _ oY, d_(Q/A0) dAo : .
teh " Yez T 3z T T4z = ‘KQBT; 7 {3.50)

B

o =Er?;ﬁ;€y(Fiq.3.3! is 2 radius vector

with A_= (r fan@) where r
.o o 2 -

pointea backward into the die enfry reacion so that the etongation

rate 1s,gi§en by

L= Jﬁ&.=1§g {3.51)
YEz Lch nD Tan(16) ’

and Q is the votumetric ftow rate,
By conslderinq the dependgnce of % (ea‘3.&§} on the second
invariant of the rate of deformation tensor, they obtained the

foltowing?

e e N | (3.52)
v, = 3 Yeq for capiilary

From the orevious knowledge of entrance fiow for low-
density polvyethylene and polystyrene (61,63}, Huana and White

{46) assumed that the shear flow contribution is small como-

ared to elongational flow and that oolymer meit behaves as a

Maxwelllan fluld (3). Their expression, after a minor corr-

ectiony shouid read

; i +0.5%y ' S , -
B = {-;————-greegé-} 1/6 . (3.53) -
- YEZ .

The existence ot vortex-like flows (Fig.3.4) in the dle
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corners haye been observed for tow-density poliyethylene and

ooiystyrgne'(63) and their melts exhibit- significant vortices’

(46). The tatter authors suggested the § in ea.(3.52) should

be repliaced by the natural flow angle a {(Fige3.4), whicth has
+ * "\‘: A > “

been corretlated with the experimental difa obtalned from the

Weissenberg rheogoniometer and the Instron caoiltary rheo-

meter for low-density polyethylene and polystyrene (63}.

«k’a
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A

Fig.3.4 Elongational Flow Characteristic of Dle
' Entrance Reglon



CHAPTER &
EXPERIMENTAL PROCEDURE

Au.; Equipment

4el1el Rheometer

Fige4e1 shows the essential features of the Instron Model
3211 capitiary rheometer in which rheological measurements
were carried out. Basizatiy the rheometer consists of an
extrusion barre! assembiy, 3 temperature confrol and distri-
bution svstgm, a push-putton operated drive system, and an

3
etectronic force measuring and readout system.

The exfrusioﬁ barrel asseab!yAéonsisfs of a cytindrical
reservoir made of hardened steely, 08.953 cm in qiameter. en-
closed in an ajuminium ];cket to whic@ifour cylindrical heat- -
ing etements are clanoed; A qie is'inserfed into the béffom,
of the reservoir and is hetd by a simple ciamping nute

Heating of the ext;usion parre! assenb!ylls pr;vided by
the temperature control and distribution system to any temp-
erature ranging from au°c to 399°¢. The‘fherma! controlter
can maintain the desired fémner%fure é;fh;n £1°%c and the dis-
tribu?loa system is a;curaté enough to keep the temperature

ditference between the too and boffoh of the reservoir (includ-

- 46 -
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Table 1hed

Essential Components of The Instron
ﬁode! 3211 Rheonmeter

Drive Leadscren

Load Cell

Plunger Retractor Siide

Reference Scale

Lower lelf Svitch Positioning Thumbwheel
Plunger

Barre! Access Door

Load Meter

P;eheat Power Switch

Temperature Controlfler

Controller Power Switch

Optional Strip Chart Recorder

Load Cell Amplifier

Plunger Direction Pushbuttons
Ptunger Speed Selector Pushbuttons
Limit Functién Switch

Drive Motor Power Switch

Main Power Sw@fch

Leveling Foot

Gearbox Access Door

e i e
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ing the extrusion die) to within :2°C.

The drive system consists of a svncaronous motor and 3
gearbox so that the ptunger can be driven at various constant
speeds by changing gears. A set of etectromagnetic clutches
permits instantaneous push-button selection of six pltunger
speeds over a 33331 range mith a given set of gears. The fo;:e
on the olunger is transmitted by a compression {oad cell to a

recording system - a readout meter or a strip chart recordere.

-
-

More accurate negsurements can be made by means pf the chart
recorder nhéch glves reading of 50-ib to 5000~ib at full scale.

Both the force and speed readings can be converted into
pressure drops and pseudo-shear rate by means of conversion
constants orovided in the rheometer operating manual.

Hha.142 Optional Heating Bath Used to Measure Trus2

Extrudate S«efl

The simpfe device nas‘used ln'con]uncfion with the Instron
Mode! 3211 rheometer. It consists ot a beaker with a thermo-
meter and a magnetic stirrer. Heating is provided by a hot-
pié?e tyoe electric hea;;r nith 3 magnetic stirring mechanism.
Polymer metts are extruded isothermal;y into the thermostated

tiquidy carefully setected for each polymer, or annealed. The

liquid must be thermaliy stabiey of proper density and thermo-

P



dynamic and interfacial properties. Table 4.2 shous the speci-
fications of the !iquid§ se(ecfed for polystyrene and low-
‘"density po!ve;hvlene samplese.

Actually this experimental set~-up iIs not accurate enough
to measure true die swell; a more sophisticated reliable device
has been suggesfed (48}, The attempt was made simply %o get
an idea of how much the die swell measurements differ using
various methods.

4ele3 ExtruSion Dies

Ontly cavoiltary dies we}e uysed in fﬁis study and most of
them were uade—of brass. Each of the short and retlatively
!oAg dies has an entrance angleger. of 90.0 degrees with the
L/D ratios ranging from 3 to 25 BDie-orifice of different ent-
rance angles were also used) specifications of the dies are
shonn in Tabte 4{.3.

A capiliary was formed by dritliing a circutlar hole of a
certain diameter througn a cylinder of brass/stainiess steel,
0.950 cm in diameterds Thé entrance angle 'of the die was made .
by means of a sﬁécia! type of dritier I‘ a3 may that the
tength o* the caoiliary mee?§ specification {see\also qu. 
i.2).

' ¢
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4.2 Materials

-

?ommercial samotes of p§tvstyreﬁ; and low-density poly-
ethylene nere_uéed in the exogniﬁénfﬂin the temperature range<
of ;6000-220°C. Pblyethvleﬁé sampies were supp}léd by Union
Carbide in the form of white pellef; and the Dow Chemicals
polystyrene is tranﬁparen} crysfatéf Potymer chqfacterisfics

of these samples are summarized in Table 4,4.

P A
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4.3 . Operation of Equioment -

The barrel of the rheometer is first preheated t» test
temneraturé, a die is then p}aced in positiqn. The potymer to
be studiéd is toaded lnto the reservoir In small *amounts to
minimize air entraoment (Figs«4.2 a and b). When working with
}e!atively !ongxdies {L/D>10}), ioadlnu of polymer up to 3/4 of
) : - ) TN

the reservoir volume is recommended by the manufacturer. Hou-

ever, for smaller L/D ratio caolltaries > die-orifice, the

~ . —
~

toading shoutd perhaps not exceed 1/5 of the volume of the.re-

a

servoerso that the rei{atively smatt barrel effect can be

-

negtected. : . ’///

' AMith the plunger in position the electronic Tlrcuits are
N i »
catibrated and bafanced. The plunger is then aifowed to run

carefully through the reservoir until it s 3-% inches inside

the reservoir. Both the samoie and the ptunger are alfowed to
heat wp_for éboyt 30 minutes.

At selected speeds the'plunger Is'ruh through the~resgr-
'!OIFf. When the force on the oiunger-becomés steady, the air-
bubble free extrudate sample can be cut and collected. Before
each reloading, the reservoir must be cleaned thoroughly using

cottone-



. Figure 4.2a : Extrudate ,S\am;')les for LDPE at Pseudo- -
Shesr Rate of:From top- 390, 260, 185 § 130  1/sec
: Bottom: ,Air Entrapment.




Figure '4.2b : -Extrudate Samples for PS at Pseudo-Shear
Rate of-From top: ‘390, 260, 185 § 130 1/sec -
Bottom: Air Entrapment

—
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“

-

4.4. Heasureﬁenf of Extrudate Swell

As fresh extrudate emerge;_to air, it re@;ins soft fér
some time and therefore its,lnc§easing weighf-cguses etong~-
ation and decreaées the diameter, To obtain a specimen for
néasuremeﬁt. the extruding motten fitament is cut short at
the capi!lary: When the extrudate is about .5 cm In length,
it nas cfamoed, cuty cotllected and alilowed to cool! in am-
bien? Termoeathre. Using a micrometer, al{ diameter mea-
surements are made four times for each san;ie at about
i/4 inch from tﬁe fower end where efongation }s negligibte.
Iﬁe extrudate diameter ls corrected to the eitrusion temp~
erature using eq{(Z.S).

On the other hana. the polywer metlt can be exfrdded
isothermally infto a bath of hot tiquid described previousiys

left suspended for about 15 minutes, removed from the bath

-

and allowed to coof Iin roow temperature. The specimen is
wiped to dryness before any diameter measurewent ls taken

(see also section 2¢2.3)e °

syeger by, 0 1w gt
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4eS5 Construction of Flow Curves

In the experiment the ptunger speed Vp and the force Fp

/

on the plunger were measured direct!y. The pseudo~-shear
rate at the wall y, is catcuiate& trom the volumetric flow
rate Q which Is in turn estimated from the olunger speed
'(Q='DP?VD/'4+1 uhére bp=dlametér of the piunger).' The app~-
.arent pressure drop AP through the caniliary is obtained
fromA;P=Fplw(pp/2)2. 8y mean; ot these two variabies shear

stress and shear rate at the wail are obtained as followss

i. Pseudo-shear rate ?a is calculated from :‘a =4Q/xR3.

-
~

2« Vatues of Qa.and‘fhe cornesponqing vélue§"of AP are
piotted for each casiitary kFig.k.3).

3. At arbitrariiy chosen values of+a s+ corresponding pre-
ssures are obtained and cross-ptotted again§? the L/D
ratios (Fige4.#) .

4} The intercepts on the abscissa give.Badlevfs end corr-
ect;ons’nhiéh are'used to estimate the true shear stress
t, via eq.(3.14f&-

S.tAFron«the.plot of"rw versus ?a (F&g.#;§)9 it is possible
to abtain the sfope of the curve at a given vatue of T .
and tge-{rqe shear rate ;w can be caiculated from eaqe.

(3.13). " - . [

B I L

. " : o e
D e g W

ih et 12
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The ptot of +w versus T, Is called the flow curve and

is shown in Figelhebe Vatues of AP, Yo 0 T, ? }w and swelling

ratio for all polymers studied are given in Appendi Xe

-
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400~ LDPE DHDY-6873
T=180°C
“CAP.DIE 90° D=0.I133CM
L/D
o) 24.76
O 20.00
300 & %.98
— v 9.89
‘o K 7.96 , -
@ ] 5.35 <
* 2.99
3
200}
00
A 3 } 3 )| 1
0 ‘ a 5

T, X 10 (Pa)

Fig.4.6 Plot of True Shear Rate vs. True Shear Stress



CHAPTER 5
RESULTS AND DISCUSSIONS

5«1 Reproducibility

The measurement 2f extrudate diameter was repeated four
times to check the reproducibitity of these values. Readings
on forces were obtained within 2% for atl dies white the dia-
meter.of tnihexfruume was found reproducible within 1%. A1l
measurements were taken i{n a standard way as.descrlbed in the
preceding sectione. It was observed that the draw down ef fect
by Qeight did not affect the measurement pf the extrudate dia-
meter. While the absoiute diameters of the extrudate might be
doubtful because of “frozen-in™ mechanism, the standard way of

measurement made the comparison between these values of diff-

erent capillaries sensidle.

‘- 65 -
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5.2 Power Law Approximation
The power law impiies that the fogarithmic plot of true
shear stress T  versus ftrue shear rate Y, (or ?wvs.ﬂ, } should

w

" be a straight {ine, Previouds study on low-density oolyethvlgnes
? Bt
and polystyrenes (60) showed that these polywmer metlts behave as

power law fluids over about one decade in shear rates but when

extended over several decadesy the plot is not usually straignht

(57,83) as iIndicated in Flgs.sfi and 5.2 for low~density poly~-
ethytlene and pojfystyrena2, Accordingly, the power ftaw takes the
form _of
Tw= K (W'f,, ) § (5.1a)
where K is the conslistency index and n Is the flow indexe.
Alternative representation of thé power law [s
Y= E (T, : " (5.1b)
nhere E=(i%) and m=1/n.
Bofh indices are temperature-dependent. The vaiue of K depends
on the arbitrariiy éhosen.standard state of~§; or T, 3 but y
is usuaily taken as 1 i/sec or T, as 1 Nﬁi . The va!ue; of K

and n for low-density polyethylene and polystyrene at different

temperatures and shear rate range are shoun in Table 5.1.

-
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By‘ueflnliioﬂ (3)y the apparent viscosity p for polymer
, a -

me}t is
T
w N N s
n == . ' . ) . {(5.2)
a 7'_ . .

- . Alsoy it has been suggested (83) that the temperature dependence

of n, can be expressed through an equation of the form of the

Arrhenius sguations

n, = byexplby/T) S . o (5.3)
where bfvapd b; afe constantsy T Is tne absofute remogré;ure.
Substitution of ege(5.2) Into egs(5.3) qives
| t 4, = byexplby /T) | | - | (5.4)°

At Yw=1 i/secs
T = K = b,exp (b, /T)- g . (5.5)
Thusy |

in K =.z;1 v /T : (5.6)
As sﬁ@hn lq§f§95.5.3 and‘ﬁiéy ;he~5int§ of'inK agélnst 1/1.
apnear to be s?;aiqh? Iines a??dlfférenf‘range of shear ratese.

o : 8

Agaln from egs:(S.ial and (5.2), one h;é_‘s .

n_ {;A ) =K (-} ) R ‘ - '  en
nhich is another representation of the pé#e%;!én ﬁopg{.l-It i;
obvious fron—Figs.s.i and 5‘2 ?haf the f!éu index lsrpof cons-

itan* oxer a nIde ranqe of shear rates, it decréa%es wifhvincqe-

‘VS;;L aslng shear Paf! and is !ess ?han uni?y - a characr istic of

-

1 . ~ DL

pseudop!astic f{aids. o, -

. .
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As the shear rate decreases further to an order of about

\

0.1 i/sec which cannnot be. achieved by the Instron caoillary

rheometer, the fluid is said to reach Newtonian region (84) and

the flow.lndex approaches unity} the viscosity Is no ionger &e—

pendent on shear rates - a characteristlc of Newtonian fluids,

{(Cafe Flgs.S,S and 5.6)+ The écnsisfency indei becomés fdenticatl

to the dynamic viscosity of.the Newtonian fiuld.
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5«3 Effect of Temperature on Exfrudafe'§ﬁeli
- The temperature deoendenqé a?.die swell f;r‘lo«-densl?y'
'-polyefhyiene aﬁﬁ Dolystvﬁene iéishoun.ln Figs.S.f to S5.12.

The folfowing conciusions can bde dra;n:' |

i. at cohstanr shear rate the swelling ratio decreases with

.. Increasing femp;rafure for both polymers,

'2. both the™critical shear rate ‘and the maximum ;tfalnable

die swell increase with tégoerature.for the two polymers,

3. dle sweil Is found to be almost independent of temperat-

ure at a fixed shear stress for both polymers,

. o 5 .
s the criticatl shear stress- is found to be about 10 Pa for.

the potvﬁers testéd and nearly independent ot extrusion

f;mpeqa‘uﬁe. | . ~ . . ' .

Concl;sions {1) and (2) are in definite agreement with
bulk of !ltéra?ure {1-3g7,35;5§),\buf disagree ;ifh Hbrle‘s.
.result for ;oﬁ¢dehsif§‘ooivet§v!ene (56). Ine.lafter author
‘falled to give ah explanation for the anomalous behav}or'f@é

this polymer - a branched polyrer .is-more complicated than

that of a linear one. However, the tow-dénsity polyathylene °

‘ ysed in the present study is also a Beanched polymer and to-

* -

gether ﬂ42549?0916JS expenlneﬁ}allrasu!fsa,lf-can,be araued

- that ﬂqriefs\éisuits>(§63 !Of lon-densify,oolyeth}gene is
. . - ‘ . - e - .

~ .

¢
1
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open to quastions™

Concliusion {3) agrees uifh Graessliey et al (35) and
<Sme|kov‘(8k)\but disagrees with Beynon and Giyde (7).
Conclusion (%) indicates absolute agreenent with Beynon

and Glyde (7)., Viachopoulos and hils co-workers (57-59), Horie

(56) and Huang and White (48).
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S.4%4 Effects of Shear Rate and Shear Stress on Extrudate

Swe il

From Fl1ase5¢7 to 518 it Is apoareat that
i. die sweall increases with snear rate
é. die swell also Ilncreases with shear stress

The present experinental iInvestigation with low-density
bolyefhy'ene and polystyrene was carried out in the temper-
ature range of 1686°C to 200°C for the former, 180°C ta 220°C
for the tatter sample., Excant for the polystyrene test;d at

3

22000, al! die sweli m2asurements were made up to the criti-
cal shear rate. It is believed tﬁaf dlstor;ion of the poly~-
styrene extrudate wili not be observed at this temperature
unless the extrusion rate be increased still further.

Within critical shear ratesy, the conclusions agree with
the bulk of titerature {1,2,7,8,44,54,56) and cgn aoply for

the polymers studied here.
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B LDPE DHDY-6873
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Fig.5.13 Dependence of d/D on Pseudo-Shear Rate for Low-
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LDPE DHDY-6873

B T=180°C
CAP.DIE 90° D=0.133CM
L/D
2.2 o) 24.76
O 20.00
O 15.98
— v 9.89
° 7.96
n 5.35
9
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X L
18
1.6~
1.4}

Z; (sec™

F1g.5.14 Dependence ot d/D on True Shear Rate for Low-
danslty Polyethylene
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55 Effect of Methods Measuring Extrudate Saei|

In the present study, three different techniques were
used to measure extrudate swell. In the first methody the
poiymer melt was allowed to cool in air and the diameter of
the frozen extrudate was measured using a micrometer.’” In tgé
second methody the polymer melt was extruded isothermally into
3 bath of silticone oil maintained at the extrusion temwperature.
The strand was suspended In the batn for asout 15 minutes,
removed and cooieé in air and its diameter was measured using
a micrometers In the tast mefhodv the samples were "anneated”™
in the hot oit bath to achieve a constant diametere. The ex-
trudates were removed, cooled and again measured with a micro-
meter. For all the technigues employed, the swetiing ratios
were corrected to the extrysion temoperature using egq.{2.8)
and compared.

Fige5.19 and 5.20 shoa the dependence of extrudate swell
on various method; of measurement a3t constant shear rate.
Table 5.2 Indicates a comparison of extrudate swell measure-
ments using different technijques., The following conclusions

can be drannt

i. For the low-density polyetnytene (DHDY-6873) and ootlysty-
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rene sampies, the axtrudate Snéll measurements based on
the three techniques show deviation from one to another
in the following order: ~
'lsofhermél > anneal > temperatura2 corrected
2« .The deviation In die swell measurement for-low-density
-polyethylene (DHOY-5873) Is targer than that for poily-
styrene in all techniaues emoloyed.

Concilusion (1) is in defiﬁlte agreement with previous
work by White and Roman (27), Utracki et al (48), Han and
Chartes {(47) and others (50,51).

Conclusion {(2) agrees with Graessiey et al (35) for
polystyrene and with Mendeison and Finger {52) for low-

density polvethyiene.

A\
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Seb CEffect of Capciltary Olmension on Extrudate Swetl

S«6e1 Deoendence 2f EXxtrudate Swell on Die Length

In Figse5.21 and 5.22 the swelling ratio manifests its
exponential dependence on the length-to-diameter (L/D) ratio
of the capiifary for tha polymers studied at different shear
ratess The following c?ncluslons can at once be grawnt
1. 3t fixed temperature and shear rate die swell decays ex-

ponentially with increasing L/0 ratios of the capiltary

dies,

2« the swelling index for polystyrene reaches an asynptotic
vatue at a L/D of about 14,

3« the die swell for low-density polyethylene decreases
rapidly with increasing L/D ratio up to a L/D of about 20
or longer.

Conclusion (1) is in deflnite agreement with the bulk of

titerature (27,37,38,45,46). Confirmation of conclusion (2}

is met by Graessley et al (35), Viachopoulos and his co-workers

{41). Conciusion (3) agrees with Hhite and Roman (37) but dis-

agress witnh Mori and Funatsu (42), and Han and Philipoff (43).

The latter researchers observed the dia swelt of polyathylfenes

becomes independent of the L/03 ratio when a valtue of about 20

is reached. The reason for this disagreement wight hav; come

from the tyoe of polyethylene samples used. Usually the mech~
)
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anism on die saell for polymers with jona-chiin branching is
more complicatad than f;at for tinear sne.

The reasan for this exponential decay can be explained
Juatitatively as followse Extrudate swell is refated to the
abjility of polymer melts to underao "delayed™ elastic strain
recoverye At the die 2xit the more strained and more entanglad
the meit [s, the more [t will swell. In 3 long capillary,

polymer mnelts undergo tensile deformation and bring adout dis-

entanglement. With targ2 geometric caoililary ratio (L/D),
viscoelastic fituid is only 3able to recover from shear strain
and the swelling ratios become gquite constant. With very
short capiltaries,y, the melt Is much more entangied and re-
covers from both shear and Tensil; strains. As a consequence,
extrudate swWwells increase witn decreasing L/) ratio.

5.6.2 D0Dependence of Swell ing Ratlo on Dle Diameter

The reservoir diameter, 0 of the Instron model! 3211

R’
rheometer used in the present study is 0.953 cm. Figse5«23
and 5.2% show the saelliing index as a function of capiliary
diameter. At constant shear rate and temperature die swell
increases xith the reservoir-to-capillary diameter ratio

(DR/D) up to a critical value 3and decreases thereafter for

both pblymers. The maximun attainable swelling ratlo is foundg

to be at the diameter ratis> of 10.3 for low-density polyethyi-
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ene and 10.0 for polystyrene.

There is no (iterature avajiable to date for these poly~
mers: for comparison; however, Han et al {85,86) have indicated
that for high-density polyethyiene, die swell increases with
DR/D up to a value of adbout 12, But no experinental investig-

ation has been done at targer DRID ratios using low-density

polyethylene and posiystyrene. Their claim\fnat the sweltlting
index tevels oft at higher diaseter ratios becomes olausibtie.
At the critical bR /D ratio, it can be argqued that the conical
zone of the converging fi{ow streamliines into the caoiltary
becomes free from the reservolr watl! effect resulting In a
maximum die swell.

5.6e3. Dependence of Extrudate Swell on Entry Geomety

{Entrance Angte)

The effect of entrance angyle “of the die-orifice on die
swell is shown in Figse.5.25 and 5.26., Notably, the swelling
ratio increases with increasing entry anglie for both oolymers
up to 158° beyond which value the die sweil drops (Fi3s.5.27
and 5.28). This conclusion is In good 3greement with Huang
and White (46). However, tne argument on this phenonmenon Is

not fully understoosde

>

h—
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PS
M, = 203,000 ﬁw/ﬁn=2.l4
T=200°C
DIE ORIFICE D=0.118 CM

8 (°)
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v (80
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Fig.5.26 Dependence of Estrudate Swell on Capillary Entry
Geometry for Polystyrene
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Fig.5.27 Plot of d/D vs. Entrance Angle 6 for
Low-density Polyethylene
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My=203,000 M4 =214

T=200°C
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Fig.5.28 Plot of d/D vs. Entrance Angle 6 for

Polystyrene
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Experimental investigations on die entry 1ow in melts
has been extensive (61,63,87,88)}. For tow-density polyethyli-
ene and polystyrene, it is known that vortex-tike flows in the
die corners increase in slié with extrusion rate. Bajley and
Shreiber (83), and White and Kondo (63) have noted a reduct-
fon in vortex size witn tapering angle at the die entry. The

vortices arise as a stress retief mechanism and thus accounts

for the exnserimental observation.

It is interesting to know that not all polymer melts ex-
hibit vortices. However, melits of fow-density polyethytlene
and polystyrene are known to have significant vortices (456,

63). T . ’



CHAPTER 6
ANALYSIS

6.1 Investigation on Bagley®s Expression (37) Relating Extru-
date Swelt to L/D Ratio
As discussed in section 559 the actual die sne}l depends
on the method of measurement. However, the relative change In
die svell measurement for the polymers studled is smatf~so that

.,

the effect of frozen~-in-stresses can be neglected. \\

~
~.

C N
s
In the evatuation of Bagley®s expression all the die swett——

measurements have been corrected top the extrusion temperature
using eq. (2.8).

Bagley®s expression (37) takes the foftlowing form?

{B ~ Bew) = (Bo - Be dexpl-C( L/R + e 11 (6.1}

By taking logarithm on both sides of eqg.{b.1l) one obtains

In (B - Bw) = In (Bo = Be ) = C{ L/R + e ) (6.2a)
Atternatively,
Iin (B - Be) = In (Bo -~ Be) - 2C( L/D + Nc )} {6e2b)
.-‘"\m,-
where Nc = {es2) =Bagley®s end correction factor (72). In the 1imit

when B+ Bo or in case of die-orifice L/D+ 0, Nc must vanish so

that

fim tn (B - Bw) = In (Bo -~ Be) (63)
L/D+0

- 108~



- 109 -

Plots ot Nc versus-pseudo=-shear rate are shown in Figs.bs1
and~é.2 for low-density polyethylene and polystyrenes The cons-
tant C has been suggested (37) to be independent of shear rate,
Ashear stress and resjidence time and dependent solely on the kind
of polymer used. By means of ea.kB.Z), the experimentail data for
the polymer studied seem to fit reasonable well. Typical results
are shown In Figsebe3 and be4 for low-density polyethylene and
Fig.b6.5S for polystyrene. AljJ the parameters involved in eqg.(6.2)
are summarized in Tabies 6«1 tp 6.3 for the polvymers investigated
at different temperatures.

For the low-density pofyethy lene DHDY-6873 tested at 160 C»
the data at different shear rates as shown in Fig.6.3 collanse to
form a singie straight line. However, at higher extrusion temp-
erature (e.g.200°C as shown in F;g.s.a) the data fal! apart
tforming a family of stralght tines. But the slopes of the
straight |1nes'and hence the constant C are found to be almost
the same. Thexwalue of 0 |ls aoproximateiy 0.072 and is inde-~
pendent of shear rate and temperature for the three low-density
polvyethyiene samoles studied.

Thé experimental data for polystyrene afso from a family

of straight {ines (Fi3.56s5)« However, the vatues of the para-

meter C are found to decrease with shear rate at three extrusion
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LDPE DHDY-6873
T=200°C
CAP.DIE 90° D=0.I33CM

Low-density Polyethylene at 200°C
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Table 6.3

Parameters of Egq.b.2 for LDPE
DFDQ-4400 £ DFDY-65600

T (%) 220 260
%a(i/s) 30 68 100 150 15 20 30 40
Bo 2.57 2482 2497 3.07 | 2.71 2.8 2.91 2.96
e: 1,62 1468 1472 1.78 | 1458 161 1.65 1467
Nc 2.67 2.97 3.80 3.88 | 3.05 3.60 4.35 4.90
c 0.071 0.070

¥ die swelil

at L /7 D = 24,76 1is assumed
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temperaturese.

Die smwell data for the polyethytenes studied are used to fit
Bagley*s exponential ejquation {29.6.2) and shown in Figs.b6.6 %o
6+8. However, the actual L/D ratios are reolaced by the eoff-
ective L/D ratios (L/D + Nc) to account for the entrance effect
(section 3.2.0). Notably, the data correlate reasonably well
with Bagley®s expression.

The vatlidity of the value of constant C in Bagley®*s de-
cavying equation to other lon-density pofyethytene samples nece-
ssitates further investigation. Bagley ot al (37) and Rogers
(3£) have indicated experimental data for the dependence of
extrudate swell on L/D ratio of capiltiaries. However, these
da;a are not sufficient to check the value of the constant C.

Extrudate swell is definitely an exponential decaying
function of some sort which can be represented by many types
of equatione. Apparentiy, there is no direct correlation based
on Bagley®s idea. It Is possible that a different exponential
formuiation wiltl be applicablie to the polvystrrene sampies but

unfortunately not known to date.
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be2 Prediction of Extrudate Swell HWith Long Dies

Recently Huang and White (45) experimented with poivyoropylene

and polystyrene melts using long stit and capillary dies. They
compared the results with the theories of sweli based on unconst—-
rained recovery from Poiseuille flow of Tanner {24}« Thevy arrived

the following expressionss?

= 1 NMy2 41/ tor capiiia (6e4)
Be = Buoyt, * {1+ (%} ° ry
w
1 Niw .2 1/u for sijt {6.5)
& B = BNewf. e 12 ( 1 <}
where BN wfls the swell in the Newtonian region {section Z2.2).
ewt.

BNewhis 0.13 for capillaries (19,20,90) and 0.19 for slits (90).
Huang and White (45) further emplioved the énolrl:a! power

lan retation (82)

N o= ATl (3.47)

1

for commercial polystyrene metts. 0Oda, White and Clark (82)
obtained~{he vafues of A and a to be 3.t.7><1u-3 (Pa)?-66 and 1.6
for moderate molecutar weight distribution polystyrenes,
6.h8x10v6 (Pa) and 2.0 for narrow distribution polystyrenes,

Substitution of 2a.{3«47) into ea.(beh) vields

Be = 0.13 + { +-:3-A2 (x 122" )1/ for capillary (6.6)

Folloxing the recent discovery of thermal extrudate swell
(29,30) {(to be discussed in the subseouent section), Viachopoulos

{390) suggested the folilomwing?

8 =8 +

- Newt. ' Belast.® Binel. (6.7)

Brelax.

which accounts for the wnechanisms reponsible for extrudate swell
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-—-

ingt A Newtonian sweilingsy 3 sudden etfastic recovery, an inetastic
{thermal) swelling and stress relaxatione.

~

Presentiy, fhere,ls no theory to estimate B However,

relax, *®
Its contribution to extrudate suell is small for polystyrene (35)
and low=-density polyethytene (52) melts but becomes significant
for high~density polyethytlene {27)e The contribution due to

thermal swell! reguires further investigation. Based on these

arguments, Viachoooulos (90) modified egs.{(b.4) and (6.5) so

that
- J  Niw 1241/6 ,
B = 0,13+ {1 + (—— )2} + B for capitlary {6 .8)
® 8 T, add
d  Miw oy : for siit {6.9)
B. = 0,19 + {1 + 12 ( T, )<} + Badd
nhere B =8 +B .
add inel, refax.

In éase where Badd Is reiatively smatil, the above equations
‘become identical to eqs.(6.4) and (6.5) respectively.

The first normal stress difference N, is also obtainable
through motecular weight measurement, As indicated iIn section
3¢3y

. = t_ Jo ‘(3:50)

w w

£ T11 = T22 = N1 = 2Jo <% (3.21)

w

where Jols the true shear compliance at zero shear rate, Oy

and T, are the recoverable Strain and shear stress at the wall

respectively. Graessley and Sega! {91492) carried out rheogon-
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-

iometry measurement!s on concentrated solutions and mefts of poty-

styrene and corretated Jo with the Rouse shear comptiance, JR' at

Zero shear rated
o = 2.2JR
1 + 0.347pk0

where E<;ﬁw/15500 and is the entanglement density at zero shear,

J

(6.110)

P is the density/concentration for polymer melt/solution, and JR

is given by (57)

L

) =2 Mz Mzev (6.11)

R ‘;v/ﬁié\\'EEEF
'here Mws Mz, and Mz+\ are the weight-, z- and (z+1)-average
molecuiar weights, T is the absolute temperature and Rg is the

gas constante.

Thuse Ny can be determined by means of the above four eqgu-
ations. However, the vatidity of these eauations Is restricted
to limited ranges., In addition, it is very difficult to accurate-~
ly measure the higher moment averages because they are sensitive
to the presence of minute amount of high motecutar talls.

Huénq and White®s epxpression for long capiflary (eq.b6.4) is
;va!uafed using the polystyrene data éf L/D=24. 76 and compared
with the models suggested by Graessley et ai (35) and Tanner (24),
ieee eqse({3.40) and (3.42). B8Bo%th methods of estimating N, are

employede. For the polvystyrene sample studfed, values of A and a
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in eqe(3.47) are 3.47x10"3 (Pa)?:%% 3nd 1.66 respectively.

It is obvious from Figeb6e.3 that the vatues of N; obtained
from both ﬁethods are comparable. The modeils predictinag die swell
do not corretate very well nith the experimental data. However,
Graessiy®*s exoression (eqe3.40) glves better approximations The
models ats?> oredict a lower value of extrudate swetlil. This re-
sult may have come from the fact that the contripution due to
stress relaxation and inelastic swelling, though smaltl, should
not be neglected.

-

Viachopoulos suggestion (eq.6.7) for the prediction of ex-
trudate swell with tong capitiary is true for all polvmer samples
However, there is no theory retating dle swell to stress relaxat-
fion?! it is worthwhite to took into this asSecf. The empirical
power |aw which retates N, to T may also hold for other polymners

other than poiystyrene, further investigation on different poly-

‘mers wilt be useful for future studies on die sweli.

.
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63 Thermal Extrudate Swell

Phuoc and Tanner (29) have recentlvy dliscovered that
Newtonian fiuidy whose viscoslty is temperature-dependent,
exhibits thermal extrudate sweil!l when the temperature differ-

ence between the centreline of the die and the wall! [s iargee.

The variation in viscosity Is given by

n =n expl - ¢ (T - Tw)) (6.12)
wheren 1Is the viscosity at wall temperature Tw 5 and ¥ is a

material constant. Their finite difference calculations have

~_

indicated that for moderate heating
B - BNewf. = 016 ¢ { Tmax - T ) {6.13)
For typical low-density poivyethylene viscoslity values and
usual extrusion céndi*lons a swetlling of about 70% was estimat-
ed {(29+30). This additive therma! sweil necessitates that the
theory on die swell based on elastic recoil mechanism should
be amended. Tanner {(30) suggested that the thermal extrudate
swell [s due to the increased resistance to deformation of
elongated filaments near the extrudate surface. HYe atso showned
that the swelling lIs predicted for power-{aw, variable-visco-
sity Newtonian,second-order ani Maxwel! flulds.

To investigate the order ot magnitude of thermal (inelas-

tic) swell, the viscosity-shear rate data obtained from i1nng
-
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capiltary {(L/D=24.75) for low-density polvethylene and poly-
styrene are used {Figs«.6.8 and 6.9). Values of the material
constant y at low and high shear rates at different extrusion
temperatures are shown ?n Tables 5.4 and 6.5« The temperature
rise due %o viscous heating when operatinag with Instron®s cap-

iltary rheometer is usually Jless than 1°c (67). The estimated

vatues of ¥ are small (<80.04) and by means of eqe{(6.13) the
thermal swell for the pofymers studied are found to be neqli-

gibte (<i¥%).
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bels Prediction ot Extrudate Swell With Short Dies

Based on dimensional 3analysis Huang and White (46) have
recentiy developed a new expression to predit extrudate swell
of short diese They suggested that extrudate swelt from short
capillary and stit dies should be determined from the character
of entrance flow since this the only flow history these melts
KNowe They used the Weissenberg number W2 to represent rheot-

ogical response so that

dimensionless ratlo of
Vch

tim B = B |+ hlch viscoelastic constitutive, 6 (6.14)
L-+0 ¢ parameters
-f
ch Vch _ o Niw . Niw
where We Loh -1'*,’w E;;E:YW 3§: (3.49)

The parameters in eq.(3.49} are described Iin section 3.3.

= t 4 Bdne obtains

. t
By assuming ch

= Niw {6.15)
ZTWYN
Nexty they argued that the ratio Vch/Lch should be given by

the elongation rate YEi siers

( vYch ) {be.16)

=y
Lech c Elc
where the subscriot ™c*™ refers to capiliary. The elongation

rate for capillary Is reftated t0 shear rate by

y"= 3YElc (617)
Previous studies on polystyrene (82) vield an empirlcal power

1an so that

a
Ni= ACT,) ‘ (3.47)
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From egse.(6.15) and (3.47), one obtains

— a_l.-—! (6.18)
+=431A ('rw ) Yy

By assuming that the flow In the die entry region to be
elongatjonal in character and shear flow contribution is smali
{see Fig«3.4) and that t can be eguared to effective refaxat-
ion time t ¢ for Maxwellian flulds, the unconstrained recov-

ery in the melt emerging from the die entry reqlion is, after

a minor correction,

1 +0.5 tetf YEIc J1/®
B=lTv -t %

eff 'Eilc )
Since one never has an infinite swellting, the condition

(3.53)

for the above equation to hold is that

tooes YEre < 1 (6.19)
Under the above constrainty e3.(3.53) was found to be valid&
ontfy at low shear rate reglon (<20 1/sec) for the polystyrene
sample studied. This argumnent can also be confirmed by com-
paring fheir theoretical and experimental swelling ratios at

higher rates as indicated in their paper (45).

By means 0f 2qS«(65.15),(5.17) and (6.18), the new model
for short dies is tested with the present polystyrene data and
is shown in Fig«bel1l0. The data corretate well!l at tow shear
rates (<20 i/sec) but deviate considerably at higher shear rates

{>35 1/sec). The reason the {atter phenomenon may have come
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trom the fact that the fiow in the entry regqion is -actusily etong-

I ":
ational and shear In character. Flow of this kihd is complex
P
A
and there is no reliable theory, which is based on the analysis

of this compination of fiow in. the entry region, to predict

exXtrudate swell.



CHAPTER 7
CONCLUSIONS N .

For the low-density polyethylene and polystyrene sampleéx
studied, the fofloming conclusion can be drawn? \

1. extrudate swel! increases with shear rate,

2. extrudate swell increases with shear stress,

3. at constant shear rate extrudate swell decreases with \
temperature buf‘the naxinuﬁ attainable sweit, before ?h; —
onset of meilt fracture, increases with temperature,

4. the ;ffec? of “frozen-ln-;fress“ on exftrudate swell is
not pronounced, )

5« extrudate swet! decays exponentially with the L/D ratio
of the capiilary dies,

be extrudate swelt! Increases with the reservoir-to-capi-

tiary diameter ratio up to a3 certaln value and decreases

thereatter,

P

7« sﬁETllng ratio increases with increasing entry ;nqte of
die-orifice up to 150° beyond which value extrudate
swelf decteaségo

8. ¢the parameter C in Bagley"s decaying equation ls.found to

be about 0.072 and is independent both of shear rate and

- 137 -



- 138 -

temperature for low-density polyethylene, but decreases
with shear rate at constant temperature and increases
with témoerafure at constant shear rate for polystyrene,

9. ¢the inetastic (thermal) extrudate swell is insignificant
for caplitfary dies,

i0. for long capiliary dies, expressions predicting extrud-
ate swell as suggested by Graesstey and Tanner ?;qefher
with Huang and White®s new modei are used to correlate the
polystyrene data. This new e%oression predicts stightly
better die swell than Tanner®s expression. However,
éraess!ey‘s egquation gives better apqraxinatlon,

;1. Huang and White's new expression for short capiilary dies
is applicablie onty in the tow shear rate reglon. It is
found that at shear rate higher than 30 i1/sec for the
pot ystyrene studied, the model does not correlate well

with the data.



CHAPTER 8
RECOMMENDATIONS

The mechanism ;f swell ing process 15 compiicated both with
short and {ong dies. The available expressions predict extrud-
ate swell reasonably welt at tow shear rate regjions onlyve. At
higher shear rates they do not correlate wmell with exserimental
results, The development of these exXpressions neglect the con-
tribution of swelling due to thermal swell and stress retlaxat-
jione Though thermatl swell is found to be Insignificant for the
polvmersrstudied“af low shear rate, it has not been justified
With other polymer samples at higher shear rates. Further work
in this aspect would be worthwhite. At present, there is no
reliable theory relatinag stress relaxation to extrudate swelf.
Extrudate sweil due to stress refaxation should not be neglect-—
ed at high shear.rate. Additional study in this aspect would
be useful.

Besides polystyrene samples no empirical power ifaw, which
refates the first normal stress difference to shear stress, is
available for other polyrerse To obtain a similar correlation,
experimental study on standard polymers such as polyprooylene,

tow~ and high-density potyethylenes will be necessarve. At~

- 139 -
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though Baglev's'de:avlng equation, which retates dle swell to
L/D ratio of capbiltary diesy could only be usaed for curve fjt-
ting purposes, it would be interesting to know how the pafameter
C in his expression varies with different polymers, and hence
with molecular welght and molecutar weight distribution.

More work on extrudate swetll wlth short dies would be of
practical importance for poi{ymer processing. In addition,
investigation of extrudate swell usina different die geometry,
such as slit (rectangular) and polygonal dies, would be useful

in the design of extrusion dies.
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NOMENCLATURE

constants defined by eqe{3.47)

cross~sectionat area of the capitliary

swelling ratio

values of B at zero andalnflnife transit times
constants defined by ege {5.3)

parameter in Bagley®s decaying eqe.{6s1) i
constantdefined by eqe{3.29)

Boitzman®s constant

di ameter of capitiary

diameter of plunger

extrudate diameter corrected to extrusion temperature
diameter of frozen extrudate

constant defined by ea.(5.1b)

force fieild

force on the olunger

force acting altong the axls of the cavitlary

shear modulus

relaxation modulus of the Voigt eterent
firsty, second and third strain invarjiant

shear compliance

- 141 -
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K consistency index

K decay rate constant

L length of capittary

Lch characteristic length

M molecular weight

Mn number-average MW

Mw ueighf-averaqe MW

Mz z-average MW

Mz {z+1i)-average MW

m constant defigg; DY eqe{5.1D)
N1 first normal stress difference
Na number of chains per unit volume
Nc Bagley®"s end correction factor
n flom index

P pressure

Q volumetric flow rate

R radius of capiltary

Re Reynolds number

TeBeZ cylindrical! co-ordinates

ro radlus vector defined by eqg.{3.51)
T absolute temnpoerature

tch characterisitc time
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-

1 average time of transit through the die

'fa votume-average transit or residence time

tzz tensile stress acting atong the capiitary axis

v velocity vector

Vch characteristic velocity

Vo ptunger soeed

W stored energy function

We Heissenberg number

Greek Letters ‘ \\
a natural flow angle

B oérame?er in ege(247)

Y shear rate

ia pssudo-shear rate

+Ez elongation rate

+w true shear rate -

A parameter in ege (2.7) ‘

n ,n viscosities of temperature-dependent Newtonian fluids

related by eq.{6.12)
n apparent viscosity
8 entrance angle of capiliary die

A square of swelling ratio
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A1,A2,3 principal extension ratios

My \ dynanmic ;iscosity of the dash-oot

1) dynamic viscosity of the Voigt element

p’ density of polymer melt at extrusion temperature
Py density of frozen poiymer at room témoerafure

c recoverable shear strain

o average recoverabte shear

oy recoverable shear strain at the wall

TrTryrT12 shear stress

: stress tensor

normal stresses

11,722,733

Tf tensile stress

T true shear stress

¥ material constant defined by eq.(6.12)

Subscripts

c cabitlary

s siit

- walt
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