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AB,STRACT 

The rheolo~ical characterization of a molten resin 

is an i.portapt element ~f poiymer Science and Engineering. 

In the present work th~ee low d~nsity POfyethylene film re-' 

sins manufactured' by three different companies were studied. 

and three rheologlcal properti~s were measured: firet normal 

stress difference, die swell and extensional viscosity. 
\ 

Methods for determining the first normal stress 

difference are pr~sented and the possible sources of error 

J, 1 ~~ discussed. The ex~erimental equipment and techn~que used in 

l ' 
this st~dy are de,ecribed ~ Experimental ~ata for the firet 

normal stress coefficient are compared ~ the predictions 

obtained by use of a method proposed by Abdel-Khalik, 

Hassager and Bird. 

The die swell' phenomenon ls briefly reviewed and 

the experimental equlpment and' technique are presented. The 

experimenta1 die swell data are used to calculate the first 

normal stress coefficient uSing,a the~ proposed by Tanner. 

SC'eady uniaxial\ extenaionall/flow i9 reviewed and 

the previous work on the measurement of extensionsl vis-

cosity is discussed. The experimental equipmen~ ls de-

scribed and some of the modifications made to it are dis-

cussed. Experimental resuJ.;ts for the strain rate and stress 
\ 

as a function of time for a stress growth experiment are 

presented and recommendations for further improvement of 

the apparatus are presented. 
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! RESU~E 

t 

La charactérisation rhéologiqu~ d'une résine 

fondue est un élément important de la Science polymér1que 

et du Génie. 

"ii~ '1 

Dans le travail présent on a étudié trois résiqes 

de ~olyéthyl~ne à faible densité fabriquées par trois d~ffe

réntes compagnies et trois propriétés rhéologiques ont éte 
/ 

mesurées: Différence des contraintes normales principales, 

gonflement du filament et viscosité extensionne11e. 
" Les méthodes pour déterminer la différence des 

traintes normales prt~cipa1es es~ présentée et les sources 

possibles. d'erreur dis~utées. Les résultats exp~rimentaux' 

pour le coefficient des contrai1ptes normales'.~.rincipa1es sont 

" , " compare. av~c les predictions obte~ues par 1 e~~loi d'une mé-, 

thode prop~sée par Abde~-Kha1ik. Hassager et Bir~. 

Le phénomène du go.flement du filament est_repassé 

brilv~ment. l'appareillage exp'rimenta1 et la technique sont

presentés.,Les résultats expérimenta~x du gonflement du fila

ment sont employés pour calculer le coefficient des contrain

tes normales principales employant une théorie proposée par 

Tanner. 
"~ 

" 
L'ecoulement en extension uniaxiale en rég~me per-

manent est passé en revue brièvement et les travaux faits 

auparavant sur la mesure de la viscosité extensionnel1e son~ 
l , 

discutées. L'ap arei~lage expérimental!est décrit et quelques 

unes des modifications faits à ce dernie~ son discutées. Les 

résultats ~xpéri entaux pour la vitess~ de déformation et de , 
contrainte comme une' fonction de temps pour une exp~rience 

de croissance de contraintes sont présentés et des recommen

dations pour l'am lioration de l'appareillage sont données. 

, ' 
___________ LC __ ~. ~ _____ . __ 
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RESUMEN 

, 1 

es 

La caracterizacion r'eolog}c~ de una ,r~sina fundi,da 

de gran importanc~ para: una ,JIlej'o'r comprension -de' fo&-.~.p.ro-

cesos poliméricos. 
\ 

El presente trabajo estudia tres propiedades reolo 

gicas de t res polietilenos de baj a dens idad p roduc ide s po r 

diferèntes companias. 'Las propiedades estudiadas son: Dlfere~ 

cia Primaria de Esfuerzos Normales, Die Swell y Viscosidad 

Ett.tensional. 

Una breve revisi6n de i.s métodos,e,pleados para 

determinar la Diferencia Primaria de Esfuerzos Normales es 

presentada Jnfatizando los problemas experimentales existen

tes al 1levar a cabo estas mediciones. Los datos experimenta

les. de la Difer'encia Primaria de Esfuerzos Normales son com-
'. 

parados con las"predicciones obtenldas a partir deI m~todo 

propuesto por Abdel-Khalik~ Hassager y "Bird. 

El fenomeno de Die Swell es Aiscutido y el equipo 

experimental es presentado. Los datos experimen~ales de Die 

Swell son empleados para calcular la Diferencii Primaria de 

Es fue rzos No rmales pOt; medio de una 'teoria p ropues t a par 

Tanner. 

El Flujo Extensional Uniaxial y l~s estudi08 ~nte- ) 

riores sobre este tema son :revisadosbrevemente. 'El equipo' 

experimental es descrito y -varias modificaciones al mismo son 

propuestas para obtener datos experimentales de'mejor calidad. 

/ 
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1. 

CHAPTER 1. INTRODUCTION 

t 

l "'I! 

1.1)'Overvlew of the Study. 

The rheo~ogical characterizat10n of a resin has several 

important aspects in the field of Polymer Science. 

It ia essential to test the app1icability of the theor-ies 
1 

developed to explain the behavior of different polymerie materlals 

under different fl.Jw patterns and to ,point out their relevant and 1/ 

weak points. 

It ls very important in the design of new equlpment for 

polymer processing operationA. ,. 

" l t lB impo rt an t ln the be tter unders tandin g 0 f the poly--

mer processirtg operations since it helps to Beparate t~effects of 

the parameters of the process from th,ose of the material. 
1 

Rheolo,ical properties are a1so useful tools ln the com--
\, 

p a~i'son and charaeteri zation 0 f resins. the materlal fun c tions me a-

sured can be used 8S a basis for empirleal correlations or quality 

control procedures. 

The purpose of this work is ta study three rheological 

properties of t~ree LDPE film resins~ manufaetured by different eo~ 

panies. The rheologieal properties studied are: 

First Normal Stress Difference 

Die Swell 
1 

Extensional Viscosity. 

1 
1 
1 

, 
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Chapter 2 discus~es the methods and possible sources of 

error in the measurement of normal s~res,es. Chapter 3 presents 

the experimental equipment and experlmental technique used for the 

normal stress measurements. The first nor~ stréss coefficient i9 

calculated and' compared with t'he prediction of the theory proposed 

by Abdel-Kha1ik, Hassager and Bird, l based on' the Goddard-Miller 

equ~tion of etate. This model is introduced briefly in the last 

!section of this chapter. Chapter 4 reviews the qancept of Die ~well 

and the methods used to measure it. ·Chapter 5 presents the experi-

mental equipmént and,technique used in this work to measure the 

die swe11. The, die swe11 data were used ta test the predictions of 

the theo ry praposed by Tanner. 1,2 Chapter 6 is conce rned wi th 

\ 

steady uniaxia1 e1ongationa1 f10w and the work done p revious1y to 
\ 

\ 

measure e1ongational viscosity. Chapter 7 describes the experimen-

tal equipment and techniques used. Experimental results and recom-

" 
mendations for the tmprovement of the present equipment are ~iven. 

, 1.2) Description of the materia1s studïed. 
", 

, 
Three LDPE resins were studied. For convenience, they 

will be referred to by use of their inventory numbers at the McGill 

Po1ymer Engineering Laboratories. 

Resin 1 

Res in 1 ia a film grade LDPE restn made by, means 0 f a 
J, 1 

low pressure copolimerization proce88 by Dupont of Canada,Ltd. 

The trade name i8 Sclair 1~-llE. Some of the characteriatics of 



1 
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3. 

(: the resin are listed below: 

- 3 
Density: 0.9197 g/cm 

Melt In~ex: 1.6 g/lOmin (1900 C) 1 
~ • Narrow Molecu1ar Weight Distribution. 

1 
Rod climbing'studies were performed on this resin ~~. 

3 \ 
T.K.P~ Vu • It was found that the height ls proportional to the 

square of the angular velocit~. 

Resin 9 D 

/ 

Resln' 9 ls a film grade LDPE res in made in a two a t age 

,autoclave by CIL. The trade name ls Polythene 560D. Some ~f the 

characteriètlcs of the resin are l~sted below: 

Density: 0.925 g/cm3 

Melt Index: 2.0 g/10 min (1900 C) 

Medium Molecular Weight-High b~anching. / 

Resin 10 

Resin lois a film grade LDPE resin made in a tubular 

reactor by U1110n Carblde of ..,Canada Ltd. The trade name la ,DFDQ 4400 

Some of the properties of the material are given below: 

Densitl: 0.918 g/cm 3 

, / Meli Index: 2 g/lOmin (l900 C) 
\ . 

Law Molecular Weight and High long chain branchlng. 

Unmodlfled. 

Il 
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, 
J 4. 
/ 

Rod cli.bing studies were performed on this 

-1 

resin Jy 
• 

T.K.P. 
3 ~ 

Vu • It was found that th~/height was larger than for 

Resin 1. No satisfactory ~orrelation between height and angular 

velo city was found. 
, 

Large amplitude oscillatory shearing studies were done 

on this 
4 \ 

material by T.T.Tee . It was found that thcis material ex 
f 

hibited highly non linear viscoelastic bêhavior. 

lL3) Goddard-Miller Model. 

The re~ults of the viscosity. normal stress difference 

and die, swell experiments were compared by use of the Goddard-Mi 
1 

11er rhe~1ogical model. There is given below a brief review of 

the model. 

The centrai problem in describing the fluid dynamics 

of non~newtonian fluide is the quest for an analytical exp~e---

/ 8s10n for tne stress tensor ~ • Obtaining an appropriate expr~ 

-
ssion for T is extremely difficult as non-newtonian fluids are ... 
known to dlffer qua1itatively in many way~. from newtonian fluids. 

A complete expression for the stress tensor ~ has to'be able to 

account for a1l the phenomena exhibited by thi~ type of fluide 

Among these effects we can mentiQn:Shear %ate dependent viscosi-
1 

ty; normal stress effects in steady shear flows; transient res
/' 

( ponse in unsteady shear f10~s; die swell and rod c1imbiri~. 

o 
li i 
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~ / 

The ,q ues t fo r consti tuti ve eq ua tions 0 r rheologi cal 

"' equations of st~te. a~ the ~xpressions for the stress tensor l 
1 are often called, has been going on for some time. Over a ce~ 

tury aga, Maxwell observed that for incompressible materials~ 
Newton's law of VisC08i~y and HoolQl/s law of elastic1ty can ,be 

'/ 
combined to gi've: 

(1) 

Th1s 1s the s1mplest equat10n for a linear viscoelastic flu-
, -

id. We know that viscoelastic materials are very complex and 

ve wou1d expect to have severa1 time constants (Àk ) and vis

cosities (n k ). This can' be done by superposing equatione of 

the form of eq~ation (1) as shown in equations (2): 

T --

~k 

00 

I: 
k-l 

.Ik 

t 

( , , 

1 

, 
1 

al.k 
À / 
k/7. 

/ 

" 
(2) 

" \ ( .. - nk l 

Alternative forma of/ equation (2) are obtained by perfor--

ming succèsive differentiations to sive equation (3) 1 by i~ 
\ 

1 tegrating to get equation (4) or by inteS/ratins the latter 
, 

( 

by parts to .et equation (5). 

/ 
/ 

/ 

/ 
/ 

, 
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• 
} 

00 

( 1 t E 
n-l 

ft 't - -00 

t { 't --f .... 
-00 , 

, ______ "_ .... ~ __ '_' ____ M • ______ ---.......,......,-....~ __ ~ 

00 nk { 1: -,;- exp ( 
k-! K 

00 nk 
L exp ( 

k-! À~ _ 

-

-

-

00 

'lo ( 1 t I: 
n-l 

b 0 

n 

t-t' } • X ) y(t')dt' 
k 

t-t')} • y(t')dt' 
Àk 

··1 

6. 

( 3) 

(4) 

(5) 

To Aevelop non linear viscoelastic constitutive 

equations many investigators have chbsen ta begin ,Wlth:~~~ 
, \ 

of the abo~e linear viscoelastic expressions but 'formulated 

in terms of a special coordinate syste~which mdves with 

the fluid element. 

A number of rheological equations of state have 
/ 

been formulated by use of a convected co<?-rdinate system, as 
/ , 

'5' , 
originally proposed by Olroyd • In such a coordinate sys--

1 

tem\the coordinate axes translate~,~otate and deform with 

the fluid element. 

An alternative procedure is to use a co-rotatio-':' 1-' 

nal coordinate system. In this coordinate system the coordl 

nate axes translate and rotate with the7fluid element. This 
~ 

approach yields different models more ~ttractive in some 

respects, as covariant ,and contravariant tensors in a co-r~ 
·11 

tationsl coordinate system both reduce to same result.when ' 

. J 

l ' 

1. 
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referred to fixe~ cqord1nates. 

.. If we consider the co-rotationsl analoga of equa-

tions (2) and (4) we obtain alternative expressions for what 
t: l . J 

1e calI ed the gene ralize cl ZFn '{1;aremb a, Fromm, DeWitt) mo deI. , 

00 

l exp ( -
\0 

)} r' (t')dt ' 
-*\ 

\ 
\ 
\ 

(6) 

(7) 

where D/Dt ts the co-rotationa! or Jaumann de\ivative and 

fI ia the co-rotatihg r~te of deformation ten~r. - \ -
Goddard and Miller6 went one atep bey~nd equation 

(7) and replaced the quantity in braces by an ar~ltrary fun.!:, 

tion of ( t-t ' ). 

"', 
\. 

t (t-t ') Î' 1 (t')dt' t [00 G1 - -,., 

OT 

00 . 
or .,.. 10 Gr (s) r (t-s) de - -

1. 

(9 ) 

Equation (8) or (9? ia known as the Goddard-Miller Model. 

Goddard 7 has demoatrated that the simple integral in equa-

tion (8) ia the firet term of an integral expan~ton for 

~<.; 8 have the simple fluid of Colemann and Noli. Bird, et 8\.1.., , 

.. _. 

l , 
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c shown that the first term of this expansion pre~icts beha
~ 

vio'r more consistent with experime,ntal observations than 

the first terms of other integral expansions. 

The Goddard-Mitler mode1 can be used ta derive ~ 

many relations amons measurable rheological properties. 

For example, it has been ahown 8 that non-newtonian visco-

8. 

sity data can be used to predict-normal s~resses using an -

o 

empiricism ~ased on an analytical relation obtained from 

the Go ddard-Mil1e r 

e (r) 
It- 00 

-Jo 
1T 

1 
--1T 

• l, f 
model. These r~lations ':t are":"'" 

n(x} nCr') . 
dy' 

(y)2 ·2 - Y 

J~ (i')2 e(y') 'dy' 
(y')2 _ y2 

ù 

1 

.l 

Y > 0 (10) 

. 
y > 0 (11-) 

\.\ 

! " 

, 
" 
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CHAPTER 2. METR'ODS FOR MEA~ URING NORMAL STRESSES. 

1 

2.1) 
,1. 

Introduction. 

/ 

A vlscometric flow is a flow in which the 'deforma-
1 .. 

tion, as 'seen in a, co-rotating frame, la indistinguishable 
, t.t'I 

from simple shear. Simple shear ia a unidirectional f10w 

with a linear velocity gradient. If the velocity ls constant 

wlth time, the motion is called steady simple shear. The 

flow kinematics are described by: 

(12) 

-
• 

where y is a constant called the shear rate and 1 denotes 

the direction of flow and 2 the direction of the velocity 
1 1 . 

1 
gradient. In steady simple shear the general form of the 

\ 
stress tensor 1s: 

Til T12 0 

ol .... (13) 

'0 0 '1: 33 

Since the deviatoric stress tensor is s!mmetric 

we can rewri te i t as: .J' 
'1:11 '1:12 0 

'1: -- '1:12 '[12 0 (14) 

o o '1: 3 ;1 

(. . 
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10. 

It wou~ appear that there are four quantities which we 

could measure in a steady simple shear experiment. But we 

canno~ actually measure the deviatoric stress tensor ~ but 

on1y the to~ai stress tensor ~. The deviatoric stress ten-

sor differs from the total stress tensor by an undefined 

isotropie contribution • 

We cal elimin'ate the 

fe rences. i 

TIl 

TIl 

'[22 

a .... 'f 
-;a -

isotropie 

'[22 

Tsa 

'[ss ... 

pl - (15) 

... 

contribution by taking dif-

al 1 - 022 

ail Op (16) 

022 o a 3 

It Is obvious that only two of these three differencei are 
'w 

independent. So we choose two of these quantiiies and we 

call them 

Il 

N l - ''[ Il 122 1 First Normal Stress Difference 

(17) 
Second Normal Stress Difference 

l ' 

Now we have identified three measurable quanti~-

ties in viscometric flows 
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/ 

These quantities are functions of the shear rate, 

and these funct10ns are dalled t~e ~i8cometric functi~ns. 
They depend also on the,mater1al subjected t~ the viscome-

tric flow. 
, 

It i~ common practice, ta report values of these 

material functions in terms of the follaw1ng ratios: 

• '[12 

11 (y) . Shear V1scosity 
y 

6
1 

(yi) _ NI 

.2 
First Normal Stress Coefficient '(18) 

Y 

. N2 
a2 (,y) - .2 

Second Normal ~tress Coefficient 

Y 

Msny f10ws of practical interest fall into the 

category of v1scometric flow8. Among them the more rele-

vant are: Poiseuille flaw~ Couette flow, cone and plate 

flow and torsionsl flow. 
<> 

In the late 60's and early 70's much work wss 

done ta study the normal stress differences exhibited in 

viscometr4 flow by po19meric\m~terials b~th in solution 

and melt form. 1 -

The purpqse of this chapter, ie tQ give, a brief 
~> -~ '\, , ,! 

\ reviewo"',of the metho~ds"a~~ equipment used ta measure the 

first normal stress difference and to ~omment about the 
, 1 

, 
conditions r~quired for a ~eaningful measurement and the 

'\, . 

p roblems and sources 0 f error encountered-·iit.'~,e~ch method. 

f. Mr 

-, 
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A very go~d reference on this subje~t ~f rh~ometry ~s the 
19 

book by Walters 

boonded 

ches the 

. 
'. 

2.2) Cone ànd Pl,a~,~", Flow. , 

Cone and plate flow is obtained 
1 

by a fIat plate and - ... a cQnvex C one 

plate. A cHagram 0 f the 
~ 

cone and 
WJ , 

in the regiQn 

whose apex tou-

plate geometry 

12. 

is 

shown in Figure l. The cone ro ta tes wlth a rotational speed 

n and the plate ls held stationary. 

Co ne and plate flow c'an be~onsidered as vlscome

tric fl~w if the inertia terms in the Cauchy's equation are 

neglected. The kinematic,~escriPtion)Ff the flow i8 given 

by, 

.u~ - Or , 
~.' \ 

(19) • ' .. 

uâ - u - 0 r ,., 
using a spherical coordinate system. 

A detailed analy~is of the flow ~n a cone and 

plate geometry based on the following assumptions 18 'gi'ven 

in the Appendix 1. 

~ssumptions: 

a) Inertial ef fects, are negli'gib'le. 

b) The cone angle is very small. This enables uS to 

assume that the shear rate ls constant throughout 
" 

the gap. 

, \ 
," 

'1 

\ 
j 

f 
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Geometry.' 
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c) . ..,ihe cone and plate h-ave' infinite dimensions. 
\ 

d) Steady simple shear flow is the flow regimë up 

to the free surface • 

. e) Surface tension forces are negligible. 

In this section we present a summary of the e-

, 14. 

quatiom for the material functions in cone and plate flow. 
\ 

\ 1 

• n 
y = 'PO Shear rate (20) 

T12 
-3M Shear ( 21) stress 

2'ITR ~- # 
\ Tu 

n(y) 
\ 

-= 
• 
y Shear viscosity \ ( 22) 

• 3M'Yo l n(y) 
2'ITOR 3, " 

. 2F 
N,l (y) TIl - T22 - - First Normal 

7T~2 St resa Difference (23) 

dOse 
{ 

. . 
} - Nl(y) t 2N 2 (y) d ln r Second (24) 
Normal Stress 
Difference. 

where 1 denotes the $ coôTdinate, 2 the e coordinate and 

3 the r coordinate of a spherical coordinate s~stem. ,~ 

It can be seen that the viscosity and the first 

" \ normal stress difference can be computed directly from the 

ge~metrical factora of th~ cone and plate, the rotational 

speed of the cone or p~ate and the measurement of the 

torque and normal force. This ia not the case for the se--

:: 

W 
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cond normal stress dlfference because we have to know the 
/ 

15. 

distribution of cree 'as a function of the radius of the plate 

in arder to use equation (24) to calculate N2 • 

Experimentally, this la done by placlng pressure 

transducere at different radial positions on the plate. This 

method introduces an important source of error in the measur~ 

ment. the so ~alled pressure' hole error, Jnlees flush-mounted 

transducers are used. We will not di~cuss this effect in fur-

ther detail sinee the present work la only eoncerned with 

first normal stress measurements. 

The equations summarized above are based on certain 

assumptions made,concerning the flow field. If this flow 

field is not' reproduced in the expe'rimental instrument these 

equations are not valid. Therefore, the following discussion 

is designed to point out the sources of ,error of the appara-

tus, their cause and elimination. 

Sources of Error in Cane - Plate Rheometers.' 

Cane Angle. 

~, 

In arder ta get meaningful experimental results 

in the cone and plate flow a constant shear rate must exist 

throughout the fluid and therefore a constant state of 

stress. This assumption is dependent on the cane angle. The 

cone angle has to be small in arder for the assumption of 

__________________ ~·~'.~.~.M~'~"~.~~,,~j_)_. ____ ------------

\ 

1 
j 

t 
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~ 
constant shear rate to ho1d. 

10 
~odge made experiments with different cone an~ 

gles varying frpm 1 to 10° an/d found that the error involived 
l' 
; for cone angles employed in commercial eq uipment can be to1~ 

-
rated since they are within experimental erro,r. Table l, 

~ 

shows these resu1t~. 

. 
formula Cone Angle Variation of Shear Error in using 

(0 
t ,rad) Rate aeroes Gap(%) y - OH o 

(% ) 
, 

1, 0.017 0.03 0.02 
-

/ \ 

2, 0.034 0.21 ... 0.08 
, \ 

3, 0.052 0.28 .0.18 

4, 0.069 0.49 ... 
0.'32 

1 -

5, 0.087 
\ 

O. 77 0.50 

7, 0.122 1.50 '- 0.98 
-

10, 0.174 3.10 2.00 

Tab~e 1. Variation of Shear Rate aeross Gap. 

Inertia Effects. 

Another possible source of error is the' ass'umptio'n 

that the inertia terms of the equations of motion can be ne-
, 
glected. It can be shown,that the simple shear flow proposed 

for cone and plate geometry is not compatible with the gover 
fJ » -

ning equations of motion when- the inertia effects are not ne 



i 

1< 

o. 

giigibie. If these equations are to be made compatible we 
J , 

must take into account the ocurrence of secondary flows. 

This effect can be critical for the case of low viscosity 

materiais or materials being sheared at high speeds. Th~ 

distortion of the flow field consists of a slow circulat~ 

ry f10w r~dially inwards slong the stationary element and 

radially outwards on the rotating ele~~ut. This flow pat: 

tern gives rise to a radial variation of the nbrmal stress 

on both elements with a minimum at the axis of rotation. 

A qualitative measure of the importance of this 

effect can be obtained by using the definition of the 

Reynolds number for cane and plate flow 

Re ' cp 
(25) 

Since the Reynolds numb'er represents the ratio of ine rtial 
~ -

to viscous forces, a small Reynolds number would mean that 
~ , 

17. 

the inertial forces are sm~ll compared to the viscous ones. 

For the experimental conditions encountered in the case of 

polymer melts, the Reynolds number ia, in fact, a smaii 

number. For example, with a cone and plate 50, mm. in dia-

~eter and Otl rad cone angle and assuming a rotational 

speed of 1.0 rad/sec, t'he Reynolds number for a LDPE resin 

o -6 at 180 C is of the order of 10 • 

.. 

\ 

----------------------------------__________________ .............................. r~ 

.\ 
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Finite Size of the Fixtures. 

, .. -; ',,-r _.:--

The assumption that the cone and plate have infi 

nite dimensions leads to another possible source of error. 

The finite size of the fix~es ~an cause an êdge effect 
" 

known as shear fracture inst~b!lity.Most of the work done 

Il 
on thi~ particular effect has been carried o~t by Hutton 

It Is observed that 'an instability occurs in the cone and 

plate flow when a certain critical stress ls reached.This 

instability causes the stress to fall rapidly and the higher , 
the shear rate the shorter the time before the fall occurs. 

When the streSs ~alls it tends to oscil1ate consid~rably. 
1 

The fall of the stress is due to a fracture that starts at 

the periphery of, the sample and grows inward.This ,fracture 

tends to decrease the effective radius of shearing.Some re 

cent experiments done by Gleissle 12 indicate that these 

instabilities may be the cause of the phenomenon of Stress 

over&hoot.Hutton a1so suggests that this fracture depends 

strongly on the elSfticity of the material. 

Also related to the fini te size of the fixtur~s 

are the surface tension and free surface shape effeFts. 

The sur\face tension effect depends to some degree on' the 

characteristics of the' test fluid an"d the instrument meÏn-

bers and to a large extent on the relative total normal 

force values ari~ing from the true normal stress effects. 

It can be considered that for highly elastic materia1s 

that genarate normal stress effects the surface te.nsion 
\ 

"", 

",...., -

,1 

'1';/ " , . 
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can be negleeted as a possible source of error. 

Ginn and Metzner13 have shown that n~rmal force da 

ta are nat dependent on the configuration on the bounda~y 

but mainly on the changea of ~ontact angles between the fix-

tures gnd the test mater1ar. This effect appears only during 

the startirig and stopping of the rotation. 

• 
, 

Vis cous Heating. 

In any real situation where there is v!scous ahear 
, 

flow of some mater1als, there 18 viscous dissipation of ene~ 

1 
gy. The work expende~ in shearing the fluid is transformed 

to int'prnal ener,8Y whieh causes the ternperature of the fluid 

to rise. If the flow,boundariea are maintained at constant 

temperature, temperature gradients will develop in the 8yS--

tem. These gradient~ must be minimized or corrections should 

be applied aince the viaeoaity of most polymerie materials ' 

is highly temperature dependent. 

The rate of energy generition by shearing work per 

unit volume of fluid in simple shear flow ls given bye 

Rate of ènergy generation 
Unit volume - . 

Vu ... 1"12Y 

, (26) 

. >'J 

I
l:,J 
.' 
, \ 

:,1t: 
","" 
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From this expression it 1s clear that an inerease in eithoer 

viscosity or shear r~te will glve rise to an incre~se in the 

rate of energy generation and therefore to temperature gra--

dients. Considering the flux of energy going out of the sys-

1 
tem suggests that low thermal c'onductivity and large distan-

ces for heat flow to the isoth~rmal baundary will give rise 

tp large temperature gradients. 

Polymer melts generally have low thermal canduc-

tivity. Therefore in arder ta mlnlmize the effects caused by 

viscous heating it is important ta employ weIl th'ermostatted 

test fixtures with 8 small gap and to wark st low $hear rates. 

Error Sources due to Apparatus Imperfections. 

The points discussed above were concerne~ mainly 

with the validity of the 8ssumptions i~ the development of 

the equatione governing cpne and pl ate flow. Some othe r p ro-

blems can oeçur due to imperfections in the apparatus. 

Axis of Rotation not perpendicular to the S,tationary- Plate~ • 

• i 

If the surface of the ro ta t in g e'lemen t is p e rpend.!. 

cular to the axis of rotation but the stationary element 18 

not, the resultlng non-parallelism of the two elements results 

" 
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in a converging flow in one half of the sap and a diverging 

flow in the other half. For the case of a viscous liquid in 

a narrow gap thls non-parallellsm can give rise to a large 

pressure maximum in the region of conversing flaw and an e-

qual!y large pressure minimum ln the region of diverging 
1 

flow. This is sometimes called the wedge effect. This effect 
1 

can be eliminated if an average is taken of the normal for-

ces reco r ed wi th twa d'irect !ons of rotation. 

Axial Mavement of Ratating Member. 

If th~ bearing is not perfect th~ ratatipn of the 

shaft gives rise to a very sma~4 periodlc axial movement of 

the shaft and its attached element. This gives riser',to a 
1 

,small periodic mavement of the fluid in the gap between ro

tating 'and stationary elements. Because the gap is smaii 

and the area of the rotating element 19 large this small 

movement can give rise to large periadic stresses. It has 

10 been propased that the equatian 

'tjj - { l 
r 

1 
, , 

, (27) 

where t jj is the stress contribution fr~m the axial move-

men t , u is the Instantaneous speed; that s~parat~s the ele-
1 

" " 

, , 
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ments and TR is the stress at'the rim, can give a good ap

proxim~tion to this effect. 

This effect will cause a flow that will be supe~ 

imposed on the (impie shear flow arieing from the rolation 

and therefore wilL make the assumption of simple shear flow 
, ' 

invalid. Sin~e this flow iB of a periodic nature and in 

" most cases unsymmetric it has'been shawn that with the 

fluid in which'the viscosity depends on shear rate the aver 

age value of Tij - TR is different iro~ zero. Ho~eve~, 

this variation is small compared with the amplitude of the 

" stress variation and in most .cases ean be neglected. It fs 
, / \ 

important ta po~nt out that sinee the stress T
jj 

depends on 

the cube of the cane angle, the use of a very small angle 

could give rise to variations that are not negligib!e, 

2.3) Othe r Methode. 

Althou~h cane-plate f!ow has b~~n preferred as 

the method for m~asuring normal stress differences, severa! 

other flows have also been used. Several of these,sre des-

cribed below. 
- /'~, 

<, 

Torsiona! Flow. 

, l 
Torsional flow is obtained' in the -dise shaped re-

8ion between two parallel plates, which rotate'in their own 

\ 



(
~ 

'. 

! 

i 

( 

III 

__________ ~_~_~ le~~~.jWJ8 .. I .. • 

- ~ .fi 

r-r-- -.- . 
R-'! 

1 , , 
1 

(e •.. " . . . .. . . . . . . . ... ~~: :: .. ~: .. :::) 

1 

1 1 

1 

~ 

~M 
Fig.2 

Para"ebl Plates 

Geometry. 

_ z 

"Ii ~ 

1 \ 

l' 

-

! 
h 

T 

23. 

'. 

, . 

, , 

" 

.l-

i 



~' 
~~ 
t 
" 

t 
r, 
~, 

E 
~ 

~ . , 
~. . ; 
" 

~ 
1: 
~-l' 
~ 

~ 
~ 
~. 
t 

. -. 
r 

-'~~~'''''~'''!'I'l'1~,,,.,,.'i''''''''''_ '101\43" l' , ........ iJfI\5OGi.IIIIUI!JI.iM:'_a 'l'ICII1'I~II":;"i'll'~Wj_.ŒA 11&4i!I!r;;liI,.,;Jili~...,..· 

c 

, \ 

o 

24. 

plane with an angular velocity difference ~n and are sepa-

rated a distance h. A schematic diagram of the paral1el 
\ 

plates ,geometry ia shown in Figure 2 • 

The kinematic description of the flow is given 

by 

u 
r 

-
u z o 

(28) 

)JI 

using a spherical coordinate system. A detailed analysis 
i 

9 of this type of flow is given by Wal ters 

The basic equatio)1s relating the viscometric . 
funetions to messured quantities are: 

\ 

• 3M { l t dlnM } n(y R) 1/3 . 
3· dlnYR 21TR -Y R 

(29) 

. 2F -{ 1 t i dlnF } - { NI - N2 } 1 • ~ • 
dlny R YR 

(30) 

It can be seen from the above equations that 

the computation i9 not atraightforward as in the case of 

"" cone and pl~te flow. The eva1uation of the viscosity requ! 

res differentiation of the experimental data and fpr the 

normal stress differences, equation (30) has to be used in 

conjunction with, 'for example, data from cone and plate 

flow. This can be done sinee both f1çws are viscometric, 

therefore the viscometric funetioos are the same. 

t ' 



~--_._-_ .................. ~ ........ _-

It c<1ln he said that the parallel plate flow suf-

fers from the same sources-of err~r ( of course not on the 

cone angle) as thE7 cone snd plate flow. It 19 also known 

that inertial effects[and edge effects can be critical in 

this type of f10w and have a large influence in the ana1y-

sis of the results. 
1 • 

Jet Thrust Measurements and Capillary Jet Swelling. 

We have discussed in previous sections, how rota-

25. 

tion~l viscometers can he used to measure the material fune 
1 -

tions n. NI and N2 taking care to mi~imize the possible sou!, 

ces of error.,_ The applicability of rotational viscometers is 

restricted mainly by the shear rate range. These types of 

rheometers work hest at low shear rates. Therefore if we are 

interested in higher shear rat,es, the capillary viscometer 

is the necessary choice. 

The jet thrust method is analized in detail in re-

ference{9}. The equationé that relate the viscometric fune-

tians to meas ured quanti ties are: 

- (31) 

(32) 

Both of these equations involve the measurement of 

the wall pressure at the capil~ary _exit P (RL). Tbese mea8ur~ 
.. 

• , 
-, J 
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ments are .often made by drilltng pressure t~ppings along 

the capillary and extrapolating the pressure values to the 

capi11ary exi t. This has given ri se to que~ tiona as to the 

p09sibil1ty of erro_r resulting from the pressure hole 

effect. Although lt has been 9uggested that this effect ls 

not important for the case o'f polymer melts, the evidence, 

ia Dot strong enoug!1 to ju~tify neglectin,8 this- source of 

error at the presen-t time. 

Another source of ~rror' iB the surface tension 

\ 

effect. This effect causes a reduction in the jet: thrust 

which la approximately equal to the product of the perln1:e-

ter o~ the capillary and the dynamic surface tension of 

the liquid. It 18 found in general that this 18 a smaU el 

fect. 

stresses-

ther part 

chap ter. 

\ 
" -, 

Many attempts have been made to co rrelate normal, 

to die swell. Since the stu~y o'f die swell is' an.2 

of this work we will talk fbOU' it in another 
1 

1 
.. 

1 
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,If' 

CHAPTBR 3. FIRST NORMAL STRESS DIFFERENCE - ~XP. RESULrS. 
" ' , , 

3.1) Experimental Equipment. 

The first normal stress dlfferenc~ as weIl as the 
, 1" , 

shear vlscosity hf three LDPE resins were measured in a 

• 
,Rheometrics MechaJ;lical Spectrometer. This is a high 'pré'ci--

. ' 

e ion ins t rument (0 r meas uring the flow b ehavio r 0 f ma te rials 

as a. funètion of time and temperature. It -can operate 'with 

several geometries and in steady Or'dynrmi~ models. ~ schem~ 

tic dia~ram of the instrument is shawn in Figure 3. The 1ns-

trument has the facility to control the- temperature of the 

sample environment from ambient to 325°C 
r' 

by means ~f ,a for-

ced ~onvectipn air, chamber. Rotary speeds may be ,va~ied from 

0:'601 to ,250 radians p'er
v 

second in simple shear. , 
Il' 

T~e trânaduc~~t c~naist8 of' a central, 10ad re~ei---

viDaS air b,earing" aupp'orted. by fJ'ur cantilever beams. On al~ 
~/ ' 

four sides ,of each cantilever beam silic~n piezo ~~sistive 

strain gauges are attached. By means of the appropiate. cir~'-
'\1. .,' ,_ ,) . \, 

cuit th~ transducer -can simultaneously detect forces .acting 
~ ~!>, 

in the,three spat~al directions and a torque acting apout 

the rot~tional axis. The X. y and Z force range i8' ,fra~ 5xl?02 
.' 

'ta lOt "dyn. ati'd the torque range is from SxlO 3 to 10 9 ,:- d~ne cm 

The ouçput signaIs from the tran~ducer,are amplified and re
~ , 

co;rded on a Honeywell Elektronik strip charr recorder. 

,/ 
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3.2) Experimental Technique. 

The Rheometrics Mechanical Êpectrometer was used 

with cone and plate' fixtures since this geometry is conve-
, 

nient for the mxsurement of torque and nor~al forces and , \ 

;also because bot viecosity and normal stress difference 

can be calculated directly from the experiment~l data. 

The i~xtures were heaied to the desired tempera-
1 

1 
ture by means of the forced convection chamber. Since the 

apex of the cone is truncated to avoid damage of ,the fix-

tures, the cone and plate must be separated so that the p~ 

8ition~of the hypothetical apex of the cane would corres--

pond to the point of contact between the cone and the plate. 

This separation is specified by the manufacturer. To set 

the cone in the correct vertical position, the truncated 

cane waB lowered until i~ just made contact with the plate. 

This was determined by obéerving the output from the Z 
l , 1 

force channel. A dial indicator was used to set this point 

of ~ncipient contact as the reference point. The cone was 

then raised to the position specified by the manufacturer. 

A vertical position Btop and locking nut allowed the cone 

to be'repositioned at the same location with respect to 

the plate. 

The test samples were premolded my compression 

moiding at IS00C and 20000 psi. The samples were discs 

sd mm in diameier and 2 mm thick. 
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The sample was placed on the lower plate, allowed 

to melt and then the pone waB lowered to the proper position. 

A small amount of material was squeezed out from the fixtures 

and trimmed away with a spatula. ln these experimente the 10-

wer plate was held stationary. A ~otational speed was selec--

" ted and the material sheared by ro~ating the cone. 

A wide range of rotational speeds (shëar rates) can 

bè studied with 6nly one sample. The limitations are degrada-

tion of the polymer due to high temperatures involved and, at 

high shear rates, material losses. 

Experimental Conditions. 

A cone and plate with the fo11owing dimen~ions was 

used: 

Cone angle: 

Diameter 50 mm 

Gap 0.05 mm 

j 
This particular cane angle was used because it reduces the 

oscillations of the normal force due to the axial movement 

of the rotating member. 

Shear rate range: 0.01 - 2.5 

Temperat ure 0 f the 1 tes ts.: 

\ 

-1 sec 

"- y 

• 
• 
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3.3) Experimental R~sults. 

Figures 4 to 9 present the viscosity curves as a 

function of,the shear rate for resins l~ 9 and 10 st 160 and 

IS0oC. ~II the resins ex~ibit the expected variation of vis~ 

fosity with shear rate and temperature. Relia~le zero shear 

viseosity values can be estimated sinee the eurves 1evel off 

at low ~hear rate. 

The normal stress data are presented in two diffe-

ren't ways. 

Figures 10 to 15 show the first normal stress dif-

ferenee as a function of shear rate for resins 1, 9 and 10 

at 160 and lSOoC. 
~ 

" 

The alternative way of pres~nting the normal s~ress 

data are the curves of the first normal stress coefficient; 

" 
defined as 

e 

\ 

as a function of shear rate\ 

• 2 Y 

Figures i6 ta 21 show the curves of e as a func-
\ 

tion of,shear rate for res~ns l, 9 and 10 at 160 and 180°C. 

In aIl three resins the first normal stress diff~ 

rence increased with shear rate and the first normai stress 

coefficient decreased with shear rate. 

o --
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3.4) Discussion. 

The three resins studied although being LDPE of 

simi1ar densities exhibited quite different viscosity. and~ 

normal stress ~oefficient behaviors. 

~ Resins 1 and 9 have simi1ar values cif zero stiear 

viscos1ty. R.esin 10 ls more 'vlscous than the other two. 

Normal stress differences which are common1y ac-
• , 

~ cepted to be cieasurea of e1aat~city in a material, were 

1arger for Resin 10 than for Resins 1 and 9. Resin 9 had a 

1arger rmal stress difference than Resin 1. 

The orma1 stress data were, analized according 

ta the me'thod 1 ut1ined by Abdel-Khalik. Hassager and Bird 

This method is based on the Goddard-Miller constitutive e-

quation d~scribed in Chapter 1, and it predicts the firat 

normal stress c efficient from viscosity-shear rate data. 

The viscosity-s ear rate data are used to compute the par~ 

1 meters in the C rreau viscoslty equation The parameters 

~ and N for res ns 1. 9 and 10 are given in Appendix II. 
n - noo-

.-+--- - { 1 t 0.,y)2 } -~ 
no- noo, 

( 34) 

With the parame ers N and À and using genera1ized charts 

for the first n rmal stress coefficient as a function of 

1 the dimensj"pn1e s qU'antity ÀY, the first normal stress co-

efficient can be predicted. The relation between the first 

normal stress cJefficient and the viscosity Is plo!ted in 
~ , 

./ 

50 • 
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generalized charts that ~how the quantity 
4KÀ(no-ri ) 

, 00 

vs. 

ÀY on a log-log graph. K is a,n empirical consta~t an-<\ on the 
, 1 

basis of their experiments, Abdel-Khalik, Hassager andBird 
i, 

proposed that it takes.the value of 2 for polymer solutions 

" and 3 fo~ polymer melts. 

Figures 16 to 21 show the comparison between the, 

values predicted by the method de'scribe.d above and the expe-
/. / 

rimenta1 re~ults. The predicted cu~ves were calcu1ated for 

several values of the empirical factor K. Kwas varied from 

.1 to 3, 1 corresponding to the unmodified Goddard-Miller e-' 

quation of state, 2 recommended for polymer solutions and 3 

\. 1 
for p~lymer'melts 

Resin 1 at bath temperatures follows quite closely 

the C)1rve predic te d by th!,! Go ddard-Miller eq ua t ion of s ta te 

-1 in the range of shear rates from 0.04 to 2.5 sec . At shear 

rates -1 lower than 0.04 sec the first normal stress coeffi--
1 

'1 
cient raises sharply. The predlcted curves level off at low 

shear rates. 

the 

Resin 9 at both tes~ temperatures' follows close1y 
t 1 
predicted by the Goddard-Mifler equation also in curve 

the range of shear rates cited above. A departure is seen at 

the shear rate of 2.5 sec-l.A l~veling off at low shear 

rates le not observed.' 

Resin,lO at both temperaturee followed the predic-

ted curve with the empirlcal factor K 'equal to 2. The leve-

ling off .at low sh'ear rates ls not observed.' 
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lt ean he said that the agr~ement of the experi-

mental data with,a predicted curve starts at a shear rate 

of 0.04 sec-le This behavior is observed also in the lite

rature l for different polymerie _systems. 

Resins 1 and 9 are 1ess elastic than resin 10 

and have the- tendency to follow more elosely the curve pr~ 

dicted by the Goddard-Miller equation. Resin 10 i8 more e-

lasti~ and presents the largest departure from the curve 

predieted by the Goddard-Mille~ equation. lt may be possi-

ble that the need for an empirtca1 faetor K to fit the data 

1 
for resin 10 ( a high1y branched resin ) beeomes more nece-

ssary when the elasticity of the material increases. 

The steep rise of the first normal stress coeffi-

cient at low shear rates could be due to experimental error 

both from the app ara tus and in te rp re t st ion- 0 f the da ta. The 

first normal stress coefficient is a function of the reci--
1 .. 

proealrQ.~ the square of the shear rate.' At low shear rate 

values this quantity becomes very sensitive to shear rate 

and if the messurement of total normal force ia not accu~-

rate enough,this can produce a higher normal force than ex-

pected. 

From the analys~s of the experimental data ob--

tained in th1s work it ean be eoncluded ,J:hat further exper.! 
1 

mental work has ta be done·on different polymers to accept 
~,[ 

or reject the validity of the values of the empirica1 cons-

tant K proposed by Abdel-Khalik, Has~ager and Bird l • ~ 

" 



, 

, 

j. 

53. 

:;,.., 

CHAPTER 4. THE PHENOMENON OF DIE SWELL. 

"\ 
4.1) ~ntroduetion. 

The phenomenon of expansion or inereas~ in diameter 
\ 

of jets of viseoelastie liquids emerging from eapillaries is 

weIl known; this phenomenon is ealled die swell. Ressons for 

inereased interest in thia behavior are numerous, ranging 

from the desire to determine the viscoelastie properti,ès of 

polymerie systems, for example to predict first normal ~tress 

difference at high shear rates, to the need to obtain direct 

relations between die swell and such palymer pr~cessing cha--

rac teris tic s as paris on swe Il in b low mol ding and thi cknes s 

apd surf ace tex t ure in lext ruded wi re and cab le. 

Many Interpretations of this phenomenon have been 

suggested. Also several techniques have been uaed to measure 

1 die awell. It i8 our purpQse in this chapter to give a brief 

" review of both theoretical treatmen& and experimental tech-

niques related to the die swell exfect. 
1" 

, l' 

~4.2) Theoretical Treatment of the Die Swell Phenomenon. 

! 

Die swell (B), ia defined as the ratio of the diameter 

• 
of a polymer extrudate (D) to that of the eapillary from which 

it is extruded (D ). The causes 0 f this phenomenon are no t" o 

". 
-
j 
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~Iearly understood. 

~ Two ~ain approaeh~s have been taken to explain 'it 
\.-

" . . 
and corre~ate it with thé normal stresses exhlbited ~n vis-

14 
eometric f1ow. The firat one, deve10ped by Metzner J i~ 

based on f1uid mechanies 1 considerationf1l. lt is mainly con--

", 
ce rned wi th the dis tortion 0 f the velo ci ty pt,rofi le as the 

jet of material exits the "capillary. This approaeh consi---
o 

de rs tha t the dis tortion 0 f the veloei ty pro file due to the 

ehange 0 f bOl.mdary conditions ean give ris e to normal s t re~ 
1 , 

ses that will cause the jet to expand. This assumption fits 

newtonian and non-newtonian pure1y vis cous fluids, where an 

enlargement of the jet ls observed, although these fluids 

do not exhibit normal stress effects in a v~scometric flow. 

In the case of viscoelastic fluids, it is difficuit t,a sep~ 

ra te the effect of dis tortion 0 f the velo ci ty pro file f rom 

the normal stress effect inherent in these materiais. 

More 1 recent work ls based on .the aS8umption that 

die swell arises fx;om an' e1astic iecovc:ry from the ~hear 

" flow in the capi1lary. This elastic recovery i8 re1ated to 

the normal stresses developed by the materia1 during the 

flow in the capil1ary. Severai mechanism8 have been propo-

sed for the type of elastic recovery that the !!laterial ex-

hibits and how the elastic energy is s tored during flow in 

the tube. A detailed discussion of this topie can be found 

15 16 in the pa pers of Mendelson and Vlachopou1os • 

At this point we will di8C~ès a mode~ prbposed 
, , 
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\ 

, 
______ • ______ ~1 _____ ,------

\ ' 

, 5!? 
" 

by Tann,er 2 sinee we use this model in th1~ ~el4.t chapter to a-

'-nalize the die swell results and correlate them'to the first, 
1 • 

;o~mal stre~s eoe~f{~ient. Tanner ~oa~ulate~ that the die 

,swell effe~; 1s due to ~astiG ree~very of the ~aterial~nd 
\ 

that this expansion occurs in two steps: The first ia very 
\ 

répid., 'relatively large and c,los"Ej to the die exit. the seeo,!!. 

dary expansion oceurs slowly and ia much amalle~. The expre-
\ • c ' 

s sion ob t ained is ete ri ~d f~.m a ra tional meehanics p'o1nt 0 f' 
, .!: ,1fII" ~ 

view and the ma:L.n ass\umptions made are: 

,\ 

where S 
w 

as 

a) The flow is iso~hermal and incompressible. 

b) ,L/D+ \ co 
Ai 1 

C) Inertial effeets are neglected. 

,~) Gravit y and surface tension are ignored ,so that 
~ 

the final extruaed rod la load free. 

'ft l e) The sma l slow'recovery far from the die is ig-

nored. , .. 

f) ',l'he Jons,tituti,ve equatlon for' a KBKZ', flu;i.d ,i,. 

use'd. 

The final expression ls 
.\ . 
• 'W' 

S 2 2 {~( 
w 

is the rec?verable shear 
r. 

s 
j. w 

, . 

B-O.l \' 

s t~r8lin a t 

- 1 } ( 35» 

the wall defined 
, 1 

--, ( 36) 

] 

Il 
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be modi fied to yield: 

B 
(37) 

( 

(' 

4.3) Experimental Methode for Measuring ffie Swel1. 
"t ..... 

4- aurvey of the existing techniques "for determi-

ning the di~ swell for p~~mer melts indieates that there 

are Many die crepancies i~the~xpe riment :i data report:d. 

This'is beeause different methods were used to eollect the 

extrudate flowinlf from the capillary viscometer. The princ.!' 
1" 

,al methods are described btlow. 

, 17 
a) Ml,thod' us~d for polymerie solutions • 

This method ~n~ol~8 phçtog~aphing 

exits .from a porizontal capil~ary. 

t~e:polymer stream as it 
\ t 

This method is not good 

for polymer melts sinee 8ravitt affects the extrudate dime~ 
/ 

sions and to be sure" that the polymer has relaxed to the e-
l \ \ '';l 

~ quilibrium die ewell the ~hotographs should not be ~aken at 

the,very exit of the capi~lary. 

b) Method for polymer me~ts. 

In thls methC?d the vertical extrus 10n of a shor,t length .0 Î -..,. 

o 

polymer is, frozen \Then ;ontact}:ng the air and then measured 
".-

18 with a micrometer (There are two important problems with 
/ ~,} . 

" this method. First, the uncoQtrolled coollng of the e~tru-
J 

date can cau~e stresses'to be froze~ in and thus prevent 
( . . 
the ',extrudate from reaching its equi,librium swell d1mensie..n~. 

t. 

, , 

. , 

',-

, ., , 

'I~ , " 

, 

" 

, 
" 



o 

/ 
l 

57. 

1 

1 
This effect can be more severe Cn the case of crystallizing 

p'olymers. Second, gravit y will promote the sagging of the 
.::, 

polymer extrudate. Thls problem can be avoided by taking the 

me,surements near the end of the extrudate where gravit y ef-

fects can be neglected. This method also utilizes a density 

correction ta ~xpress th, die swell at the extrusion temper~ 

ture from the experimental measurements at ambient tempera--

ture. 

A variation of this method Is also used ln which 
f-' 

the extrudates are collected at room temperature and then an 

\ 

nealed in~an oven or within a silicon oil bath for a' period 

"--/ .. 
of time to allow aIl the stresses to relax and let the die 

~ 19 
Bwel~attain the equilibrium value • 

\ 

c) Improved method for polymer.melts. 

~ 

The polymer lB extruded into a silicon oi~ bath 

whose temperature Is c10ee to the extrusion temperature. The 

silicon ail must hJve the same deneity as the polymer melt 

1 at that temperature ta prevent the polymer from f10ating or 
C 

sagging in the ail. Experimentally it i9 convenient to have 

the ~il d~n~lty a litt le lower than that of the polymer to ~ 

void problems of a large reB~stance ta t~ flow of the poly-

Q 20 
mer through the ail • After the polymer has relaxed in the 

ail bath, yhotographs are taken and from them the die swell 

ie ~btained. 

This last method is the one used in the present 

work. 

\~ ,,.. 

" 

] 
'. 

/ 
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\ CHAPTER 5. DIE SWELL - EXPERIMENTAL STUDIES~ 

5.1) 20 Experimental Apparatus • 

The apparatus used for measuring the die swell of 

three LDPE resins was the Instron Capillary Rtieom~ter (1eR) 

with a ther~ostatting ch8\'f\ber to collect the polymer extru-
" 

dates. The experimental set-up ia shown schematically in 

Figure 22. 

The thermostatting bath was connected to the theE 

mostatting chamber in such a way that the heating medium 

could circulate continuosly. The outlet pipe from the ther-

mostatting chamber has a larger diameter than the inlet 
\ 

pipe. This set-up prevents overflow in t'he thermostatting 

chamber and the liquid level can be controlled with a valve! 

The thermostatting chamber was made of a piece of 

stainless steel pipe, ID - 6in, length - lOin, ta which the 
\ 

bottom plate inlet and outlet connectars and the central 

shaftwere welded. One side of the pipe has been' cut off 

and in this spacè a flange was welded on which a double 

window was mounted. The double window is a sandwich of a Vi 

ton ring, Vycor glass, asbestos plate, Pyrex glass and as--

bestos plate. The coyer, rotatin~ on the central shaft has 

6 holes, ID - lin. In these holes, six glass tub~s are sus-

pended. Each of the holes ia provided with dual action 

• 1 

, l 
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l ' 

shears which eut the extr~dkte and ho1d it in a fixed posi-

tian. Details of the thermostatting ehamber and the caver 

plate are shown in Figure 23. 

The heating medium is silicone Oi~M( Dow Corning, 

Fl"Uid 200. 100es. ). rhia ail fil'ls the chamber but ia ou!. 

side ths glass tube~. Inaide the tubes where th~ ~xtruda~es 

are collected the oil'uaed depends on th~ melt density of 

~~he particular polymer that is gOirlg to be teated. 

.. 

5.2) Experimental Technique. 

The ail in the thermostatting bath ia preheated 

to the desired temperature. This takes about one hour. After 

~ 
that, the valve ia opened to let the oi1 flow from the ther-

~ ~ 

mostatting bath ta the thermostatting chamber. The liquid le 

vel la a1so. controlled by thia valve. Once the appropiate le 

vel 1s reached" the 011 circula tes in the chamb er con tinuos

ly. The deJired temperature in the chamber ( inside the glas~, 

tubes) is reac~ed afte~ about two hours. The oil in the 
1 lb: ' 

chamber and inside the glass tubes must be ~tirred ta obtain 
,1 

a homogeneous temperature throughout. In the meantime the 

1eR 1s heated to the desired extrusion temperature and the 
> 

load cell calibrated, The temperature in the chamber is moni 
" 

iored by means of a thermocouple placep 1n one of the glass 

tubel3 • .œhe 1eR 1s filled w1 th the polymer 'Snd the eq u1pment 
~ J ~ 

~, 

... 

1 
" 

t 

1 

i 
~ 

1 
~ 

1 
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i 
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is ready ta start with the experiments. Since the thermo~tat-

ting chamber has six tubes but one contains the thermocouple 

and one contains a standard it is possible to make experimen-

ta! runs of four ext~bsion speeds wlthout opening the chamber. 
l , 
\ 

A certain crosshead speed is chosen and the polymer 
1 

extruded until a steady f~rce is.recorded. At this point the 

thermostattlng chamber is aligned with the 1eR in such a wa~ 

that the polymer extrudate flows into one of th~ glass tub~s. 

When a specified amount of polymer is ln the glass tube the 

crosshead of the 1eR ls .stopped and the sample, cut using the 

shears. The same procedure is repeated for another three cross 

head speeds. The samples in the tubes are allowed to relax 

for abou~ 5-10 min and after that a phô~ograph of each sample . 
is taken. Then the IeR i8 charged again,~the glass tubes emp-

tied 'a~d the equlpment i8 ready for another experimental rune 

The photographe were taken with a Nikon camera. 

The camera ia mounted On a tripod and two 500W tungsten bulbs 

were used for lightin~ the sample~. AlI the photographe were 

taken from the same distance and height and with the same lens 

aperture and exposure time to prevent variations in the photo 

\graphS. At the beginJ.1'1:ltg and at the end of ea'ch roll of film 

the 'standard was phQtographed. The standard i8 a metal strip 

~ith a thin 8+it in the middle section. The width of the 81it 

is known. '" . \ 
The developed film WaB analized uSing a 

graph Model 2. This equipment allow8 the measurement of the 
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l' 

poly~er extrudat~s in a relative scale. The real dimensions 
, 

of the standard are known and a1so the readlng of the stan-

dard from the Shadowgraph. In this way we can ma~e a scale 
\ 

that relates the reading from the Shadowgraph with the real 
~ 

dimensions of the polymer extrudate. 

5.3) Experimental Results. 
) 

The capillary used has an L/D - 40; it has a dla-

meter of 0.052in and is 2.01n in length. This L/D ratio waB 

chosen based on the fa~t that for LDPE die swell ia not 

only a functien of shear rate and temperature, but a1so of 

L/D at low L/D ratios. This dependence of L/D on die swell , 

disapp ears fe r L/D ra tios above 30. 33 The t'empera ture 0 f the 

"'" 011 in the glass tubes in the tpermestatting champer was 
. '" 

140°C. The temperature was limited by the boiling pointaf 

the oil. 

\ ' The shear rate and the shear stress ~t the wall 

J 
were calculated by means of the following equations valid 

" for simple shear flow in a capillarr viscometer. 

-
-

.. 

!1PR 
2L 

" 

(38) 

( 39) 
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The true hear rate ia calculated from the 

Rabinowitsch equati ri 

• . 
y ( 

dioS Yap ) 
dlog T 

w 
(40) 

-', 

The prope value of the diameter of the extruded 

polymer ia calculat d as follows: 

D(extr'Udste,' real) ( sample reading from SG ) x 
s td. readin g from S G 

.~ ( hysiesl dimensions of the std.) 

(41) 

The die swell is obtained using the definition 

B 
o - (42) 

The die aweli values obtained by using equation 

(4J) are values measured at the thermostatting temperature. 
, i 

50, in arder ta obt in the values of die swe~l eorrespon-

ding ta a certain e trusion temperature, a density correc-

tion has ta be m~de The die swell at the extrusion tempe-
1 

-rature ie given by 
, . 

! 

(43) 
B - B ( 

o 

where Po is the eity of the polymer melt at the thermo~ 

tatting temperatur and' p is the density of the polymer 
-~ 

melt at the temperature. 

~ .~ 

" 

------..... -----------------_ ... ",.l<, 
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Figures 24 to 26 show the curves of the die swell 

as a function of shear rate for resins l, 9 and 10 at temp~ 

ratures of 160, 180 and 200°C. 

5.4) Discussion. 

The three LDPE resins studied followed the expec-
\ 

ted relation between die swell and shear rate and die swell 

'end temperature. Di~ svell inerease4 with shear rate and de 
,,, 1 ::I>t--

ereased ( for the same resin ) with t~~perature. 
\ , , 
'\ 

The range of crosshead speeds used was from 

O.05em/mln to lOem/min. The shear rate range for the parti-
1 

cular capillary used·was from 3 to 1300sec- l . At high cros~ 

head speeds ( 5cm/lIlin, and higher ) melt fracture was ob----

served. At Sem/min melt fracture is incipient and at 10~m/min 

the surface 'of the polymer mel t was ve'ry i rregular, makin g 

the measurement of the die awell meaningless. This phenome-

non was mo~e pronounced with resin IO.-Also, from the expe-

~imental point of view it was di{fieult to collect the ex--

trudate in the oil bath without having problems of the pol~ 

mer sticking at the tube walls or hitting the bottom of the 

tube. At low crosshead speeds it takes a long time for the 

polymer extrudate 'to flow into the oil bath. Since there ia 

a s~all gap between' the exit'of the eapillary and the entrance 
, • t 

-

of the glass tube in the thermostatting chamber the polymer 

• 

" . 
r 
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• 
tends to c~ysta1;ite when in contact with at~ before going \~ 

, 
into the chamber.· Also at high temperatures this i:'sl~w flow 

c.t ('i / 
cao cause the deg.radatfon of the pol-ymer inEdde the 1eR ba,!. 

rel. . "- ) 
swel1 Hata were used to test an eq1iation pro-

b~ .... ; anner 1 , :2 
. 

posed This equation is '/ 

'J 

62;2 }1/6 
i. ~ 

':(~ t { t ( • , (37) 0.1 1 ) 
Sn 2 

Die aweL1 data coupled with viscosity data wèr~ 

J ,\ j 
used in equation ( 7) 

1 • 1 
to calcu1ate ,he fir,st normal stress 

coefficient. Tlle -reBu1ts lare' presented in Figu,rea 27 ta 32 ~ 
\ If:~ • • 

- %' , 
for,.resins 1, 9 and 10 at 160 and 1S0oC •. 

Thes e figures show bo'ep th, fi rslt no rma1 st res a 

,~coef fi;~ent. ca~ull\ted from the' exp eri~ent al normal st res,s 
f 

data, and the firat normal stress coefficient calcu1ate\d, 
" . , 

from t,he experi,mental die swel1 d~ta using equation (37). 
, 40 

For aIL three r~sins the firat normal stress 

~oe,fficient ca1culated from die swell data was 'consis ten..t 

ly higher than th~ values obtained from the cone and plate ... 
~ , 

flow. U?fortunately just one or t"o points could be'm~a--
~ • 1 

sured experimentally at the aame shear raie in both expefl. . '-
Q' ' 

ments. Thi's 18 due ,to the lim~tat..io,ns of bo-th 

1 • 
trics Méchanical Spectrometer and the Instron 

the 'Rheome

~Pillary ·Rh,e.2,: 

• 1 

meter • The. Mech4nical Spectrometer ia good for low shear , 
" , 

rates and the Ins tron Rh'eometer fbr high shear rates. ~he 
,/ 

o 

\ ,," ·b 

, 1 ~ 

4 " 

1 
' , 

di 

If 
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",sh;~ar rat,~'s in which we could 8e\data from b'oth experi-

ments represent in one case the upper limit (RMS) and on 

the other hand the lower limit (1eR) of the apparatus • 
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CHAPTER 6. METHOnS F-OR EXTENSIONAL VISCOSITY. 

6.1) Introduction. . 1 
-' . 

Extensiona! flow in its three modes, planar, uni-

axial and bi~xial, received little attention unt!l fairly 

recently although lt was mentioned aS early- as 1906 by 
~I 

Trouton. Controlled, steady elongatlon is more difficult to 

aeh\eve in the laboratory than the more traditional viscome-

tric flows. In extensional flow, the only measurable mate-~ 

rial function, Ithe extensional viscosity, is difficult Ito 

measure and ~he resu1t8 of several investigators have been 

contradictory. 

Extensionsl flows play B;n important ,part in seve-

ra1 pOfymer processing operations. In particular it is im-
,--

portant in the spinning of fibers (melt ~ry), fiJ,m ~as-

ting, b10w mo1ding an~,~ilm b1owing. 

" An e~tensiona1 f10w is.one in which the velocity ., .. 
, field i8 given by 

(44) 

in a cartesian coo'rdin'ate system l• In steady extension the 
1 

ai coefficients are consta~ts. For an incompressibl'e fluid' 
<il 

aU
l t 

au Z t 
dU 3 (J 

dXI ax; dX 3, 

1 
- -1-

(45) 
and thus 

al t a 2 t 8 3 "!" 0 , 
1 

" 
",\: 

,j 

1\ 

/ 



r 

() 

. -

In uniaxi 1 extension the .constants in equation \(~4) are 
1 

. 
e 

(4'6 ) 

Ê,is the rate of extension or strain rate. , 
°tio al strain as a function' of time 

e10nga
\)" 

t sion can be found considering a rod shaped samp, e c1amped 

t one end and stretched in the positive X direction. From 

equation (44) we have 

IY 

u x 
dX 
dt 

• -JI 

eX (47) 

'r 
The distance, X, from the clamped end to a material point i-

nitially at X 0 will be 

. 
(48) 

X X 'e:t e 0 

The elongatiqnal straln, 
1 

called also Hencky strain is 

<1, . 
ln(X/X ) 0 1n{L/L ) 

0 e:~ (49) 

l' For steady uniaxlal extension there is only one 

measurable material function, called the uniaxial extensio-
o 

nal, visco,sity. This material pro,perty Is defined as 

r . (50) 

e: " 

-

Experimentally, e~tension is done by exerting ~n 
,~ . 

; , 
ext~rnal force, F, aver some area o~ the sample. Th,r~fore, 

... 

l' 

f' 
~ 

l 
0 _JI 

"t 
'.! 

Î 
!. 

',$ 
" "~ , 
\: 

!, , " 



, , 

79. 

it is ~f interest to relate these mcadurable quantities to 

the normal stress differ,ence 011 - 1122. 

o 1 

In t~e case of steady uniaxial extension, if ineE 

tia and surface tension can be neglected, we can say that 

\ 

f 1 • 

\ FIA - PA t cr Il (51) 
li 

/1 

where PA is the amb ien t pressure. Consi~ering 
? (V 

that inertia 

has been neglected, any stress ~n a direction normal ta the 

tH 
direction Qf elongation will be the negative of the ambient 

-'( 

pr~ssure PA' therefore 

- -P A 

FIA ( 52) 

Finally the éxpres.~ 10n fo r the extens 10nal viscosi t~y t s 

• 
\E 

• 
There are two ways 

experiments. We can 
~ 

rerent values and make 

vals on the ot~er one. 

experiments; these are 

. .. 

é 1 1 

( 

( 53) 

, 
uniaxial extension 

r FIA or ~ co~stant at ~i~ 

at di(ferent time lnt er 

rise ta two types ~j 

(stress maintained 

-----' -----~ .... ~ - -- cons tant).~ and-Streslii -Growfh--expé'rim (stra~n rate main-
~. ' 

tained constant). 

.' 

, ' 

l,' 
!i 

" 

I...-_--------------------------~------

1 1 
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6 • 2) Cre e p Exp e rime 1'1 t s • 

Apparatus opérating in this mode have been deve-

21 22.. . 23· 10ped by Co gswell ,Vino gradov and Muns ted·t • 

The Cogswel1 apparatus 21 , shown in Figure 33, 

stretches a sample clamped ~t both ends and immersed in an 

'oil bath at a control"led temperature. One clamp iB fixed 

and the ot he r i 8 '""'free runnin g. Bo tli cl amps are wat e r coo le d 1,) 

to avoid necking st th~ clamp where stress concentration 
l' 

exis ts. A de~d weiglft load le applled to the running clamp 

by means of a specially-shaped cam. This c&m ia programmed 
1 

.J • 
to vary the load wlth the uni f ormly decreasing cross sec--

. "-
, l " 

tional a rea ·0 f the extending s ample. This glv~s a cons~ant 

t unlaxial stress. 

, The forcés related to the leng~h by the expression 

(54) 

where Fo,and Lo are the force and length at time 0 respec

,tt vely and Laud Fare 0 the lengt.h 'and the force at time t'\ 
1 

The length ofothe sample is measured by e~amp separation ~ 

sing a Bcale on the drive wheel of the cam. The samples u-

sed are cylinders with ~ length to diameter ratio of five. 
" 

22 ' Il 
Vinogradov's apparatu8 ,shown in Figqre ~3, lB 

. \ 
siml1ar,to the one used by Cogswell. ~~e difference lies ln 

the use of a dise with twa spiral,grooves wlth weights sus
'~ 

pended from them to apply the load to the moving clamp. 

r 

, // 

._, ........... --------------------------------------------------
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, , 

Each groove on the dise corresponds to a cam. The system to 

record the ve10city of the moving clamp is more sophistica
! 

ted and uses an electric circuit with a photo ce11, an ampli 

fier at\f1 a reversib1e motor. Attached to the mator is a va.--

riable resistor, that inserted in the balance circuit, gives 
,., 

a readin, of the velocity, at different t~me~. A mechanism is 
. ~ .. 

• 
built in the disc to prevent the acce1eration of the weight. 

By measuring the velocitr of the.moving clamp the rate of e~ 

tension can be calculated. No ment+on is made of the dimen--
& ~ 

sions of the samples. J 

23 \ 
Münstedt's apparatus , shown in Figure' 33, ia "an 

improvement 0 f the apparat'us des crib ed ab'ove. Iq the cons--

truction of th1s equipment care was taken ta avoid. the diffi 

culti~s of maintaining con~tancy of stress over ~ wide range 

" of deformation, hom~geneity 'of sample deformation ~Uring 

__ "measurements, clamping of 'the samp1e and friction ';f the 
o , 

the 

loa 

.', ding system. In this equi.pment the sample ..ta mounted vertica 

11y and inside an oi1 bath which compensates the gravit y ef

fect by buoyaI,lcy and assures a good teDiperature distribution"!'. 
.. 'lI .... " , 

The fact that the sample is mounted vertical1y is important 

. \ ~ . 
" 

as this.allpws the elimi " of a bearing in the oil bath. 

l ' 
.r 

/.' 
.' 

The samp1e is 10aded by a c 

'red'Uce friction) whi ch redu 

~he samp1e e1ongates. Assuring 

ountE!d ort an air ~earing to 
r 

the lever arm of the laad as 
'( 

that thé yo1ume of the ~imp~e 

i~ consiant during e10ngation the cam can be shaped sa that 

the stress ls ço~tant at~·all times. The ~longation is mea-

(~J 

(, r 
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.--
sured py a transducer and recorded as a function of t!me. Ta 

obtain high resolution in the whole range of elangation the 

position of the transducer ià changed automatically by a 

se~vQ motor system. 

The samples are fastened bY-Slueing them into me-

tal , çlamps. The s amples us ed we re' 3' and S,cm in length an d 

4mm ,in diameter and were; prepared by extruding the polY1ner 

through a s~i~able die. 
1 

6-.3) Stress Growth Experiments. (-

Appa-ratus designed to ~per~ate at constant strain 
" , , 

- . 24 25 
rate have been developed by Vinogradov , Sfevenson , 

~ -
. 26 27 28 Meissner ,.Ballman ~and Shaw • 

The apparatus used by Vinogradov is shown in Fi-
, i 

',gure 34. The s amp le is immers ed in, ~ the rmos t at ting bath' and 
.". 

taped between one fixed and one moving clamp. Attached to 

the fixed clamp a force transducer Is installed to ~cord 
the force as a function of time. The moving clamp ia driven 

\ 
by r mechanieal drive~ Attached to the drive is a measuri~g 

mechanism that permits the recordlng of the length of the 

sample as a function of time. From these measurements the 

stra'in rate ean be comp.uted. The dr~ving mechanism is pro:;-

• " grammed in such a way fhat the velocity varies according to 

the equation 
/ 

1 
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oE: e (55) 

" ,\ '" 

to maintain a constant strain rate. The samples ~.re cyli~ 
. . 

drical in shape and their dimensions were 8mm in diameter 

d and JOmm long . 
. 
Stevenson."uaed a )modifie)d tensile test:i.ng machine 

as shown in Figure 34. The sample was placed inside a cons-

tant temperature cha'mber fi11ed with silicone oi1 of the sarne . . 
q\ • , .f 

density as the polymer add~mounted on a variable speed tes-

ting machine. The machine was programmed by means of an ana-

log computer ta work at constant strain rate. A chain ~onnef. 

ted the specimen to the load ce11 which recorded the force 

necessary to el~gate 'the specimen. During an experiment the 

.length of thejsample was recorded ~ith a camera. Th~ force 
4 

and s ample 1ength dat a as func tions 0 f t ime we re ans.ly ze d to 

give the str'ess as a function of time. The samp1e was, held 

in position by two hard rubl?er fau,cet washers. The strain in 

the sample was recorded photographieally by measuring the 

distance between 5mm ~ide grid marks placed 5mm apart irt the 

centra~ pbrtion of the samp1e. The samples used were gem in 

length and l.75cm diameter on the ends and 1.33cm diam~ter 

in the central portion. For high elongation rat~ experiments 

ahorter samples. 6cm in length, were used. 

28 Shaw used equipment Isimi1ar to the one used by 

Stevenson. The apparatus is s~own in Figure 34. lt consists 

" 
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of a se rvohydraullc tens lIe tes tlng tnach'ln~ me.d~ 'by' lns t ron 
;f., , ' , 

Corp. with a programma)3le signal generator and" an oil 

The difference from Stevenson' s t:chnlque is thatO "ti,~ 
bath. 

sam-
\ .. 

pIes use~ were dlfferent. The samples were rlngs made by 
,. 

compression molding. This shape seems to help eliminate er-

roneous stre~ses\ at low deformations. The dimensions of the 

rings were: 

~ lnner radius: 0.22 and O.37cm 

Outer radius! 0.32 and 0.48cm. 

The most extensive work on extensional viscosity 

26 • has been done by Meissner • A representation of his appar~, 

tus Is glven in Flgure 34. lt consists of two rotational 
~ 

clampa at a flxed separation from each other t~at pull the 

semple out in opposite ~rection and constant rotational 

speeds with,tbe ,result that the sample is stretched with 

constant extensional stcrain rate. ,The latest version of 

this equipmept has only one set of rotary clamps and one 

end of the sample ls glued ta a fixed par~. The f~rce mea-

suring device ls a linear displacement transducer. The sa~ 
"'-
pIe under test is a yod of molten polymer immers,ed in sill 

cone oil.The oil provides the heating. compensates for gr~ 

vit y by buoyancy and centers the fluid rod along the clamp 

separation by means of slow convective cur~ents. This equi~ 

ment although primarilly designed for,stre~s growth experi 

mente can also be operated ln the creep ,mode if the synchr~ 

nous motor M2 ls replaced by a servo motor of fast response 

r~ 

" 
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and the rotational speed of the synchronoui motor Ml/ia so 

slow that clamp Zl performes only a fraction of a full ro-

l 

tation withi~ the duration of th~ test. 

~ 27 
Ballman and Everage uged, an thOat i9 

similar to ~he ro~ating clamp device of scribed 

Il< 
above. Th.e apparatus ls shown in Figure 34. The test mate-

rial was held in a stationary clamp at one end and wrapped 

'arouna a winder rod at t~e other end. The stationary clamp 

was mounted on the Rheometrics Mechanical Spectrometer 
... 

transducer which detected the tensile '~orce in the sample. 

The winder rod was connected to the drive meëhanism and 

~ '. 
could be rotatE~d over a wlde range of speeds. 

Table 2 and Figure 35 givés a summary of the re
~ 

searchers, the mode used, the materials tested, the opera-
o 1 

ting conditions and some of the resulEs obtained for exte~ 

siona1 viscosity. 

.. 

/ 
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Table 2. 

" Summary of Previous Studies on Extensiona! Viscosity~ 

" 1 '. 
"-} 

Researchef Mode Materia! Conditions 
1 

. 
F.N. Co gswell Creep 

\ 

LDPE !5QoC 
'4:v , 

" 
, i G. V. Vinogradov Creep ; 

Stress Po!ystyrene 130 0 C 
Growth 

~ 
\ 

1 

J. F. Stevenson Str~ss Poly 100 Oc 

"~ Growth Isobutylene 0 , 
Isoprene 

0 Copolymer 

. 
J. Me;l.sener , 

"-
Stress LDPE 150 0 C 

Î Growth 
-

W. Munstedt \ Creep Polystyrene 140°C 

Ballman & Everagè. Stress Polystyrene 15'5 ° C 
Growth 

~ 

J 

.. 

~:i-. , 
, 

\ 
~ 

~ j~ 

'\;' 
,;f 
i~~ 
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Fjg.35 Typical results of previous rèsearchers. 

li 



"" f: 
i 
'. 

n' 
f 
~ 
~ 
~ . , 

t 
l-
~ .' 
{ 
: 

~, ~. , 

~ 

r~ 
\ 

~.\ 
t 

~ , 
~ 

'., 
',l, , 

:~ ... 

e 
.. 

'\ 

~) 

" 

107 \~\) ..... 

~(sec-1 = , 

1& 
./ 

Q) 
J. Me-i ssner Vl 

'R J 

bcF .- 1 
~ 'j., 

u . ~ 
.~ 
> 

104 , ) 

0.1 1 10 100 1000 
time, sec 

t 
'ID 

.. 
"1" Il • .. .. ", ,;,. 
~. 

: J.JO' .. , 
• 

.... , W.Münstedt 
- , , 

" JO" 
'."'·C , 

\ 

-III 
1 -
1 
1 

- -- ".,,.,,'". 1 • \ 

- ".',.tl# .... •• ,/0 \ 
\ 
\ 
\ , 

\ . , 
\ 

/O.~----~--r-~~~--~~~~--~~~~~~-.~~ 
,,1 1"" If' ... r .. ,. .. ~-'~I -o:----~ 

" 
.,,1 •• ' 

• 1 

10' 

> 
POl.TS1'YMN! I!I!I·C 

.. t '0."') ste-I 

• t .0.80 • Boil man &Everage 

10' 

10' 

• • .CUIS • 
• • '006. • 
.. C '0.041) .. 
• •• 0.02. • 

/.A.A __ - --- -''1. 

~ ~\ ~ ~ ~ 

Fig.35 
Cont, 

90. 

IO·U---______ ~ __ ------~------~~----.-~~ ( 

1HI' CSlCONDS1' ____________ --------~~,~_,.,~@.;~~.~J2S~M~=~5i&.M.&~,,~ .. ~ ____________________________ .. ______ ........ __ .. ____ _ 



, 

, . 

\ CHAPTER '7. 

: i 

EXTENSIONAL,VISCOSITY -.~XPERIMENTAL RESUtTS. 
/ 

7~l) Experimental Equipmen~. 

, 
, \ 

91.\ , 

The equ1p~nt used to measure the extensional-- viscE. 

29 sity of polyme.:r melts Is described in detail by Rhi-Sausi 

a,d Dealy and Rhl-Sausi 30 • A schematic view of the apparatus 

f 
is presented in F1jUre 36. The equipment can operate i~ cons-

t,ant strain. rate aQ.d constant stress modes. In the present' 

work the constant strain rate mode,was' used. Modifications of 

the equipment were made to' extend th'e range of strain rate 

and ~inimize ~ome other problems. 

A· gear box with a. bigger reduction ratio (15:,1) waB 

ul!ed to exten(d tJte lower etid of ~he strian rate range ta 

O.005sec-1 • The contol system was modified te work at low . . . 
strai.n rates.' An analysis of the original control system esta 

blished that the ti~e constant ~of~the control system was in--

versely proportiona1,to the strain rate. This implied that 

the fower the st~aln rate the larger the tim~ it takes ta the 

control system_to respon~ to obtain the desired strain rate. 

,This transient ti~e represented 55% of the total time of the 

-1 ' experiment for the straln rat~ of .005sec • This further im 
f.i' . -

~ " 
plied that an experimènt carried out;: st this rate would be 

meaningless since the assupmtion of constant strain rate 

would not be valid throughout. 
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The modified control system, shown' in Figure 37 t 

. ' ~ 
consists ba~ica11y of the same components as the original 

on'e, but a' feedback 'signal from the tachometer qf the motor 

was supplled to ~he controller. In this way the voltage that 

Is fed to the motor to d~ive the extension mechan~sm was con 
\ .-

" trolled at the vaiue it should have, by means of a voltage 

comparison (input· and output) in the controller. In this way 

the necessary conditidn ta have an uni axial extensional flow 

. 
u - EL 1 (56) 

will hold at ~l~ times. 
\ 

lt was found that the transient with this control 

sye tem was redu,ced to 12% of the total time of the experi-

ment for the loweet itrain rate. O.005se~-I. Further ellmi-

nation of this transient seems difficult ta attain because 

of the mechanical set-u~ of the equipment. mainly ~ue to 
, 

the motor respon~e. 

The holding clamps are oil cooled (silicon oil 

FI ui&! 200, Scs., Dow Corning). A ca're fuI con t ro lof the 

amount of cooling is necessary. A large cooling rate results 

in a section of unmelted polymer in the test samp~e near 

the clamps and a small one'will a110w the sample to flow 
, 

out of the clamps. The cooling oi1 is circu1ated through 

the clamps by means of a circulating bath p,rovided with an 

immersion ;ump c't~es'rab. Model TE9). The optimum temperaturl 
~ ~ .... 0 

for the cooling ail in the clamps was found' to, be betwee~ 
\ Ç) 
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Cylindrical samples are prepared by transfer mol

ding (laOoC and 10-15 tons), annealing at 1 atm and machi--

ning to the final ~ize and shape. The sample dimensions are 

shown in Figure 38. 

ElÇperimental Technique. 1 

.. J! 

The oi1 bàth ois heated to the desired temperature. 
1 

The immersion!pump must b~ in operation during this time to 

assure homogeneity of the temperature throug,hout the bath., 

When the oi1 reaches th~ test temperature the cooling of 

the clamps is started. The clamps are br~~ ta their, lni-

tial position which ts measured on the ch~rt recorder. The 
\ 

length is measu~ed by knowing that a certain voltage corre~ 

ponds to a certain length. 

,. sure 0 f th.e ini ~ial lengt~ 
The initial position gives a me~ 

" 

of the ssmple. The test sample 

" ls put between the 'clamps and allowed to me1t c~mpletely. 

Care must be taken that the sample does not swell. This ph~ 

'" nomenon can be caused by stresses frozen 'in the molding pr.2, 

cess or from an uneven cooling at the clamps. T~e strain 

rate is set to the desired value by. means of a potentiometer 

in the analog computer~ When ~he sample is completely melted 

the driving mechaniàm is ~urned on and the extension 'starts. 

The forc~ is measured by means a~ an LVDT force transducer 

, \ 
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connected to the fixed clamp. The length and the ,force are re 

corded as functions of time on a 8~rip chart recorder. T~e e~, 
1 

téns ion is s topped néar t"he end 0 f the b~ath, the s ample t aken 

out and the moving clamp returned to its initial position. 

Another sam~le Is ~~amPid- and another 

sen ta cont~nue'the exp,riments • 

strain rate can Qe cho-

.... 

7.3) Experimental Re~ults. 

o 

, f 1 

Figures 39 to 45 s,how the cut;ves of lHenc,ky ,strain 

vs. time for the 'different strain rate values that can be ob 
o 

tained from the extensiometer. The slape of these cp~veB, 

gives the strain rate. 

~ 
system of 

lt csn be seen'that the response of the control 

the driving mechanism la very gaod from thè ~ry 
. ( 

beginning of the, experiment. Theoretically the straight line 
.-

obtained in the Kencky strain vs. time curves should pass 

through the ~rigin. This is true st th. high strain ~atas. 
,.' .... 

At the low 9tra~n rates the deviation of the line from the 

origin is very small and ls reasonàbly ins1de the experimen-, 
t~l err~r. 

Figures 46 to S2 show,the curves j stress vs. . 

time for '~esin's 1 and 9 for d:!.Aerent ·stTi':i.n 'ra~es at 180°C. 
\. 
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7.4) Discussion. 

The Hencky strain-time curves shown in the pre-

vioua section were obtained without a p01ymer samp1e be--

tween the clamps. The actual experiment with the sample 
/ 

bet~een the clJmps showed no' 8ignif~cant difier~nce (of . ' 

the order of 2%) in the strain rate values. This proves 

that the control system is reliable. Although the control 

system of tpe driving mechanism allows to obtain a strain 

-1 rate of .004sec without 1oad, with the sample between 

-1 the clamps the lowest strain rate obtained was O.014sec • 

This behavio~ caused by the load introduced by the samp1e, 

i8 .due to the innability of the motor to respond proper1y 

at the start of the experiment. At the start the voltage 

supplied by the controller to the motor i8 sa srnall that 

the load prevents the motor shaft from rotating. This ca2 

ses a current overload that can damage the ~ircuit8 in the 

controller. This, situation could be improved by using a 

gear box with a higher gear ratio. 

The stress was calc~lated using the ralatiohs 

011 - <122 - FIA 
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The length, L, was corrected to take into account 
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the yortions of the samples near the clamps that did not flow 

evenly~ An attempt was made to reduce this problem by using a 
1 

sample that was larger at the ends and smaller in the central 

portion and by cooling the clamps with hot ail (115-l20 oC). 

The effect was not elfmin~ted comp1etely. Further improve---

ment 18 possible 'if the dimensions of ~he central portion are 

reduced further. This would cause the erids of the sample, .. 
which are in contact with the cooling surface, ta aet as fns.!:! 

, 
lators ta the rest of the sample 80 that the flow would be u-

niform from the very ends of the samp1e. 

To obtain a value of the steady elongational visco-.. 
sity the stress should reach a steady value. It fs known that , 

for LDPE the stress increases with time and after a certain 

elongation it levels off. This behavior has been reported by 

31 " Laun • lt. can be seen from the stress-time curves that the 

stress increases with time, te-nds to leve! of:f and then\ de--

creases. The increase of the stress with time and the tende~ 

cy to level off i~ in agreement with previous e~perimental 

/ 

results. The decrease, on the other side, is never observed. 

lt is suspected that the decrease of the stress 
1 

with time after a tendency ta level off 1s caus~d by imper--

fections in the system used to measure the force exerted ta 

elongate the ,sample_s. As was mentioned before an LVDT force 

transducer was used to measure the force. The range of this 

force transducer is from 0 to 500g. The forces that ~ere mea 

sured in a1l the experiments in this work have a maximu~ va-

lue of 10-1~g., with most values below 5g. The transducer is 

-''", 
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J'" 
working very close to its 10wer 1tmit of operation and ther~ 

fore the 1inearity of the respon~e ts questionab1e. 

Another factor that can cause the stress to de----

crease ts the actua1 1ength qJ the samp1e wh en a certain e1o~ 

gatton' is reached. At this point the samp1e tends to f10at in 

th~ oi1 bath. 'The 11ength that is recorded is in fact the 

1ength 'between the two clamps. When the extfnsion is not 

large, the samp1e 1ength and the 1ength recorded are the same. 

But if the sample f10ats the real length is larger that the 

one reeorded, and the area is smaller than the one used 'in 

the ca1culations. It is not be1ieved that the error in the 

1ength is an importànt one. 

Summarizing, it can be said that the control system 
. 

of t~e driving mechanism is working weil inside the range of 

experimental error. This can be seen from the graphs of 

Hencky strain vs. time and from the uniformity of the exten-

ded samples. 

Severa1 modifications ate proposed so that the ... 
equipment is capable of producing improved resu1ts. First of 

a11, a more suitab1e force transducer shou1d be se1ected. A 

transducer with a range of·O to 50g. shou1d be adequate. Th~ 

set-up of the force tra~ducer shou1d be revised in order to 
, 

minimize as much as possible undeàire~ movements of the trans 

ducer wpen the clamps are put in POBit,]pn or taken out. 

Secondly, the size of the samp1es should be modi--

fied. The sample shou1d be made shorter, to obtain higher ex-

tensions or strains. This wou1d a110w ~o check the resu1ts ob 
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1 31 ---- -tained by'Laun , that after ~ certain strain (approximately 

a value of 4) the stress levels off ta a constant value. The 

highest strain rate obtained in the present equipment is 2.8 

and it would be convenient to go ta s strain·rate of 4 or 

more for the ressons cited above. Of course this is also 1i-

mited by the s Ize 0 f the tank. 

The diameter of the central portion of the sample 

should be reduced. This would reduce the portions of the sam 

pIe, near the clamps, that do not flow evenly. Both reduc---

tians, in length and diameter have to be studied with care. 
1 

If the sa~ple b~~omes sharter and thlnner the foree required 

ta stretch the sample (at a particular strain rate) will de-

c'rease and also there ia the possiblity that the ,sample will 
1 

,break before the experiment is completed. Therefore, the di
, 

mensions of the sample have to be optimlzed so that the 

force can be measured accurately an 1- the uneven flow at the 

clamps ia minimized. 

('" 
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APPENDIX l • 

CONE AND PLATE FLOW 32 

Cons1der the flow between a rot~t1ng cone and a 
\ .' 1 

fIat plate as shown 1n Figure A-I • 

.-i ..Il - ... 
'""'-" ~ -.../"'"~ 

1 R-

I 

~ : -.. .. . . . ..... .. ~': 

1 

1 

v-- ~ 

- F M 
The following assumptione are ~ade about the flow 

field: 

i) Inertial effects are negligible. 

ii) The cone angle 18 very small. This enables us 

to assume that the shear rate 1s constant 

throughout the gap. 

iii) The cone and plate have infinite dimensions. 

Iv) Steady simple shear flow continues up to the 

free surface. 

~.m . 2 
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/ 
v) Surfa-ce tension forces are negligible. 

o 

If inertial forces are neglected and edge effec!t's 
, 

a t Ithe p eriphé ry 0 f the cone are ignored, the dynamic \ eq ua-

tion in spherical coordinates ( cjl, e. r ') i9 

t ~ t 
as 

t ~T 8$éote ... 0 

(1. 1) 

'\ 

1 
With the al>ove assuptions. the only non zero velocity compo-

1 

nent 18 u$ ~nd by symmetry of the flow in the ~ direction 

the only non zero components of the rate of deformation ten-

sor are 

_a U<p 
1::. .... r (-) 
~r ar sin S 

sine 
r 

a ---ae ( 

The boundary conditions are: 

u~ 

u~ 

u~ 

o 

o 

( l .1.) 

sine 1 
) 

1 

'1' 

o (1. 3) 

r o 

Since the velocity i8 related ta the rotational speed and 

this to the angle and from the form .of' the boundary condi-

tions a solution of the form 
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~<P .'" rg('i') (1. 4) 

ls propos ed. 

Exprè\!ori (I.4) substituted in (1.2) shows that 

o 

o 

Then the dyn mie equation (I.l~ becomes 

o 

and, ) 
c 

(I:.s) 

Ta evaluate the constant C 1,n equation (1.5) we notice that 

the measured torque M arises from the shear stresa exerted 
1 

on the surface of the cone. 

M 21T { r a in (7T / 2 - '1' 0) } 2 d r 

(1./» 

Evaluation of the integral in equation (1.6) with the expre.§.., 

sion~given in (1.5) for te~ gives 

1 

C 
J 3M 

27TR 3 

and 

Leif> al 
3M 

27TR 3 s1n 2 e 

.1 

(1. 7) 

/ 

~ 

1 

~ 
" . 
) 
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Since e 
, 

1T/2 - ,-q, / and we assume that ~o i8 very small, 

sine = sin(1T/2 - ~o) ~ 1. Then, expression (1.7) becomes 

(1.8) 

Using expr~8sion (1.2), the boundary<condi~ions (1.3) and 

from the fact that the angle ls small we get the expression, 

for the shear ~ate in the cone and plat~flow . 

• y (1.9) 

To calcu1ate ,the normal stress differences we 

start with the r component of the equation of motion 

U 2 
_p_<f>_. 

r 
(1.10) 

Since shear rate ia independent of rand T depends on1y 
rr 

on shear rate, éhrr/êr ° 
U 2 

-~ r 
(I.11) 

r 

The stress measured at the surface o't; the plate ,(':1' .... 0) i5 
1 

given by 

P(r,O) t Tee (1.12) 

Substitution of equation (1.12) in equation (1.10) gives 

~ 

j,i 

,~ 
. 

, , , 
"<' <." 



But also at 'V 

U 2 ao ee 
_p_<P_ = ~ 

r dr 

o. u<p <= O. therefore 

1"e'e t 1"p<p- 21'rr 
r 

120. , \ 

(1.13) 
r 

(1.14) 

The first normal stress ia defined as NI = T~~ - 1"ee and 

the second as N2 = 1"aa - 1"rr' Therefore, 

(1.15) 

BO equation (1.14) becomes 

aD' ee NI 1s 2N 2 
âr r 

êO ee = { 
. 

2N 2 (y)} (1.16) 
dlnr N1 (y) t 

If the total vertical force exerted against the cone i8 mea 

s ured, it Is possible ta determlne the first normal stress 

difference 1"<Pt - 1"ee direct1~. without a measurement of the 

stress distribution in th~ system. For the small CQne angles 

usually emplayed the force may be calculated fram 
Il' 

F 

... 

Li 

(1.17) 

i 

! 
è 
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1 
If the system i8 in equi1ibrium with the atmosphere on its 

1 

outer boundary 

\ \ 
-p (R) ·t T rr 

then equation (1.17) reduces ta 

... 

. ( 

(1. 18) 

1 

.. 
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•• APPENDIX II. 

Parameters of the Carreau Viscosity Equation. . ' 
(It 18 common and accepted practice to assume 
1.00 to be zero for .po1ymer me1ts.) 

Resin 1. 

T Oc À N 
-

Tlo (poiSé) 

160 ~1 0.175 2 x lOs 
\ 

X 105 180 30 0.1288 1.4 

Res1n 9. 

~ 

T Oc À 0 N 110 (poise) 
. 

1 

160 10 
, 

0.312 2.7 x 105 
J 

180 20 0.1863 1.6 x lOs 

'Resin '10. 

T Oc À N - n 0 
(pois e) 

160 1'3 0.2674 3.8 x 105 , 
180 22 0.267 2.5 x 105 

\... '" 
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NOMENCLATUR.E. 

A Cross sectional area of the specimen at t = t. 

A 4ross sectional area of the specimen at t = O. 
o 

ai: Coefficients in equation (44)., 

a n: Constant in equatipn (3). 

b : Constant in ~quation (3). 
n 

B Die swell at extrusion temperature. 

B Die swe11 at thermostatting temperatur'e. 
o 

D Diameter of the extrudate. 

D, Diameter of the capillary. 
o 

f Total normal force. 

K Empirical constant. 

L Sample length at tlme t - t. 

L S~mple length at time t - O. 
o 

M : Torque. 

NI: First normal stress differenee. 

"N
2

: Second normal stress differenee. 

N : Parameter in the C~rreau viseosity equatipn. 

PA: Ambient pressure. 

i\p: Pressure -drop l'n ,the capillary. 

Q.: Volumetrie flow rate. 

R : Radius of the cone. 

. .' 

Re : Reynolds number for the cone and plate flow. ' cp . 

.s : Ti'jUe interval (t - t' ). 
/ 

126. 

'. 

. . 

1 1 



e 

'. l 

"-

S' : 
w Recove rable shear strain at the wall,. 

. t Time • 

u Velocity vector. 

x P'osi tion vec t'or. 

Greek letters: 
". 

'f Shear rate. 

• 
'f ap 

: Apparent shear rate. . 
e: Elongational st ra1n rate. 

'n Shear viscqs!ty. 

n : Zero 
0 

shear viscosity. 

n : (Xl Shear viscosity (y~(Xl) 

nT: El,ongational viscosity. 

e,e1 : First nqrmal stres~ coe(fici~nt. 

92 : Second normal stress coefficient. 

\ 
À: Parameter in the Carreau visco~ity equation. 

1..0 : Time constant. 

V Kine~atic viscosity. 

p Polymer de~sity at extrusion temperature. 

p : Polymer densïty at thermostatting temperature. o 

cr Total stress tensor; 

l Deviatoric stress tensor • ... 
l12. : Shear stress. 

lR: Stress at the rime 

'i' · Cone angle. 
0 · 

n · ,Rota~lonal speed. · 
Vu V",locity gradient. 

" 
1 0 

, 
, \ 
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