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IV

ABSTRACT

A comparative experimental and theoretical study

is presented for extrudate swell and dies of various

cross-sectional geometries and lengths. The geometries

studied included slit, capillary, rectangular and trapezoidal

dies. We also present an experimental and theoretical

study of screw extrusion of rubber compounds.

The swell from slit dies is greater than the swell

from capillaries. At low die wall shear rates the swell

of homogeneous melts goes to a value of about 1.2 for

slit dies as opposed to about 1.1 found for capillary

dies. The swell from short dies is greater than the swell

from long dies.

A theoretical study of extrudate swell based on

unconstrained elastic recovery from poiseuille flow is

developed for long dies. The argument is made that

elongational flow existing in the die entry region

determines extrudate swell for short dies. A theory of

swell based on unconstrained recovery from the entrance

flow is developed. A theory is also proposed for the

swell of filled polymer melts. This involves consideration

of the gel-like character of these materials.

The screw extrusion of rubber compounds has also

been studied. A new model is developed which considers

the slip of the rubber compounds in the region near the

hopper.
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CHAPTER 1

INTRODUCTION

No process or apparatus is more important than

screw extrusion in the polymer processing industry.

The screw extruder is a continuous pumping device

v/hich can transfer heat, mix polymer systems and build

up high pressure to push polymer melts through a die.

The die may have various geometries ranging from circular

to slit, annular, rectangular or trapezoid depending on

the frozen shape of final product.

The extrusion process has been a subject of extensive

study for more than one hundred years. However to the

present many practical problems are still solved by engineer

ing art and trial and error experience. This is because

practical problems are generally-very complicated and

the available studies are usually for specific and simple

cases.

This problem of extrudate swell and character of

melts emerging from dies has been of considerable concern

in the polymer industry for a half century or more. Most

of these studies have involved flow through capillary dies

and indeed only a few investigators report studies on

cross sections other than circular and these results are

orJ.y qualitative. The more limited literature on polymer

compounds relates largely to qualitative descriptions.



Studies of screv/ extrusion of polymers in the liter

ature generally consider simple metering screw pump behavior

or combine it with a plasticating melting model. There

has been little attention given for the peculiar charac

teristics of rubber compounds, even though this was the

first type of polymer system commercially processed in

a screw extruder and continues to be important to this day.

Our purpose in this dissertation is to present a

broad based study of flow through dies and in the screw

extruder for pure and filled polymer melts and elastomers.

We compare the theoretical and experimental pressure loss

vs. extrusion rate relationship for dies of various geome

tries. A major purpose of the present dissertation is to

present a joint theoretical and experimental study of

extrudate swell of homogeneous and filled polymer melts

emerging from dies of various geometries including slit,

capillary, trapezoidal and rectangular dies. The influence

of die length and entrance geometry will be considered.

We conclude by presenting a fundamental new theoretical

and experimental study of screw extrusion of rubber compounds.



CHAPTER 2

HISTORICAL BACKGROUND

A. CONSTITUTIVE EQUATION

Polymer melts show a wide variety of responses in

flow conditions, such as non-Newtonian viscosity, recoil,

extrudate swell and Weiseenherg effect. They exhibit the

combined behavior of the properties of solids and liquids

and show elastic as well as viscous response to applied

stresses. There have been many attempts to express tfie

relation between the strain history and stress in visco-

elastic fluid. These are generally termed constitutive

equations (5^, 2L6).

Two types of constitutive equations of viscoelastic

materials have been developed. These are differential

type models (rate theory) and integral type models (integral

theory). As early as I867 Maxwell (l4^) had presented a

simple model to represent the viscoelastic materials.

This model generates a basic one dimensional differential

type constitutive equation,

= axf (2-1)

where 6 is the stress, ̂ is the strain rate, G is the

elastic modulus and T denotes the relaxation time (iJ^ij-) .

ihis theory is linear and does not predict normal

stresses or non-Nev/tonian viscosity. Maxwell's theory
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was generalized to large deformation and a three-dimensional

form by Zaremba (284). Zaremba's theory predicts both-

normal stresses and non-Newtonian viscosity. Various

modified and non-linear forms have been proposed by Hencky

(99)j de Witt (69)» Oldroyd (I83)i Williams and Bird (273),

Spriggs and Bird (218, 219) and notably White and Metzner

(269). The White and Metzner formulation which is most

widely used has the form

Cij = - P ^ hj (2-2)

^  = 2 G r(I^} di- (2-3)

^ P. . D P. .
^  - V ^P . -V ^P. (2-4)

where is secondary invariant of deformation tensor d^^^ .
^/St is the contravarient form of Oldroyd's convected

derivative (182) which physically is expressing the rate

of change of stress as viewed from a rotating and deforming

coordinate system.

In I874 Boltzmann (29) established the general

constitutive equation, the so-called superposition integral

equaxion, for a viscoelastic material which is subjected

to small deformations. This has the one dimensional form

C- (t-s) ^(s) ds (2-5)

where G (t) is a fading memory function of t, knov/n as the

relaxation modulus, ̂ is the strain rate and s is the time.
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The "basic concept is that the stress is a sum of all

past strain history weighted with a "memory" function.

This memory function is exponential in form and recent

strain experience is more important than past experience,

which the material gradually "forgets". If the memory is

very large, the material "becomes an elastic solid. If

the memory goes to zero it "becomes a Newtonian fluid.

Integration of Eq. (2-5) by parts and taking the

present state (s=t) as the standard state to make

gives

(S'Ct) = ^(t-s) "y*(s) ds

i(t - s) = - (2-6)

The Maxwell equation is a special case of the

Boltzmann equation for

G (t) = G e-Vr and ' (t) = ̂  e'Vr (2-7)
V

The relaxation spectrum H (Tf) is introduced to

represent G(t) as a generalized Maxwell fluid as follows:

G (t) = H (r) InT (2-8)

The Boltzmann equation predicts Newtonian viscosity

and is limited to small deformations. Generalization of

the Boltzmann theory to large strains was first attempted

by Lodge (128). Green and Rivlin (90) have proposed a

general three dimensional form of the hereditary functional

for large strains. The nonlinear integral theory approach



of Green and Rivlin (90) is certainly general enough to

explain the nonlinear phenomena observed in viscoelastic

polymer fluids. An equivalent formulation has been proposed

by Coleman and Noll (5^, 179).

Zapas and Craft (282, 283) have shown on "the basis

of multistep large deformation stress relaxation tests on

bulk rubber that a constitutive equation containing only

a single integral is more appropriate than one containing

double, triple and higher integrals. This result suggests

restrictions on constitutive theories.

Bernstein, Kearsley and Zapas (BKZ) (I6, 1?)

proposed a constitutive equation of this form which is

able to predict most if not all of the nonlineai* phenomena

observed in viscoelastic fluid systems. Their theory is

motivated by the Finger-Rivlin theory of nonlinear

("rubber") elasticity and involves the introduction of

a time dependent scalar function which plays the same

role in their theory as the strain energy function does

in elasticity theory. Bird and his students (21, 219)

used the deformation rate invariant instead of the strain

invariant. Bogue (2^) proposed a theory later modified

by Bogue and White (26, 9^) , which is intermediate between

BKZ and Bird. It involves time averaged rate of deforma

tion variants.
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The single integral constitutive equation for isotro-

pic viscoelastic fluids has the general form as (26, 9^)

- pi + /o nmj_(z)c~^ - m2(z)c] dz (2-9)

v/here ff is the stress tensor, p is pressure, I the unit

tensor, c ^ and c_ the Finger and Cauchy deformation measures

and mj^(z) and m2(z) are memory functions. In general ia^{z)

and mgCz) may depend upon deformation or deformation rates.

The Lodge "rubher-like" fluid (129) is the special case

of Eq. (2-9) for which m2(z) is zero and m^(z) is independent

of deformation invariants. In the Bogue-White model

,  G. -z/r.
m-, (z) = ['1 + Z -7^; e
^  ̂ i '^ieff

€
G, -z/r,

= - 2 ̂  ^ (2-10)
i  ieff

'^ieff = , IT ^1 + a ly

where E' = ̂  /T ll[a(s) 1 ® ds C2-11)

IT. = 2 tr d^ = 2 d. ,d..

where depends upon the time averaged rate of defor

mation tensor. The quantity £ determines the value of the

second normal stress difference. 6= is reported to have

tT -tr.e values of -0.2 to -0.6 (26^^). is the time averaged

square root second invariant of rate of deformation. The

effective time constant becomes smaller as the shear

rate is increased.
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The quantity a is an empirical constant. Generally,

the parameters are the same order 0.6 - 1.2 (81) for

polymer melts.

Most constitutive equations predict that the elon-

gational viscosity and stress hecome infinite (279, 39» 6^)

at high elongation rate. Dealy (62) and Bird et al (22)

tabulate some of the more complicated rheological models

according to whether or not they predict a "bounded elon-

gational viscosity for all finite rates of strain or not.

Ide and White (10^, 105) showed if a < 2/^3 in "the Bogue-

White model, the elongation viscosity and stress will

become unbounded at finite elongation rates.

Constitutive equations based on models of concentrated

systems of flexible chains are due to Yamamoto (279, 280)

and Lodge (128) . "Variations of these models have been

developed in more recent years by Tanner (227) and by

Phan and Tanner (231). ■

Many polymer processing operations involve large

variations in temperature with time (e.g. melt spinning,

tubular film extrusion). Therefore the material time

constant should be temperature dependent. Replacing Tby

T(T) or equivalently T(t) in Eq. (2-1), we can suggest

the form of the non-isothermal Maxwell model through

dependence on time; i.e.

«•+ T{t) = GT(t) r (2-12)

The solution of Eq. (2-12) is (25),
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_ pt dt"
J + I

G  e -^(f) df (2-13)

Matsui and Bogue (137-139) (see also 70f 1^0) have developed

a non-isothermal constitutive equation for non-linear

viscoelastic fluids. This has the form

= -P ̂ 13 ̂  ̂
r  pt dt"exp L r^^i:ii^(t"), T(t")jJ

'  r\l-iid(^'). T(t')J

•Ci-"^ (t.f) df (2-1^)

ClI (.), T(.)] = (2-15a)
l+hII^^(-)a^CT(.)t]r^°

Tn(') = a,j(T( -))T^° (2-15b)

v/here 11^ is the second invariant of the deformation rate

tensor, and b is a dimensionless empirical parameter. This

is similar to the Bogue and White isothermal model (26).

Here a,j(T) is the shift factor due to Williams, Landel

and Ferry equation (27^1-), which has approximately the form:

-C. (T-To)log a^(T) - Cg+T-To" (2-l6)

In highly filled polymer melt systems with small

particles, a yield value is generally found as in a Bingham

plastic fluid (19) • The Schwedoff model yield as shown in

Figure 2-1, a simple combination of a yield value Y and a

Yaxwell mdoel has been proposed by Lobe and White (127, 2y2)

to represent the flow behavior of filled polymers. Using
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i

I

Y
SCHWEDOFF
MODEL

Figure 2-1. Schwedoff model representing rheological
behavior of filled polymers.
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arguments of the type developed hy Hohenemser and Prager

(100) and Oldroyd (181) for Binghara plastics and through

application of a Von Mises yield criterion, Lobe and White

(272, 127) have extended this to a three dimensional consti

tutive equation as:

CT = --pi + ? with tr P = 0 (2-17)

tr P^ < 2Y^ d = 0 (2-18)

p2 > 2Y^ P (1—^^) = H (deformation (2-19)
tp^2 history )

where a single integral form of H is

So Cu-,(z)(c ̂ -1/3 trc ̂ ) - Up(z)(c-l/3 trc)] dz

Here ̂  is the deviatoric stress tensor, the Finger

deformation tensor, ̂  the Cauchy deformation tensor, ̂  the

rate of deformation tensor and u^(z) and are relaxa

tion functions.

B. RHEOLOGICAL PROPERTIES OF POLYMER MELTS

The rheological properties of polymer melt systems

are very comiplex compared to most industrial fluids. The

simplest of these fluids is the homogeneous polymer melt.

It is generally agreed that this fluid is an isotropic

viscoelastic fluid and for small strains obeys the Boltzmann

superposition integal (1, 81, II6, 176, 233-238, 27I, 272).

For large strains and flo'ws, the general features of the

response are semi-quantitatively agreed upon those different

constitutive equations proposed but no general agreement

exists (97, 217, 15^i 2^, ̂ 0, 3, 66, 21).
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It is of importance that we consider the rheological

characteristics of polymer melts in shear flow for this

x:yT)e of kinematics exists in fully developed flow through

a die. Simple shear flow in cartesian coordinates

v^=y^(X2) n = ̂ 2 = 0 (2-20)

The stress response to this flow involves both a shear

stress, <3^2' which resists flow and normal stressesi

along the streamlines and Cgg in the direction of shear.

The stress state in flow is determined by the isotropic

pressure the shea.r stress, ̂ 2_2' normal stress

differences and Ng defined by

Ni = - <r22 Ng = 0-22 - O33 (2-21)

The stress responses ^-nd to shear flow

may be related to "T through rheological properties, namely

the shear viscosity and the normal stress coefficients

and fg

cr^2 = N2 = V2(r)f^ (2-22)

Vr'here Y\, y^, and ^2 are functions of the absolute value

or square of T. Generally the principal normal stress

coefficient is considered as a product of the viscosity

and a characteristic time T.

= Z'lT (2-23)

where T is the ratio of the first to the zeroth moment

Gi the relaxation modulus function according to viscoelastic

fluid theory.
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There have been extensive studies of the viscosity

function for molten polymers (11, 125, 95» 97» 180, 267,

268). Usually, at least two viscometers are needed with

a capillary viscometer to get high shear rate data and

usually a cone-plate (79f 258) to obtain low shear rate

data. Typically the viscosity is constant at low shear

rates and then decreases with increasing shear rate. In

this high shear rate range, data tend to be linear on

logarithmic paper indicating power law behavior; i.e.,

0*12 = Kr"" (2-24)

Several researchers have measured as a function

of shear rate generally using cone-plate instruments (11,

13, 9, 951 97. 180, 267, 268). The normal stress data
-1

is usually limited to shear rates less than 10 sec

The coefficient like is a decreasing function of

shear rate. However increases much more rapidly than

<r^2 with Sr. A power law relationship of gen

erally valid at low shear rate for polymer melts as follows:

Ni = A (2-25)

Oda, Clark and White (I80) compared a range of commercial

polystyrene and found that the - <5^2 relationship is

a monotonic increasing function independent of temperature

and is unique in families of polymers with similar mole

cular weight distributions.
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The ratio (rj_2 "become quite large for some

melts, being often greater than unity by a of 1 seo"^.

There has been little study of N2 but existing results

indicate it to be negative and of order 10 to 20 percent

of the value of (125) •

Historically, rheological investigations of polymer

m.elts have largely concerned shearing flows. It is only

in the past decade that any substantial attention has been

given to elongational flow.

Generally, shear flow of all polymer melts follow

a similar pattern whereas elongational flows show signi

ficant differences for different polymer systems (50) •

Several research groups (48-50, 4l, 152, 153) and

most recently, Ide and White (IO3-IO5) have made expensive

studies of elongational flov/ for polymer melts. Some

polymer melts show unbounded elongational viscosity, some

tend to decrease with elongation rate. Ide and White were

able to explain these behaviors quantitatively through the

application of Bogue-White constitutive equation.

Biaxial extension experiments have been carried out

by Benson, et al (65) and Maerker and Schowalter (I3I).

C. RHEOLOGICAL PROPERTIES OF FILLED POLYMER MELTS

Polymer melts often contain reinforcing agent or

fillers. This addition of particulate solids to polymer

melts dates back a century or more when it was widely used
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for rubber. Polymers notably rubber and PVC are generally

not used or fabricated in the pure state but compounded

with large amounts of fillers and oils. The addition of

fillers to polymer melts has a major influence on the

rheological properties (120, 133» 173> 26l, 26^, 265).

Not only is the influence complex but so is the nature of

interaction.

Carbon black is probably the most important of all

reinforcing fillers used in polymers, its most important

application being with elastomers in compounds used for

tire components. Generally carbon black is produced by

the thermal decomposition of hydrocarbons produced by

impingement or free flame processes (2l4). The dominant

characteristic of black is its high surface area per unit

mass, small particle size and surface structure. Common

blacks used in tire compounds possess particle diameters
O

in the range of 200-500 A. Another important characteristic

of carbon black is its chemical surface characteristics

such as its oxygen content or pH (31)-

Other solid fillers usually have larger particles

than carbon black. "talc and CaCO^ have sizes of

thousands of Angstrom units or fractions of a micron.

Glass fibers have diameters of several microns and lengths

of more than a millimeter.
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McCabe and Mueller (1^5), Hopper (101), Collins

and Oetzel (55, 56), Vinogradov, et al. (250), White and

Growder (266), Bagchi and Sirkar (^) and Lobe and White

(127) have looked specifically at how carbon black loading

and diameter and structure influence the viscosity. In

general viscosity and the apparent thixotropic behavior

of the compounds is approximately a monotonic increasing

function of the total black surface area. Similar behavior

is also observed for other fillers notably TiO^ (I68) and
glass fiber (38).

Matsumoto, and Onogi {Ikl-lkJ, 184, I85) have

investigated the influence of fillers on the dynamic

properties of polymer solutions. Filled polymer fluids

exhibit apparent yield values at low shear rates. Lobe

and White (12?) observed apparent yield values for highly

filled carbon black-polystyrene at low shear rate.

Matsumoto, Hitomi and Onogi (l4l) suggested a higher

maximum relaxation time in carbon black-filled polymer

solutions, using linear viscoelastic low frequency dynamic

measurements. However Minagawa and White (I68) suggested

this results may be influenced by the yield value at

such low shear rates and may be not pertinent at moderate

and high shear rates.

There are only a few studies of elongational flow

for filled polymer melts (176, 38, 12?). Serious study

is really due to Chan, White and Oyanagi (38) for glass
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fiber reinforced polymers and Lobe and White (127) for

carbon black-polystyrene. They found that the elonga-

tional viscosity is unbounded at low elongation rates

and decreases at higher rates.

D. DIE FLOW

The extrusion of molten polymers through dies as

an industrial processing operation dates back to 18^0

(110) . However, fundamental research on this subject is

of considerably more recent date.

1. Stable flow

a. Flow into entry

The pressure, Ap, required to force a molten polym.er

through a series of capillaries of" varying l/D ratio at

the same wall shear rate may be expressed as the sum of

the entrance pressure drop, the capillary pressure drop,

and the exit pressure drop (3, 13, 95, 188). The creeping

flow of Newtonian fluids through sharp-edged entrances

have been studied analytically by Roscoe (200) and Weissberg

(257), and experimentally by LaNieve and Bogue (12^1-).

The study of die entrance pressure drops for polymers

was first discussed by Mooney (171, 172) for rubber com-

pounds and by Bagley (5) for molten plastics. They pointed



18

out the existence of very large entrance pressure losses

(1/3 to 1/2 of the total pressure drop). Philippoff and

Gaskins (188) v/ere the first to point out the apparent

relationship of the entrance pressure to melt viscoelasti-

city, particularly normal stresses. This view was taken

up by Bagley (9)> LaNieve and Bogue (124) and White and

Kondo (267). Boles, Davis and Bogue (27> 28) attempted

to generalize the LaNieve and Bogue's result to flows

in a tapered entrance. Similar studies at pressure drops

have also been made by other research groups (90, 115» 232).

Han and his co-workers (95» 98) have experimentally separated

the end pressure losses into entrance and exit loss contri

butions .

Visual and birefringent of die entrance flow

patterns have been extensively studied. Flow patterns

in glycerine and water moving from a reservoir into a

small diameter tube exhibit nearly radial flow and a 180°

entrance angle has been reported (12, 30, 86, 107)• Low

density polyethylene (6, 7. 207. 24l), polystyrene (11)

and various polymer solutions (86, 195. 209) show large

circulating flows or vortices at the die entry. Other

melts notably high density polyethylene (6, 7), isotactic

polypropylene (I3) and narrov; MD polybutadiene (249)

apparently do not exhibit these vortices. It is found

that increasing extrusion rate increases the size of the

circulating regions and decreases the entrance angle.
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The experimental results of Ballenger and White (I3) show

that large vortices or small entrance angle correspond to

large entrance pressure losses. Bagley and Schreiher (9)

and White and Kondo (267) visualized the flow patterns

at the entry of tapered dies and found that decreasing

the entrance angle decreased the vortex size.

Hydrodynamic analyses have been given by Langlois

and Rivlin (123), Kaloni (IO9)» Strauss (221) and others

(209, 210) . These involve use of asymptotic slow flow

acceleration tensor expansions and perturbations

about the Newtonian flow solutions which predict radially

inward motion in a cone or wedge. Perera and WsLLtors

(187) numerically studied flow of viscoelastic fluids in

converging flow into a die.

Cogswell (50) and Metzner and his co-workers (162,

163) were the first to note the elongational flow character

of the die entrance region. The former author suggested

it could be used for measurements of elongational viscosity

of polymer melts. This procedure was used by Shroff,

Cancio and Shida (213) where they compared the elongational

viscosity measured from converging flow and more direct

elongation flow measurements. More detailed discussions

about the kinematics of entrance flows were published by

Metzner and co-workers (162, I63), Cogswell (49, 51» 52)

and White and Kondo (267). Both Cogswell (53) and White

and Kondo (267) argued that it is the elongational flow

character of polymer melts which gives rise to the vortex

like die entrance flov/.
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b. Flow through dies

Non-Newtonian flow through an isothermal die has

been considered by various investigators for a half century.

Most studies have involved flow through cylindrical dies

and pressure drop-flow rate relationships have been devised

for a number of rheological models including power law

and Bingham plastic models which exhibit yield values (23).

One may develop scaled equations based upon pressure drop-

flow rate data as is implicit in the work of Weissenberg

(75» 76, 192) and Mooney (170). A similar literature has

been developed for slit dies (9^)•

Nonisothermal flow of polymer melts through a die

has received attention by various researchers. Brinkman

(33), Bird (20) and later authors (239, 82-8^1', 17^. 131i

59, 78, 275) have treated this problem for tube flow.

The developing temperature field for annular and slit

dies has more recently been investigated by Cox and Macosko

(59) and numerically calculated by Winter (275) • A.s the

temperature profile induced by viscous dissipation and

heat conduction and convection varies the viscosity, the

energy equation and the force balance become inter-related.

Analytical solutions are generally impossible to obtain

and numerical solutions must oe carried out. The results

are sensitive to presumption of boundary conditions.

There has been extensive analytical study of flow

through dies with complex cross sections for various
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rheological models {77» 89. 123, 259) • They concluded,

in general, the flow of viscoelastic fluids through a

non-circular tuhe under an uniform pressure gradient cannot

he longitudinal. Secondary circulating flows are super

posed on the main flow. Langlois and Rivlin (123) have

shown that it took a fourth order fluid, Rivlin-Ericksen

expansion of acceleration tensors, to yield circulating

flow patterns. These flows have been more recently inves

tigated by Pipkin and his students (I90, h2) and by Walters

and his co-workers (72, 24^) . Such flow have relatively

little influence on the extrusion rate-pressure gradient

relationship (42, 72, 260). Experimental observations

on polymer solutions by Giesekus (85), Semjonow (211),

and Walters and co-workers (72, 244), appear to support

theoretical predictions. Han (95) observed the streamline

patterns of molten polymers flowing through rectangular

duct, but didn't observe a circulating flow. This was

probably due the short die used.

The steady, isothermal rectilinear flow of a power

lav/ fluid in a rectangular duct of constant cross section

has been analyzed numerically to determine velocity fields

and pressure gradient-flow rate relations by Schechter

(205), Wheeler and Wissler (259, 260), Middleman (I65),

Aral and Toyoda (2) and Rothemeyer (201-203)• Rothemeyer

(201, 203) has similarly investigated dies with more

complex cross sections.
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c. Extrudate swell

The prohlem of extrudate swell of polymer melts

has received considerable attention in the literature

mostly experimental (10, 11, ̂ 7, 71, 88, 9^» 177» 193i

196, 215, 216, 240, 250, 252, 254). Extrudate swell in

polymer melts generally (i) increases with increasing

extrusion rate, decreases with increasing extrusion

temperature; (ii) decreases first rapidly and later

slowly until it reaches a constant value with increasing

L/D ratio; (iii) first increases then levels off with

increasing reservoir to capillary diameter ratio (88, 97,

155-157, 248, 270).

Extrudate swell is a very difficult rheological

problem to analyse. For Newtonian fluids Harman (98)

showed that a momentum balance led to a B=d/D of 0.866.

The first attempt to derive an analytical expression for

die swell of polymer solutions presumed high Reynolds

number flows where the response is largely determined

by momentum fluxes and normal stresses (159-1^1, 269)•

However for polymer melts the Reynolds numbers are small

and momentum fluxes are negligible compared to rheological

forces.

Recently, Tanner and Nickell et al (229, 230, 178)

carried out a complex numerical solution using finite

element methods for the case of Newtonian creeping flow.

They predicted a die swell of B=d/D=1.13 for long tubes.
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More recently Reddy and Tanner (196) have shown that

similarly for a slit B=h/H is lol9«

The vie'w that extrudate swell of a polymer melt

from long dies is a result of unconstrained recovery from

fully developed poiseuille flow is an old one and may be

inferred from papers from Dillon and Johnston (71) in the

1930's to Nakajima and Shi da (1??) among others (1551 2^1-7,

88, 8, 228, 25^) in recent times. The first reasonably

satisfactory treatment of the problem would appear to be

that of Tanner (228) who made use of unconstrained elastic

recovery calculations by Lodge (I29) for an integral

Maxwell model with a Finger deformation measure (compare

V/hite (263)). The assumptions he made are (i) the flow

is isothermal and incompressible; (ii) the die is very

long, l/D-^-co; (iii) inertial effects, gravity, other body

forces, surface tension forces may be ignored; (iv) the

small, slow recovery far from the die may be ignored.

These assumptions are realistic for application to extru

sion of polymer melts with small inertial forces which

are highly viscoelastic. He uses a constitutive equation

of the BKZ type and assumes N^, the. second normal stress

difference is negligible and that the relaxation function

is Max.vellian. Basically he found die swell is a function

of the ratio of the first normal stress difference to the

shear stress at the wall of a circular die. The recovery

expressed by Tanner (228) has the form
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Z' = (zA^) + g(ir)

9' = 0 (2-26)

the deformation tensor is

lA^ g' 0

Q =

0

y

0

0

0

(2-27)

l/T^+g'^ >g' 0

Q q '^ = y\g' 0

0 0

where g(r) or g'=dg/dr is a shear strain with above formu

lation, he worked out the swell equation of capillary die

as

B =

(N, + G - g-Vg^) Yd^j-1

Gr dr -]
(2-28)

He found agreement between theory and existing

experimental data of polystyrene if he added 0.1 to the

right side of the above equation to account for viscous

effects.

Experimental studies of these and other extrudate

sv/ell theories have been reported by Vlachopoulos and

his co-workers (251, 252, 254), Utracki, Bakerdjian and

Kamal (248), White and Roman (270, 199) sind by Racin and

Sogue (193i 194). V/hite and Roman (27O) developed a modi

fied form-Ulation of Tanner's theory where the melt recovers
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from poiseuille flow into a state of uniaxial tension.

They found that the swell decreases rapidly with increasing

applied pick up force. The theoretical equation which

fits data reasonably good has the form:

Teff 4f
= 1 - ^ (2-29)

B, V 1 V B , X
L  (o) J (o)

where F is the applied force, is the extrudate swell

without pick up stress and is represented by Tanner's

swell equation.

White and Roman (270, 199) also compared theory

with swell data taken by various methods (i.e. frozen,

annealed in hot silicone oil, photographed emerging into

air, photographed emerging through 180®C silicon oil) .

They found that the frozen extrudate data and melts

extruded into air account for the theory reasonably well

but the annealed and isothermal data are much higher.

An empirical relationship of extrudate swell for

shorter dies which has been proposed is (177» 202):

B = B^ + (Bo - B^) •exp(-t/;^*) (2-30)

where B^ is die sv/ell for L/D-^oq, Bq is the die swell for

L/D=0 and t, 7\'^ are averaged values of residence time and

relaxation time. The quantity t is largely a function of

L/D and extrusion rate and largely depends on wall shear

rate and material properties.

There are no analyses for Bq which seems to relate

to the recovery from, the entrance flow.
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Most studies of polymer extrudate swell have involved

flow through capillary dies and indeed only few investi

gators report studies on cross sections other than circular

and these results are only qualitative (9^> 122, 201, 202,

253» 277) • There is no joint experimental and theoretical

study for slit and more complex geometries.

There have been some studies on the extmadate swell

behavior for filled polymer systems (38, 9^» 168, 21k,

266). Generally increasing filler loading decreases die

swell rapidly. VJhite and Crowder (266) found the particle

size of carbon black has significant effect to the decreas

ing of extrudate swell. For the same loading, smaller

particles gives less die sv/ell. At high loading,

extrudate swell can be completely eliminated (38, 127) •

The most systematic data was given by Minagawa and White

(168) and Lobe and White (127) in which they found the

normal stress function decreases with increasing loading

but not as rapidly as extrudate swell does.

Studies of extrudate swell for filled polymers

have involved efforts to develop a master curve of shear

stress versus the corrected die swell (B/1-/) (58, 151)-

The quantity / can be filler volume fraction (1^2) or

modified effective filler volume fraction (k, 119, 120,

151, 191, 266). Bagchi and Sirkar (k) chose to use the

swell equation of Bagley and Duffy (8) and an empirical
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relation of elastic modulus for highly filled system.

They then worked out a swell equation for polymer compounds

as follows:

"  f (1 - /e'

where (5' is wall shear stress, b is power index for the
w

filled system with 2.5 for inert spherical filler (3^) and

f is a non-linear factor for Go (modulus of unfilled polymer

polymers). Go/f may depends on 0"^ and time. Based on

Eq. (2-31) Bagchi and Sirkar were able to plot a single
h  — ? — bcurve of vs. (B -B~ )^/(l-/g) for a range carbon

black compounds. However there is no theoretical analysis

for the extrudate swell of filled polymer systems based

on constitutive equations.

2. Unstable flow

The first careful investigation of the nature of

emerging extrudates was published by Spencer and Dillon

(215)• They distinguished three regimes of flow in poly

styrene. At the lowest flow rate the melt emerges with

a sm.ooth surface . In an intermediate regime more or less

regular spirals were produced followed by a grossly dis

torted extrudate at the highest extrusion rates. The

onset of distortion occurred at a critical wall shear

stress about 10^ dynes/cm^ which is also confirmed by
later investigators (11, 12 246).
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It is clear from flow visualization studies (262,

12, 6, 13, 2^1, 267) for molten plastics that the instabi

lities giving rise to these distorted extrudates develop

in the die entry flow region.

It is usually observed that the extent of distortion

decreases with increasing l/D ratio (2^0), but this is

not always the case (67, 68). Addition of filler into

polymer melts (60, 168, 266) delays the onset of distortion

to higher shear rates. This phenomenon is very important

to elastomers which usually show distorted extrudates even

at extremely low extrusion rate. (250, 18, 60, 266)

r-iinagav/a and White (I68) found that '1102 decreases both

the characteristic relaxation time of polymer melts and

extrudate swell as well as retarding the occurrence of

extrudate distortion. There are a variety of mechanisms

vfaich have been proposed through the years for the cause

of the initiation of melt flow instabilities in extrusion.

These involve hypotheses of fracture of the melt and of

hydrodynamic instability (25)•

E. SCREW EXTRUSION

Rubber Extruders - General. The use of a screw

extruder as a continuous pumping device in the rubber

industrj,^ originated in I87O-8O as a result of attempts

to devise a machine which v/ould operate continuously.

After that, improvements were made largely on an intuitive
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"trial-and-error basis, many of which were subsequently

discarded, but the sum effect over the years was a gather

ing of empirical knowledge (often unrecorded). During

that time, empiricism not science held sway, but neverthe

less an invaluable body of rules was amassed.

In 1922, Rowell and Finlayson (204) first developed

a theory of screw pumps for viscous liquids. Pigott (I89)

and Carley, Mallouk and McKelvey (3^) applied this to

The analysis of screw extrusion of polymers. Since that

time screvf extruders have been extensively studied. The

results of these efforts for plastics have been summarized

in the monograph of Tadmor and Klein (226).

These models are basically for extrusion of molten

plastics which exhibit distinct solid conveying, melting

and metering regions. Such a model is not expected to

work at all well for rubber compounds. In succeeding

sections, we will critically review the extensive literature

on screw extrusion of plastics. While realizing that in

its present formulation, it will not be adequate for rubber

compounds, the concepts of the theories should form the

basis for any new analysis.

1. Solid conveying zone

The task of the solid conveying zone is to pick

"up and convey the solid plastic particles, generally in

The form of small cubes of more or less regular form, to

the melting zone. Usually, the first few turns (2 - ̂
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turns) of the screw froin the hopper performs the solid

conveying function. The conveying capacity of the feeding

zone must he at least equal to the metering capacity of

the melts conveying zone in terms of mass flow rate.

Decker (63) recommends attaining low friction between

the screw surface and polymer by polishing the screw and

maintaining high friction between polymer and barrel by

roughening the barrel surface and requiring a high bulk

density for the solids to get higher delivery. More

quantitative approaches have been developed by later

authors but the first equations that express the solid

conveying capacity were developed by Darnell and Mol (6I).

The Darnell and Mol model involves a force balance along

the length of the screw channel with the bed preserved

to m^ove as a solid plug between the barrel with coefficient

of friction and the screw with coefficient of friction

Pressure profiles and flow rates are interrelated

with screw geometry, rotation rate N and jiX^ and JUL^'

The experimental output rates of the solid zone was also

found very close to the calculated values. Using a model

extru.der with a glass barrel, Griffin (92) was able to see

that unplastified beads or pellets moved as an unsheared

plug. He also shov/ed lower and less steady screw extrusion

rates are more likely for small spherical pellet feed

particles than for large cubic particles.
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The frictional mechanism of Darnell and Mol only

applies in a short feeding region where the surrounding

is still cold. Once the solid polymer starts to melt on

the heated barrel and screw surfaces, the viscous forces

instead of frictional forces control the solid conveying

function as proposed by Chung (^4). According to his experi

ments, the slip behavior of polymer solids on metal surfaces

are represented by two parameters: the friction coefficient

below their melting point and the sled stress above their

melting point. Modified solid conveying models based on

the viev/s of Darnell and Mol were developed by Tadmor and

Broyer (35. 223). From their mathematical model, the

Temperature profile in the solid plug together with the

strongly interacting pressure profile can be calculated.

Kacir and Tadmor (108) developed a theoretical model for

the newly-defined (22i^, 226) "delay zone" which starts

at the end of the solids conveying zone and involves

formation of film of melt on the barrel. This continues

up to v/here the "steady state" melting mechanism starts

to operate. From their model the length of the delay

zone can be calculated. Many experimental investigations

(130, 220, 22^, 73) have shown that the solid plug is

separated from barrel surface by a thin melt film, except

for a few turns of the screw near the hopper. Therefore,

Chung, riichols and Kruder (^6) suggested that Darnell and

Mol's theory was developed based on the assumption that the
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solid plug is in direct contact with the barrel surface and

thus should not be applied to long sections of the extru

ders. However, the transfer from the frictional mechanism

to the viscous shearing mechanism of polymers on a metal

surface is not clearly understood at present. Schneider

(206) investigated the frictional behavior of polymers

on metal surface for pressures less than ̂  psi and sliding

speeds of less than I.3 in./sec. Friche (80) made similar

measurements for pressures up to 350 psi. Most recently,

Chung, Hennessey and Tusim (^5) measured the friction

coefficients of several polymers on metal surfaces up to

high temperature, pressure and speed to simulate real

extrusion conditions found the interrelations are too

complicated to make any prediction.

2. Melting zone

The presence of a melting zone is the major distinc

tion of the plastieating extruder. Quite early in the

development of extrusion theory it was realized that the

energy required for melting the polymer originates from

tv/o sources: heat conduction through the hot barrel surface

and viscous dissipation.

The melting zone or phase transition zone is

defined as that portion of the screw in which solid polymer

and melt co-exist. The length of the melting zone is a

function not only of the screw geometry, but also of the
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operating conditions and the physical properties of the

polymer as well. The melting zone does not exactly

coincide with the tapered, transition or compression

section, although one would often like to design an

extruder screw that would complete the melting at the

end of the compression section. The position of the

melting region varies with screv/ speed, barrel temperature

and polymer properties. It is very difficult in defining

and analyzing a two phase system in the melting zone.

The melting mechanism in screw extruders was

first investigated by Maddock (130) and Street (220).

They developed the experimental techniques which first

led to the development of a qualitative mechanism for

melting through visual observation. Their basic concept

is first to feed the extruder with a mixture of natural

and colored (3-5?^) polymer. When steady state is reached,

xhsy suddenly freeze all conditions by stopping the screv/

and solidifying the polymer. The screw is then pushed

out of xhe barrel, the polymer is peedled off the screw;

and the helically shaped ribbon of polyitier is sectioned.

The molten and partially mixed polymer v/ill exhibit

flow lines, while the unmelted polymer will remain

in the initial solid particulate form.

From these kinds of experiments a qualitative

melting mechanism can be described as follov/s. The solid

pellets which are fen into the hopper start moving towards
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the die in the extruder channel. At a certain point

melting starts and forms a thin film on the hot barrel

surface. Pellets from this point are no longer loosely

packed, since considerable pressure is developed which

together with the softening effect of the hot surroundings

tend to compact the pellets into a sturdy "solid bed"

which has the shape of the helical channel and slides

in it. The melt collects in the pool of melt in the rear

of the channel in front of the advancing flight. In the

melt pool, due to the relative velocity of the barrel and

the root of the screw, a circulatory motion is set up.

Streamlines of this circulatory motion can be

clearly identified in the experimental cross section.

A pressure is developing which, of course, forces the

solid bed to segregate in its observed location at the

trailing side of the flight. Thus, inspite of the fact

that most of the melting occurs at the barrel surface,

or rather at the interface of the film of melt and the

solid bed, the height of the solid bed does not decrease

and the solid bed is continuously rearranged while main

taining a constant height. Consequently, the width of

the solid bed is gradually decreasing as it moves down the

channel. As the solid bed moves down the channel a

situation may arise, where the external forces overcome

the strength of the bed and cause it to break up. The

breaking up of the solid bed explains the observations
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by Marshall, Klein and Uhl (13^) of high temperature

fluctuation in the melting zone. A secondary, less

vigorous, circulatory flow also develops around the

broken up solid bed. A theoretical model based on the

melting mechanism and a Newtonian fluid was given by

Tadmor (222). A dimensionless group in his analysis,

the Brinkman number, represents a measure of the impor

tance of viscous heat generation relative to the heat

conduction resulting from the imposed temperature differ

ence between barrel and melting point. If Br > 2, there

is a maximum temperature at a position intermediate

between barrel and solid bed. Models involving non-

Newtonian fluid response have also been developed. These

are much more complex (111, 112, 135» 226).

There have been various improvements in the melting

model theory by considering non-Newtonian viscosity,

temperature profiles in the film, overall improved handling

of continuity and force balances (43, 46, 223, 113> ll4,

126) .

Several experimental studies have been carried

out. The validity of the model was tested with numerous

experiments which were performed with low and high density

polyethylene, plasticized polyvinyl chloride, rigid poly-

vinyl cloride power, polypropylene, ABS and nylon 66.

The mathematical model proved to be successful in predicting
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pressure and plastic temperature profiles in extruder

channel, temperature fluctuation, solids content, and

power consumption (113) •

3. Melt conveying zone (metering zone)

The term metering zone originates from the common

practice of designing the last section of the screw

preceding the die to control or "meter" the flow rate

of the extruder. Rowell and Finlayson (20^) did the

first systematic experimental studies of screw pump with

a variety of screws, channel depths, and liquids (such

as water, soap solutions, petroleum, and oils). The data

were correlated on the basis of flow equations which were

developed by these authors with the assumption of isothermial,

Newtonian flow of an incompressible fluid in a rectangular

channel, with screw-barrel clearance effect neglected.

Pigott (189) reviewed the theoretical flow equations and

also reported some experimental data on rubber compounds.

He attempted to modify the analyses to include non-Newtonian

viscosity. Further experiments were reported by McKelvey

(1^6-150, 37) and others (15) in which corn syrup was

pumped with a two inch diameter screw. From his experiments

he showed the two-dimensional flow equations accurately

describe the flow behavior of Newtonian liquids in screw

extruders.
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The error of using a rectangular coordinate system

instead of cylindrical coordinate system is contained in

McKelvey's (150) "curvature correction factor" for pure

drag flow. According to his results, less than 4 percent

error is introduced hy neglecting the curvature when

(outer radius/inner radius) less than 1.3 fo^^ a- Newtonian

fluid, and less than 1.1 for a non-Newtonian fluid with

a power law exponent of 0.5. The "backward pressure flow

which the theory predicts has been confirmed by direct

measurements made by Eccher and Valentinotti (7^)«

To avoid metal to metal friction, most screws

have a small clearance between the top of the flight

and the barrel surface. The effect of the clearance on

performance may be negligible in new equipment. The

wearing of the screw with time increases the problem

until it reaches beyond a tolerable level (111). Mohr

and Mallouk (I69) developed extrusion-flow equations

considering the leakage flow through the clearance.

Mallouk and McKelvey (150) showed that the screw power

consumed as irreversible viscous dissipation into heat

generation by the viscous dissipation. Barr and Chung

(l4) showed experimentally output decreased almost linearly

with increasing radial clearance at the same screv/ speeds.

Tadmor and Klein (226) developed the basic equation relating

extruder output, flight clearance and pressure in isothermal

operation.
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Numerical solutions for non-Newtonian power law

fluids were obtained by Colwell and Nickolls (57)' They

assumed an unidirection velocity field and didn't include

transverse flow. Heat conduction balanced by viscous

dissipation heating and neglected heat convection. Middleman

and Kroesser (121, l65) derived a theory of a screw pump

with a power law viscosity function in isothermal flow in

a rectangular duct with a moving v/all. Griffith (91)

treated the non-Newtonian non-isothermal case including

transverse flow. Griffith (91) neglected heat convection

in the down channel direction and allows temperature varying

only with respect to attitude above the screw flight. The

most thorough study of this asymptotic analysis is due to

Zamodits and Pearson (281).

Martin (I36) took the convective term into account

and he also pointed out the relevant Peclet number is

larger in the real case (2000—5000). Two physical processes

are responsible for the heat transfer between barrel wall

and polymer, namely heat conduction and heat convection.

According to Jepson (107) the latter mechanism is due to

the "wiping effect" of the screw bank. According to a

suggestion put forward by Janeschitz-Kriegl and Schiff

(106) , the critical screw speed N^^ above which convection

plays a predominant role is given by the relation:
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N,
150 (2-32)

Nj^ = screw speed (rev./sec.)

h  = channel depth (cm)

(X = thermal diffusivity (cm^/sec.) (10~® for P.E.)

A direct temperature measurement in the screw channel seems

almost impossible. However, Schlaffer, Schijf and

Janeschitz-Kriegl (208) measured the temperature profile

right about 1 cm behind the end of the extruder (30 mm)

with a temperature probe. Some results confirmed the

transient temperature profile which implied super-imposed

steady state never be attained in real case because to get

there need extremely low flow rate or extremely long

extruder. Worth, Parnaby and Helmy (278) firstly considered

the wall slip between metal surface and polymer melts and

its influence on screw extrusion.
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CHAPTER 3

MATERIALS AND APPARATUS

A. MATERIALS

The polymers used in this dissertation were two

"pure" molten plastics plus two rubber compounds.

Polystyrene and polypropylene melts were included

in the study of pressure loss-extrusion rate relationship

for complex dies and extrudate swell emerging from die of

various geometries. The polystyrene was Dow Styron 678U

and it was studied at 180<^C. The polypropylene was an

experimental polymer supplied by the Diamond Shamrock

Corporation (now part of ARCO) and investigated at ISC^C.

The viscosity-shear rate behaviors of those polymers are

shown in Figure 3-1 > "the principal normal stress difference

shown as a function shear stress C^-^2

Figure 3-2, and the viscosity and shown as function of

(5-^2 3-^^ contained in Figure 3-3*
The polystyrene results are due to "V. M. Lobe and

was part of the Oda-White-Clark ^^^-^^^2 correlation (I80)

for this material. The polypropylene data are due to

W. Minoshima and part of an extensive rheological study

of several polypropylene melts.

Two rubber compounds were prepared. These were

a model tread compound based upon SBR 1712 (Texas-US

chemical) and a side wall compound based upon SBR 1712
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(Texas-US chemical). Both types of SBR are emulsion

polymerized copolymer with about 23.5 weight percent

styrene. The recipes are the same as used by Furuta, Lobe

and White (81) and shown in Table 3-1. The major difference

of these two compounds is the molecular weight of the

elastomer and the level of carbon black.

A laboratory roll mill having 3 inches diameter by

7 inches width is used to prepare these compound samples.

About 400 grams batches were mixed. The front and rear

roll were run at 12 and 16 rpm, respectively and were

heated to 50°C. The nip between the rolls need to be

adjusted constantly, usually wide in initial rough mixing

stage and narrow in the fine dispersing stage. The total

compounding tine for each batch was about 2 hours.

B. APPARATUS

1. Rheological characterization

a. Mechanical Spectrometer

Rheological measurements in the low shear rate

region were carried out on the Mechanical Spectrometer

(manufactured by Rheometrics Inc., Union, New Jersey) in

the cone-plate configuration.

To obtain the shear stress and the first normal

stress difference the following equations are used (26,

129, 166, 258):
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Table 3-1. Typical Recipes for Rubber Compounds

Tread Sidewall

SBR 1500 -- 100

SBR 1712 137.5

Ant i-0xi dant^ 1 2

Stearic Acid^ 2 1-5

ISAF Carbon Black^ 70 --

4
FEF Carbon Black -- 65

Aromatic Oil 30

Zinc Oxide-^ 3 3

^Di-ortho-tolylguanidie (DuPont).
p

Acid Stearic (Fisher Scientific Co.).

^Continex ISAF-LS (N-219).

^Continex FEF (N-529).

■^Lead Free Zinc Oxide (St. Joseph Lead Co.)
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r=— (3-1)

^12 ̂ (3T/2TrR=) (3-2)
- Cgg = 2F/TfR^ (3-3)

where

SI = angular velocity (radians/sec.)

OC = cone angle (radians)

T = torque

F = thrust

R = radius of cone

b. Instron Canillary Rheometer

The Instron Rheometer is a capillary viscometer

consisting of a barrel about 13 inches long with a three-

eighth inch inside diameter and a plunger. The close-

fitting plunger is dirven through the barrel at constant

speed, extruding the melt through a capillary die fixed to

the bottom of the barrel. The plunger speed is controlled

discretely from 0.002 inch/min. to 20 inches/min. By

recording the steady state plunger force from a load cell

and knowing the plunger speed, a total pressure drop and

a volumetric flow rate are obtained.

The barrel electrically heated and the temperature

is controlled within 0.5°C.

In this experiment the force needed to drive the

plunger at a constant speed is measured directly.
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Generally, at least three dies with equal diameter and

different L/D ratio are needed for the characterization.

The total pressure required to extrude a polymer

fluid is the sum of a capillary die pressure loss, plus

entrance and exit losses. This is

Pf ~ ^Pdie ^Pentrance ̂  ^Pexit

By a force balance "lay be related to ((T2_2)^

^Pentranoe '^Pexit "dually coupled as APg„33.
This leads to

Pt = (""la'w ^ '^Pends <3-5)

Eq« (3-5) suggests the "Bagley plot" (5» 168, 266) where

p^ is plotted versus L/D and ( determined from the

slope and f^rom the intercept. This procedure was

used in our studies.

The shear rate at the die was obtained using
w

Weissenberg's equation (76)

Y  _ /3n' + In 32Q /o
Yw " < 4n > ^ <3-6)

where Q is the extrusion rate and n' is

d log (cy, p)

" d log 32Q/ttD^ (3-7)
Here (o'to) is the wall shear stress.

12'w

c. Sandwich testing device

A sandwich device based on that devised by Middleman

(167) was built for use in our Instron tensile testile

testing machine by Furuta et al (8I) as shown in Figure
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3-4. The two sheared rubber slabs had dimensions 2.54,

3.81, 0.15 cm. This was placed within the grips and heated

in a temperature controlled "air" bath. This apparatus

was developed by Matsui and Bogue and is described in

Matsui's thesis (137)•

The uppergrip is moved upward at velocity V producing

a constant shear rate rubber compounds.

The shear stress is represented by

^^^ = F/2A (3-8)

where F = force

A = area of the slab

If V is low enough, a steady state force (F) measurement

can be made to give viscosity at low shear rate.

2. Extrudate swell

Extrudate swell measurements were done on Instron

Rheometer where polymer samples were heated and then

extruded through die of various geometries.

Dies of various cross section are made in our

mechanical shop with outer diameter to be close to three-

eight inch to fit into the Instron barrel. The detailed

cross section will be described in the appropriate chapters.

The unstressed extrudates were either emerging into

air or into cold silione oil. The latter procedure was

used in the long capillary and slit die study to eliminate

gravity effect and will be described in more detail in
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Chapter 5. In the other studies (Chapter 6 and 7). the

extrudate emerged directly into air where we used higher

extrusion rates (i.e. wall shear rate > 1 sec. ̂ ). At

these higher extriAsion rate, the gravity effect is negli

gible .

Extrudate dimensions were measured with a micrometer

of accuracy up to 0.0005 inch. The measured value need

to be multiplied by a density factor which is defined as

1 / *3[ •;f(room temperature)/-/(Instron temperature)] ' ^ (155,

270). The density factor has values 1.057 for polypro

pylene, 1.027 for polystyrene and I.OO9 for tread and side

wall compounds. Extrudate swell is represented in terms

of the ratio of the extrudate dimension to the die dimen

sion i.e.

B = d/D or h/H or w/W (3-9)

where d, h, w are extrudate dimension corresponding to the

die dimension, D (capillary diameter), H (small dimension

of slit or rectangle), W (large dimension of slit or

rectangle).

Extrudates were annealed from 170°C to 180°C in hot

silicone oil for five minutes. The annealed extrudate

dimensions were then investigated and measured.

3. Screw extrusion

The screw extruder (refer to Figure 3-5) used for

studying extrusion of rubber compounds is a j/k inch
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diameter Brabender Extruder model 1003 made by C. W.

Brabender Instruments, Inc. The screw length to diameter

ratio is 10 and the helix angle 17-7° • The flight height

is 0.15 inch and channel width 0.60 inch with aspect ratio

4. The screw used in this dessertation has a constant

flight height from hopper to the end. A pressure gauge

(0 - 10,000 psi), silicone type with bleeder valve, is

installed in a hole of barrel located at the end of the

screw.

Cooling water is circulating around the barrel.

The temperature is controlled in the barrel and die by

a two zone temperature control console and electric heaters.

The die used in this study had D=1.473 ™ and L/D=

4.9, 10.0, 20.0 and 40.0.
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CHAPTER 4

EXTRUSION PRESSURE LOSS OF POLYMER MELTS FLOWING

THROUGH RECTANGULAR AND TRAPEZOIDAL DIES

Experimental and theoretical studies of extrusion

of polymer melts through dies are largely limited to

cylindrical cross sections, and a few researchers have

reported results for slit dies. However, many industrial

processes involve extrusion through more complex cross

sections. Studies of flow of polymer melts in this

geometry are much more limited.

It is our purpose in this chapter to present a

basic study of flow rate-pressure gradient relationships

in rectangular and trapezoidal dies. We investigate the

limitations of the two dimensional simple shear flow

asymptote for polymer melts.

A. THEORY

Consider the fully developed flow of a polymer

melt through a conduit. We shall choose "1" as the

direction of flow and "2" and "3" as the directions of

shear, so that we may write

V = (xg.x^) e^ + Oeg + Oe^ (4-1)

As noted earlier in some cases small secondary flows V2

and may exist.
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We, now turn to the "balance of forces, Cauchy's

equation of motion (245) and descri"be how it may be used

to determine a velocity field, Cauchy's equation has

the form

(v-7) v]= vo;+fg (lt-2)

where ̂ represents the del operation (23) for steady state

flow in a conduit. The velocity "V^ is independent of

position along the tube and the stress varies along

the axis only through the pressure. This allows us to

reduce Eq. (4-2) to

0 = - +
Sx-̂2^ 5^2

The shear stresses, *^13' upon the velocity

gradients SV^/^Xg and dY^/^x^. The inter-relationship

is given "by

(^-3)

12
(T.
13

IbY
1

^x
3,

(4-4)

so that we may write

0 = _

1
^x, ax. bx

3

1

bx
3

(^-5)

The fluids we are considering are non-Newtonian

with their viscosity dependent upon shear rate. The

viscosity must depend upon ^Y^/dx^ in such

a manner that it will he independent of coordinate system.

This necessitated that Y"^ depend upon invariants, and in
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particular deformation rate invariants. We may write:

with

II, = 2 t^ d^
d  r 'V

Lvi* (VI)''!]

In particular for a velocity field of the type given by

Eq. (^-6)

Ull/2

(

(

^-6)

II -f&Y.lK/ Ki J
^-7)

The most widely used of viscosity-shear rate

relationships for analyzing the flow behavior of polymer

fluids is the power law

(^-8)

The dependence of Vj upon 11^ and the and

velocity gradient components is taken as

n-1
la-v^ r

= K (4-9)
>3x.^2/ ,

we obtain for the force balance

1  ̂
K Sx

1
d'x 9x

o'V9
3x5x

9^

+

^^1
^x.

fS-V.
n-1

(4-10)

Solution of Eq. (4-10) is in general difficult and

requires numerical procedures. It is the expression which

was solved by Schechter (205)> Wheeler and Wissler (259)»
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Middleman (I65), Aral and Toyoda (2) and Rothmeyer (203)

to give velocity fields and pressure gradient-extrusion

rate relationships for conduits of varying cross section.

It is sometimes possible to obtain approximate

solutions if one of the velocity gradient components is

larger than the other.

» (^-11)
2  '='3

This allows us to reduce Eq. (4-10) to

n

1  ̂
K $-x.a  ""z ® 2

which has the solution

(4-12)

1 ,

V  = -H- 1 H n^1 n+1 (k ax^ ) [2

n+1
X,

\ n+1

1 - 1172/
n

(4-13)

and

Q = 2

H(x„)/2
w C' 3

V^(x2) dx^ dx^

/  T vl/n ^w

(^s3^) 7 "'b' "

/h(x^)^ ^
1

n

3

2n+

n

2(2n+l)

^  '^Pdie^o
2(2n+l) I 2KL ,

l

WH

dx,
1

H W
(4-14)

where is a characteristic thickness.

For rectangular or trapezoid dies (refer to

Figure 4-1) where >V^/3x2 is not valid, a
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Figure 4-1. Die dimensions: (a) rectangle, (b) trapezoid



58

shape factor has traditionally been introduced, i.e.

1

/aPh;
^ " 2(2ri+l) ( znrj ^^o^^p (^-15)

For a rectangular die and a Newtonian fluid, the shape

factor is given as (32),

192H\
oo

F  = 1 - 2

p  \ / g=l, 3.. .

The power law problem has been solved numerically by

various investigators (165, 205> 259) • Its F^ can be

represented approximately as,

1
F^ = 7 T73~7WW^ (^-17)

-ij tanh (gTrH/2W) (4-16)
\g /

^  = 7 1/3

where / = aspect ration = W/H.

For the same /, Fp is larger and closer to 1 for
Newtonian fluid than that for non-Newtonian fluid. An

aspect ratio of about 6 is required for two dimensional

flow to be used for a Newtonian fluid. The critical

aspect ratio which allows us to take a slit asymptotic

approach in solving this problem increases with increasing

non-Newtonian behavior or decreasing power index n of

the polymer melts.

We will now apply a one-dimensional shear approxi

mation to a trapezoidal die of equal sides. We specify

this by,
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as - I ̂  ̂3 ̂  2 ' ^ (^-I8a)

. Was ^3 2'

The extrusion rate is then

where

Q = + 2Q^ (4-19a)

1

^n

^ ' 2(W ™o' C^-l^b)
If we insert equation (^-l8b) into Eq. (4-l4), we get

1

% = 2(^ ")
Combining Eqs. (4-20) and (4-19b) with (4-19a), we get

1

8 = ̂  (l 3^ i j
and

T? = 1 + 2n b
p  (3n+l) W

For the case b = W/2, which is the trapezoidal die used

in this study, we have

T-, 4n+l
'p - 3n+l

B. EXPERIMENTAL

1. Meterials

Two polymer melts, polystyrene and polypropylene

were used. The reological properties for these two polymers

has been described in Chapter 3.
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2. Dies

Dies with a range of cross sections were used in

these experiments. These are summarized in Table 4-1

which includes channels with rectangular and trapezoidal

geometries.

3. Pressure loss-extrusion rate behavior

Pressure losses within die channels were obtained

by measuring the pressure required to extrude polymer

melts through dies of equivalent cross section and variable

length and subtracting out the ends losses with a Bagley

plot (5)" This has been discussed in Chapter 3-

0. RESULTS AND INTERPRETATION

At high shear rate, power law model can be used

to represent polystyrene and polypropylene used in this

study. The rheological constants n and K of power law

model are:

for polystyrene

n = 0.357. K = 1.1 x 10^ pascal * sec"^'^-^"^

for polypropylene

n = 0.463, K = 0.52 x 10^ pascal * sec

Plots of Q vs. (Ap^h/2L) are shown in Figure 4-2

for rectangular dies of various aspect ratio and Figure

4-3 for trapezoidal die of both polymer melts at 180®C.
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Table ^-1. Dimensions of dies for experiment in Ch. 4

Slit dies:

H Aspect
l/h

(mm) Ratio
1 2 3

0.381 16.7 12.53 20.00 29.87

0.635

0

0
1—1

12.00 18.18 24.08

Rectangular dies: H = 1-19 W/H = 2.0

L/H = 9.89, 15.01, 19.97

Trapezoidal dies: H = b = 1.524 mm W/H = 2.0

L/H = 3.05, 10.32, 31.3
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Theoretical lines based on Eqs. (^-15), (4-17) and (4-22)

(pp» 571 59) have also been given for comparison.

Generally, the experimental and computed results

are reasonably good. It is striking that the theoretical

prediction of trapezoidal die is very good although the

theoretical derivation is an approximated analysis. The

descrepancy is usually higher at lower flow rate especially

polystyrene. This is because the prameters of power law

model are chosen at high flow rate. At low flow rate,

polym.er melts especially polystyrene are closing to be

Newtonian fluids. The shape factors are closing to 1

for aspect ratio 10.0 and 16.7 and about 0.5 for aspect

ratio 2 of rectangular dies. The role of shape factor

is very important in rectangular dies of low aspect ratio,

without it the error can go up to 100^ or more (refer to

Figure 4-2). To calculate the flow field of a complex

die like trapezoidal is extremely difficult. Some

numerical calculation has been provided by Rothemeyer

(203) with applying finite element method. However,

there is no evalution of shape factor for dies of this

geometry in the literatures. We have accomplished a

first order formulation of shape factor for trapezoidal

dies. This formulation may be limited to the case where

both W/H and b (refer to Figure 4-1 (p. 58)) must not be

small (i.e. W/H » 1 and b > W).
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CHAPTER 5

EXTRUDATE SWELL FOR LONG SLIT AND CAPILLARY DIES

Numerous studies have "been reported for extrudate

swell from a capillary die but very limited investigations

for other geometries as we have discussed in Chapter 2.

Before we turn to the study of swell from more complicated

dies, it is necessary to understand the swell behavior

from another simple geometry, the slit die. The slit die

is a die of rectangular cross section in which the ratio

of the larger dimension to the smaller dimension (aspect

ratio) is very large. For this geometry, we can treat

the problem as a two dimension simple flow. The capillary

and slit are the two simplest cases of flow problem but

very different in nature.

A comparative experimental study of extrudates

from long slit and capillary dies is reported in this

chapter for rheologically characterized polystyrene and

polypropylene melts. The rheological behavior for these

two polymers has been summarized in Figure 3-1 to 3-3

(pp. ̂ 1-^3).

The experimental results are compared with theories

of swell based on unconstrained recovery from Poiseuille

flow in these geometries. A detailed analysis of such

theories of extrudate swell based on the original work

of Tanner has been carried out. The analysis is placed

in a more general form which should be valid for a range

of die cross sections.



68

A. EXPERIMENTAL APPROACH

1. Apparatus

Extirudate swell measurements were made at 180°C in

an Instron capillary rheometer. The dies used had "both

rectangular and circular cross sections. The rectangular

dies had aspect ratios of 10.0 and 16.7 with small dimen

sions H of 0.381 mm and 0.635 mm. The dies had ratios of

length of channel thickness (L/H) or length to diameter

(L/D) as shown in Table 5-1•

2. Experimental procedures and problems

Some difficulties arose with gravitational effects

especially with polystyrene melts emerging from slit dies.

The melt streams badly necked down on flowing vertically

downward from the die. This problem was overcome by

extruding into a bath of silicone oil possessing a density

approximately equal to those of the melts.

The extrudate swell of the polymer emerging from

the slit die were values measured at the center of the

cross section. Extrudate swell measurements have been

found to vary with observer even in our own laboratories.

Reasons for gross variations are discussed by White and

Roman (270). Our concern is with smaller changes of order

0.1 in d/D. The problem is that we are interested really

in the difference in (d-D)/D and (h-H)/H and are measuring
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Table 5-1• Dimensions of dies for experiment in Ch. 5

Slit dies:

Capillary dies:

H Aspect
l/h

(mm) Ratio
1 2 3

0.381 16.7 12.53 20.00 29.87

0.635 10.0 12.00 18.18 2i^.08

Diameter

(mm)

l/d

1 2 3

0.762 8.00 11.95 15.97 —

1.702 5.02 9.98 15.0^ 20.02
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d/D and h/H. Generally the swell was measured at about

5 mm to 25 mm from the initial end of the extrudates as

we move from low to high wall shear rate.

For most sets of extrudate swell measurements, the

die length we used was long enough to reach the asymptotic

value. Exceptions were at very high shear rates where

extrapolation is necessary.

Extrudates were annealed from 170°C to 180°C in hot

silicone oil for five minutes.

3. Extrudate character - qualitative

Typical cross sections for the unannealed polysty

rene and polypropylene extrudates are shown in Figure 5-1

at various extrusion rates within the stable flow region.

There is a slight tendency for greater swell at the center

of the slit cross-section. As extrusion rate increases,

swell likewise increases. The swell decreases as we

increase the L/D ratio. The influence of annealing on

cross-sectional shape for extrudates from slit dies is

shown in Figure 5-2. There are difficulties in measuring

swell at low extrusion rates because of a tendency of the

melt to interact with the outward face of the die and ball

up.

At high extrusion rates, distortion occurs. This

has the form of helical extrudates in the melts emerging

from the circular dies. It had a somewhat different

character for the rectangular/slit dies as shown in



(A) Die cross section

(B) Low shear rate

(C) High shear rate

Figure 5-1- Photographs of unannealed cross sections of
extrudates from capillary and slit dies.



72

/ \

\

/

/

vj. _ 3

Unannealed
Annealed

Figure 5-2. Influence of annealing on cross-sectional shape
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Figure 5-3. One forms a ribbed extrudate in which the

ribs are parallel to the die exit. The results are similar

to those described by Vlachopoulus and Chan (253)- Some

times the slit extrudates also show a twisted shape at

high extrusion rate as shown in Figure 5-3- Specifically

the distortion always seems initiated at the center of

the longer dimension of the slit die. Extrudate distortion

is decreased by increasing die length. It can be eliminated

by applying a small force or by the extrudates own gravity

until very high extrusion rates.

4. Extrudate character - quantitative

Generally extrudate swell for both slit (h/H), and

capillary (d/D), decrease with increasing die length

achieving eventually asymptotic values. We plot in

Figure 5-^ "the long die length asymptotic extrudate swell

from capillary (d/D) and slit (h/H) dies as a function of

wall shear rate Y, . For the capillary, ir",., is defined
w  w

by Eqs. (3-6) and (3-7)» and for a slit die is defined by

Eqs. (4-25) and (4-26), where we have neglected shearing

along the smaller dimensions of the slit channel.

We plot the extrudate swell data in Figure 5-^ as

a function of shear rate on semi-logarithmic coordinates.

The values of the swell are corrected to 180®C using density

changes. This density factor, E^(30°C)/ ;/(l80''C)]^'^^,
is 1.027 for polystyrene and 1.057 for polypropylene.
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The swell is an increasing function of shear rate for "both

die geometries. At low shear rates the swell goes to

asjl^'ptotic value for the slit of about 1.2 and for the

capillary about 1.1. Generally the polypropylene has

a higher swell, but the polystyrene is rising more rapidly

at the higher shear rates.

In Figure 5-5 we show the influence of annealing.

This generally increases the level of swell. The increase

is about the same as found by White and Roman (270) for

similar polymer melts.

The onset of extrudate distortion occurred at

critical values of and as shown in Table 5-2.
V w w

Generally these are higher for the capillary and for the

lower aspect ratio slit dies as compared to the higher

aspect ratio slit die. The extrudate distortion observed

for the slit dies is equivalent to the initial "buckling"

instability described by Vlachopoulos and Chan (253)•

B. THEORY OF EXTRUDATE SWELL

The constitutive equations used here to develop

the swell equations is essentially a Bogue-White model

with a Maxwellian relaxation function which was presented

in Chapter 2 with Eq. (2-8) to (2-10) .

We shall proceed in our development by taking t

equal to zero. This is equivalent to the formulation

used by White (263) and by White and Roman (270) in earlier
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studies. In these papers G was considered to be a constant.

We shall not make this restriction in the present studies.

1. Unconstrained recovery from flow

Consider a viscoelastic fluid initially at rest

which undergoes a flow history from time zero to time t^^

at which it is released from constraints and undergoes

an unconstrained recovery. Using the constitutive formu

lation described in the previous section, we may write

the stress and the recovered fluid as:

g:(t) = -

pt-(tj^+6t^)

Pi"
o
V

mT(z) c z) dz
-L

j
"V

period of delayed recovery

r\t-t.
R

vit-(tR+6tR)
m^(z) c ̂ (z) dz

V J
—: V

period of instantaneous recovery

rt

+ m^( z) c, ̂  dz
t-t

R

period of flow

m, (z) c~^ dz
1

t
J

Y

period prior to flow

(5-1)
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c;'(t) is identically zero for recovery from homogeneous

deformations, but not in recovery from complex flow fields

as would exist in the fluid emerging from a die. For a

Maxwellian fluid, i.e. one in which m(z) consists of single

exponential there will be no delayed recovery (see Lodge

(129)), but note that this also directly follows from the

mechanical spring-dashpot Maxwell model (197)• This allows

us to simplify Eq. (5-1) to

cr = - pi + m, ( z) c ̂  (z) dz
-L

(5-2)

t-t
R

This formulation is awkward because the reference

state is unknown. It is useful to change the reference

state using a matrix Q which transforms the configuration

to that existing before the recovery. We may write

T
Q (5:+ pi) Q = m-, (z) Q c ̂  dz (5-3)

t-t
R

Consider the long duration simple shear flow of a

polymer melt. Here

1+f^z ^  rz 0

-1 T
Q c = rz 1  0 (5-^)

0 0  1

Substitution into Eq. (5-^) and integrating yields

l+2r^^V ^ff"^ 0
Q (or+pl) = G %ff ̂ 1  0 (5-5)

0 0  1
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2. Extrudate swell from long die

We now seek to apply the ideas in this paper to

predict swell from various types of dies. It is readily

possible to consider slit and annular dies.

The recovery may be expressed in the form

XfCt) = " g(x2)

X2(t) o(^

x^ (t) X^ ( t ) (5-6)

where gCxg) is a shearing deformation and the three axes

x^, Xg. x^ are mutually perpendicular.

( O-t p) s'p

m

oLn

m
0<o

V
0

0  O p

Comparison of Eqs. (5-5) and (5-7) leads to

cX-
( DU. + p) + g^P = G (1 + 21:eff

= G f y
eff

^ ̂^2

(5-7)

(5-8a)

(5-8b)

(5-8c)
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A similar set of equations may be developed for the case of
A

-2. The Eq. (5-8b,c) may be used to eliminate g and p

from Eq. (5-8a) to give

(0-^ - G <><2=) + G = G (1 + 2
^  (5-9a)

or

(5-9b)

To proceed further, we must integrate Eq. (5-9b) across

the cross section of the exiting stream. Tanner integrates

Eq. (5-9a) across the cross section, while White and Roman

integrate Eq. (5-9b) in the case of capillary flow. If we

choose the former procedure we obtain after Tanner:

*  '«t = <0 ̂

where we take

(G oC/) = G ̂  (5-lOb)

while if we choose the latter:

-1 0^^ 1 C-i p
^ oCo^ + i-F 77^) = (1 + (5-lOc)

^2 ' G G

where the bar indicates a cross-sectional average and we

have noted that the swell B will be the integral of d^2

across the cross section.
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To proceed further we must relate ofg and and

detennine the appropriate cross-sectional averages. In

doing so we need to say more about G. In Tanner's original

work and later studies of White (263) and White and Roman

(270), the quantity G was taken as a constant. As first

shown by Utracki, Bakerdjian and Kamal (248) it is however

possible to take into consideration more complex behavior.

Presuming function to be

= A 0-^2^ (2-25)

where A and a depend on molecular weight distribution.

For the rheological model used in this study

2^ ^

^  = 2Gr 'y' =INi ^ Lr y Q

implying that

and

G = - C
^  A 12

G + I

(5-lla)

(5-llb)

+ 2 (j- 2-a
A  12

— <5-
A  12

C.
1

1 +
2
■5-G""

A^c;1
2a-2

= 1 +^ ■
2

(5-12a)

(5-12b)
4

The same procedures may be used for complex <^^2 relations
such as the Dietz-White-Glark relation (70) .

We shall only consider cases here in which no

tensile force is applied to the exiting stream. This will

be taken to imply that
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(<3:
t

r) = 0 (5-13a)

or

(■ Li 1G ^ )  = 0 (5-l3b)

If G is not constant, this is not strictly the case for

Eq. (5-138).

To obtain particular results we must define the

geometry and relate to 0(2- presume the melt

emerging from a slit exhibits recovery in only one direction

(the direction of shear) rather than equally in all dir

ections as occurs for flow out of a cylindrical die.

3. Slit dies

For an infinite aspect ratio slit die with wall

separation distance H continuity demands

Further using Eqs. (5-12) and (5-13) we may rewrite

Eq. (5-lOa) as

,  rH

(5-1^)

/I
B  = —

fA (Y ^ + — (y 2 as j^2 ^12 A ^12 '' ^^2

1
H r<f

Vj

W /A (5^ a 2 Q- 2-a
^2 12 A 12 )  dGt12

r (| d<r.12



= 1 + if (1+a)

N.ID = Ft + (3-a) f ''Ivf
F  ̂ (1+a) ((crFj12^w/ .

lA

From Eq. (5-lOc)

4  1B  = ̂

.H

Cl + -^] dx,

^^2^w J o

0"-i p
[1 + -p-] dcr-12

^ (2a-l)= 1 +

B = 1 + ^ f Yf (2a-l) (ffia'wj
lA
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(5-15a)

(5-15b)

where the linear variation of with Xg has been used to

carry out the integration.

Capillary dies

For swell from a capillary die we have

^/ - 1 _ 1
(5-16)

Again from Eqs. (5-lOa), (5-12) and (5-13)

nR

r 2rrr (| dY
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a-1-

B =  r, + (^-a) f ''Iw
^ ( 2+a) ((<r-, ,)

Nn... \2

12'w'

1/6
(5-17a)

From Eq. (5-lOb)

B  =
ttR'r

cy ^
Brrr [l + ] dr

a-l-i2

= 1 +
^a

B = 1 - xi^a
Nn \2
Iw ^

 {(C^i2^w,
1/6

(5-17b)

The viscous swell, may add to Eq. (5-15) for slit

and, C may add to Eq. (15-17) for capillary.
C 3.p

If we follow the specific formulation of Tanner

and White and Roman with constant modulus G, we predict

the swell to be of form for each geometry to be

1/4fN-, \2
iw r

H  ®slit

^ = B
D  cap

1 +
12 <r

W

-4

t

'^_lwV
^w

1/6

(5-18)

(5-19)

Note the slit involves a l/4 power and the capillary a l/6

power indicating a more rapid rise in swell for the former.

Eq. (5-19) is due to Tanner (228). Huilgol (102) has

attempted to derive a form for B for a slit using the

above methods. However, he considers recovery in all

directions rather than in one direction. He obtains a

1/6 rather than a 1/4 power in Eq. (5-18).
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C. INTERPRETATION OF EXPERIMENTS

Dimensional analysis considerations suggest plotting

the swell B against the Weissenherg number (270, 263)

is evaluated at the die wall. This is shown in Figure 5-6.

To represent the variation of normal stresses we

utilized the empirical power law relation of Eq. (2-25)

(p. 13). This expression was found to be a useful repre

sentation by Oda, White and Clark (180) for commercial

polystyrene melts as shown in Figure 3-2 (p. ̂ 2). Here A

is 3.^7 X 10~^ (pascal) and a is 1.66 for moderate mole

cular weight distribution polystyrene melts. For polypro

pylene used in this study A is 0.0229 and a is 1.47. The

N  - p data described in this dissertation and most data
1  X ̂

considered by Oda et al. (I80) are low shear rate cone and

plate results. They were obtained in shear rate ranges

below that used in most extrusion studies. Dietz, White

and Clark (70) in studying the N^ - obtained by

Wales (256) on a Dow Styron 678 over a wide range of shear

rates by both cone-plate and flow birefringence (in the

high shear rate range) found that it required a double

power law to fit it, i.e.

N, = (5.201.)
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where and are the values of Oda et al. and Ag ii

l.if-O X 10'^ and a^ is 2.18. If (h., is less than (Jl,
cC W ^

Eqs. (5-17) to (5-19) remain valid. If is greater

than <5*^ we obtain using the White-Roman procedure;
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B , . , = C , . , +
slit slit

4(2a2-l) w

(a2-ai)A£

2"

lA

^  2(2a^-l)(2a,-l) *^0
23,-2 ̂

C,w

(5-21)

and

B  = C +
cap cap

1 +

(ag-ajjAg^ ̂ 2^2-2^^
"c lcr„)

Ao _ 2a,-2
+  2 cr 2
4a2 w

1/6
(5-22)

As ag is greater than a^, Eqs. (5-21) and (5-22) predict

larger swell than Eqs. (5-17) and (5-19)*

The above equations generally predict the swell

from the slit die is larger than the capillary swell and

increases more rapidly with extrusion rate. This is what

observed in Figure 5-^ (p* 75) and Figure 5-5 (p- 77)*

Careful inspection of the derivation of the theory strongly

suggests that the inequality is inherent in the geometry

and not limited to a particular theory. It is associated

with the dimensionality of recovery. Swell from a slit

die is one dimensional while that from a capillary is two

dimensional.
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in Figure 5-6, we plot unannealed B ,. . and B
silt cap

as a function of determined from actual measure

ments at low deformation rates and from Eq. (2-25) (p« 13)

at high deformation rates. The reason for using unannealed

extrudates is based on the experiences of White and Roman

(270) who noted that anneading of polyethylenes which

have large delayed recovery led to enormous discrepancies.

The theory of Tanner which suggests plots of this

type are based on a Maxwell model that has no delayed

recovery. Annealing in essence brings out the delayed

recovery due to the distribution of relaxation times.

The instantaneous recovery seems to correlate with the

mean relaxation time computed from normal stress-shear

stress ratios. To some extent we are using arbitrary

air quenched extrudates for comparison.

Any agreement between the above theories and

experiment requires one to take C . to be 0.2 and C
slit cap

to be about 0.1. The agreement with Eqs. (5-1?) and

(5-19) is reasonably good at low deformation rates but

B for both die cross sections increases too rapidly at

high deformation rates. This is especially true for the

polypropylene.

The failure of Eqs. (5-1?) and (5-19) at higher

shear rates suggests the use of Eqs. (5-29) and (5-30)

in their place. We have done this with the polystyrene

melt and plot and B^^^ vs. ̂  in Figure 5-7• We
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also include curves calculated from Eqs. (5-21) and ($-22).

The agreement between theory and experiment is greatly

improved.

D. CONCLUSIONS

1. Generally extrudate swell from a slit is greater than

that from a capillary die. This would appear to be

because the melt emerging from a slit exhibits recovery

in only one direction rather than equally in all

direction as occurs for flow out of a capillary die.

2. At low die wall shear rates it goes to a value of

about 1.2 as opposed to about 1.1 found for capillary

dies.

3. The unconstrained elastic recovery theory for simple

shear flow is reasonably good in representing experi

mental data for swell from slit and capillary dies.

Deviation between experimental data and theoretical

equation may be due to (i) inadequate representation

of N^ function from low shear rate data while the

swell is determined at higher shear rates (ii) over

simplified constitutive model (iii) the approximated

averaging across the cross-section and other unknown

effect.

In the next chapter, we will generalize this study

to short slit and capillary dies which are more realistic

in practical applications. In Chapter 7. we will consider

the more complex geometries, i.e. rectanglar and trapezoidal

dies.
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CHAPTER 6

EXTRUDATE SWELL FROM SHORT SLIT AND CAPILLARY DIES

In the preceding chapter, we have studied extrudate

swell emerging from slit and capillary dies. Here we are

moving further to handle this swell problem of short slit

and capillary dies, specifically for the extremely case

of L/H equal to zero (i.e. zero length dies).

In the present chapter we carry out an experimental

and theoretical study of swell from short capillary and

slit dies. The magnitude of swell is studied as a function

of extrusion rate (die wall shear rate) and die entrance

geometry. A swell theory based upon Lodge (129) and

White's analysis (263) for unconstrained elastic recovery

from constant elongational flow is developed and compared

with experiment.

A. EXPERIMENTAL

1. Materials

The PS and PP melts used in the previous chapters

will again be used here. The rheological properties of

these polymers are described by Figure 3-1 to 3-3 (pp. ̂ 1

- ̂ 3).
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2. Dies and extrusion apparatus

The various dies used in this study are tabulated

in Table 6-1. Dies of varying length and entrance geometry

have been investigated. The cross sections are of both

slit and capillary type. The extrudate swell measurements

were made at 180°C in an Instron capillary rheometer.

3• Experimental procedures

In our earlier study, we found the melt streams

especially from slit dies badly necked down due to gravity

at low die wall shear rates. Therefore, all the data

collected in this paper have wall shear rate higher than

1 sec Extrudates directly cooled in the air were

measured with a micrometer to determine the diameter (for

the capillary) and center thickness (for the slit). For

long slit and capillary we use the data from Chapter 5-

The room temperature data were normalized to 180°C

by using a density factor Ce (20°G)/f(l80°C)]^/^ (1.027
for polystyrene and 1.057 for polypropylene).

B. RESULTS

Extrudate swell is plotted as a function of die

length for the PS for capillary and slit dies in Figure 6-1.

We contrast swell from long (L/D,L/H->oo) and short (L/D,

L/H-»0) dies with 180°C entrance angle for both PS and

PP in Figure 6-2. It may be seen that swell decreases
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Table 6-1. Dimensions of dies for experiment in Ch. 6

Slit dies:

H Aspect
l/h

(mm) Ratio
1 2 3

0.381 16.? 12.53 20.00 29.87

0.635 10.0 12.00 18.18 24.08

Capillary dies:

Slit Orifice: L/H =0 H = 0.39^ mrn

aspect ratio 8.0

entrance angle 180°

Capillary Orifice: L/D = 0

Diameter

(mm)

l/d

1 2 3 4

0.762

§

00

11.95 15.97 —

1.702 5.02 9.98 15.04 20 .02

Entrance angle 180® 120® 90® 60®

Q

0

Diameter (mm) 1.575 1.575 1.575 1.5^9 1.575
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(a) capillary dies

Figure 6-1. Extrudate swell B as a function of die
length for PS.
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Figure 6-1. (Continued)
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with increasing die length for both cross sections. Swell

is in all cases higher for the slit die. The level of

swell at constant is greater for the PP relative to

the PS for the short capillary dies.

The influence of die entry geometry on swell is

shown in Figures 6-3 and 6-4. It is found that decreasing

the entrance angle at constant L/D or l/H from 180®

decreases extrudate swell. This is clearly seen in Figure

6-3 for PP. In the case of PS, shown in Figure 6-4 the

same trend exists, except cross-overs appear for the 120®

and 90° entrance angles.

C. DISCUSSION AND ANALYSIS

1. Die entry flow

The extrudate swell from short dies should be

determined from the character of the entrance flow. As

this is the only flow history these melts know, it is thus

of value to discuss the entrance flow behavior of PS and

PP. There have been numerous observations of die entry

flow in melts, of which we may cite Tordella (24l) on low

density polyethylene (LDPE), Ballenger and White (12) for

PS, PP and LDPE and by White and Kondo (267) for LDPE, PS

and HDPE. Vortex like flows in the die corners are observed

for the LDPE and PS which increase in size with extrusion

rate. This is illustrated in Figure 6-5. Bagley and
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3.0
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{seel
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Figure 6-3. Influence of die entry geometry on extrudate
swell of PP.
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4.0 -
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90°
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0 10 10
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Figure 6-4. Influence of die entry geometry on extrudate
swell of PS.
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Figure 6-5- Elongational flow character of die entrance
region.
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Schreiber (9) and White and Kondo (26?) have noted a reduc

tion in vortex size with tapering of the die entry.

Of the polymer melts considered in the present study,

the PS should have significant vortices. Indeed observations

of vortices have been made by White and Kondo (267) on this

particular PS. The PP probably exhibits none. There are

thus large differences in their die entry flows and

histories as the melts emerge from short dies. The PS

experiences a more "purer" elongational flow than the PP.

The reasons for these different entrance flow

characteristics may be traced to the elongational flow

characteristics of the two melts. To surmise the relative

response of these two melts we may look to the studies

of Ide and White (105) on similar melts. PS exhibits an

elongational viscosity function which is constant and 3y\
'o

at low deformation rates and is an increasing function of

elongation rate, while PP appears to be a decreasing

function. The large and rising elongational viscosity

gives rise to an incompatible stress field in the converg

ing entrance flow. The vortices arise as a stress relief

mechanism. This view is expressed by White and Kondo (267).

2. Dimensional analysis

The simplest approach to the problem of extrudate

swell rests on dimensional analysis arguments. Clearly

swell from short dies should depend on geometry and the
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appropriate dimensionless groups representing rheological

response. This would he the Weissenberg number,

(267, 272, 164, 26) where is a characteristic time,

a characteristic velocity and a characteristic

length.

f  V , dimensionless ratios

lim B = B IT , , of viscoelastic consti- , 0
L->0 V ^ oh tutive parameters

(6-1)

where 9 is the die entrance angle.

Theories of extrudate swell from long dies are

usually expressed in terms of Weissenberg numbers of form

(270, 228):

^  '%'w ... _ ("I'w ,, 2)
•-oh - Z(^i2>wn, " 2(5-3^2)^

where y is wall shear rate,
w

For extrudate swell from short slit and capillary

dies the ratio should be given be the elongation

rate defined as

Ich = ̂  ^ = d[Q/A] _ Q ̂  (6_3)
L , ^E1 0x, dx, dx.
ch 1 1 1

The value of A for capillary and slit dies are of form

capillary A = tr (r tan^)^ (6-4a)

slit A = 2Wr tan-^ (6-4b)
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where r = -X^ is a radius vector pointed backward into the

die entry region. From Eqs. (6-3) and (6-^)

^^ElC cap
(6-5a)

■^^1 0
"^EIS ~ ^ax-, ^slit "1  " 2Wr^tan'|

(6-5b)

It is to be noted that these expressions for vary with

position in the die entry.

To evaluate we again use shear flow data, i.e.

"^ch =

This is plotted in Figure 6-6 to interpret elongational

and die entry flow we consider T to depend on the second

invariant of the rate of deformiation tensor II, (trd^) .
Q  ̂

Thus for elongational flow in a capillary entrance

^E2C " ^E3c ^ ~ 1 ^Elc ' ^^d ^ 2 ^Elc^ (6-7a)
and for the entry to a slit

^E2s " " ^Els ' '^E3 " ° ' ^^d ^ ^'^Is^ (6-7b)
while for shear flow

II^ = |t® (6-7c)
Equating Eqs. (6-7a, b, c) gives the correspondence

of T values from shear flow to the entrance flows, i.e.

TW = (6-8)
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To obtain T(^) it was necessary to extrapolate t{Y) data

as discussed in Chapter 5- Since the characteristic time

constant is a decreasing function of elongation rate, the

Weissenberg number should increase more linearly than the

elongation rate along the streamline.

We have developed dimensional analysis correlations

for the swell from tapered entry capillary dies. Based

on the above dicussions and taking an averaging process

for this accelerating elongational flow, we define the

characteristic dimensionless group as half of Weissenberg

number at exit.

CV-Eitexlt)] (6-9a)
oh

i.e. we take for the capillary r = [](D/2)/tan(0/2)3

l^l^(exit) = ̂  tan| (6-9b)

for slit r = n(H/2)/tan(0/2)3

>^ls(exit) = ̂  tan| (6-9c)

where H is the slit thickness.

In Figure 6-7 we plot B as a function of ^ch^^ch

for the 30° and 120° angle capillaries. We find that for

the 30° angle the PP and PS data correlate well. This is

not the case for the 120° angle or for the 180° angle.

These discrepancies probably arise from the existence of

vortices in the case of PS. The question of how to remedy

these problems in terms of dimensionless groups may be
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answered from the work of White and Konda (26?). 'They use

the deformation rate dependence of the relaxation time as

the additional parameter in correlating vortex size. The

different dependence of T(>0 for PS and PP is shown in

Figure 6-6. As pointed out by Ide and White (104) small

changes in T(y) can induce large variations in elongational

flow behavior. White and Konda (267) found similar response

in die entrance flow. The development of high elongational

viscosity and large vortices is associated with a weaker

T(y) dependence as found in PS.

D. THEORY OF EXTRUDATE SWELL FROM SHORT DIES

Our arguments here use the unconstrained recovery

theory of swell originally due to Tanner (228) which is

an outgrowth of the earlier considerations of three dimen

sional elastic recovery by Lodge (129). Basically we

consider the flow in the die entry region to be elongational

in character and shear flow contribution is small as shown

in Figure 3-5 (p- 51)- The particular formulation we use

is similar to that of White's analysis (263) of unconstrained

recovery from constant elongational flow of a viscoelastic

fluid.

We use a single integral constitutive equation of

form (263, 26, 270)

£= - P I + r m, (-tr) c"^ dz (6-10)
^ Jo ^ ^
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where

-1 ^^1

a  a

and

-z/r
ini(z) = e (6-11)

^eff

represents a Maxwellian relaxation function, x^ is the

instantaneous position and x the past configuration in
3.

Cartesian coordinates.

We consider the die entrance flow to be of long

duration and elongational in character. We write

dx^ . dx^
~dt " "^El^l ' ~dt " ̂2^2 (6-12)

which leads to

x^(t) = x^(o)e , x^(z) = x^(o)e
(6-13)

Let us write Eq. (6-1) (p. 10?) in the form so that

it represents the melt after it has exited from the die

and exhibited swell. We introduce matrix Q which trans-

forms back to the system of coordinates before the swell

to simplify kinematic considerations. This leads to

A 00

Q  (2r+ p£) -. / I"i(2) Q c^^ dz (6-li^)
o

For such an elongational flow, we may write
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-1 nTc  Q =

"1

0

0

0

0

1

(6-15)

where

^  = e
1

Yjidz
=

s.
(6-16)

The swell has the form

1

^2^^r^ 0(2 ^2^^^

X3(tr) = X3(t) (6-17)

There is no shear recovery. This allows us to specify Q

and the left hand side of Eq. (6-l4)

Q(Cr+ pi) Q-^ =

From the full Eq. (6-l4)

o(^ (o-j^i+p) 0

0

(6-18)

= r G
Vo '^eff

ri

eff

'■p-Ff _
e  dz = I.

A 00

^  to  '"

G  ."^/%ff ^ 2
eff

dz = I,

(6-19a)

(6-19h)
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Substitution of Eq. (6-19a) into Eq. (6-19b) gives

1  _ , ^ ^

^1 ^1

(6-20)

Integration across the cross section and taking the

integral of to be zero gives

NA . 2
<^2

^l'>
, vo

—2 da = —

j:

da

'o

pA poo
I  / e ^ dz da
^ o

- C z/fg ^ ̂ ̂

I2 da

A  r\°°

II
[/yg^dzT

(6-21)

'^i:v?^f+2 (6-22)

dz da

Generally the integration across the area may be cancelled

out leaving the kernel function.

For a capillary

1 " t^2'

i
E2

1

2 "Ec

This leads to

lc

(6-23a)

(6-23b)

(6-23c)

B =
/̂o

-cv~3fj.+2 r
>/ n

dz

>' r\
^Elc^^'^

dz

1/6

(6-24)
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For a slit

^1 ^

"^2 ^1

(6-25a)

(6-25b)

(6-25c)

This leads to

B =
X

-Cz/r^ff+ajtEi^dz]
dz

j  dz

lA

(6-26)

We now seek to approximate Eq. (6-17) so that we

may integrate the integrals. If we take kinematics to be

independent of cross section and independent of time with

Iŷ i dz = r^z (6-27)

This leads to, for a capillary die

t  TT
eff ' Icb6 , ̂ ̂

1  - 2^-
e

(6-28)
ff » Ic

For the slit die

B
1 ̂

^ " ̂'eff^ls
(6-29)

z represents a dummy time variable. Here 'An and An
JliX C XiJ- S

are as defined in the previous section, nia-Y Be equated

to T for Maxwellian fluids.
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Eqs. (6-28) and (6-29) predict the qualitative trends

of our experimental data with melt elasticity through 'Jr

and increasing elongation rate raising extrudate swell.

Swell from slit dies is predicted to be larger than that

from capillary dies.

To properly use the above equations, we should have

a true elongational flow distinct from a mixed shear and

elongational flow. Such elongational flows are observed

in LDPE and PS as mentioned earlier, but not in PP. The

PS melt used in this paper was among those investigated

by White and Kondo (267) in their study of die entrance

flow patterns. It is possible from their correlation to

know the value of entrance angle c>l (as defined in Figure

6-5 (p. 105). is taken as l6Q/TrD® tan(<><./2) . In

Figure 6-8, we compare Eq. (6-28) with experiment using

this data. The agreement is very good.

In order to make comparison with the PP data, we

should have to include combined shear and elongational

flow as exists in the Harrison solution (98) for flow in

a cone.

E. CONCLUSIONS

1. The extrudate swell from short dies is much larger

than from long dies. Swell decreases with decreasing

die entrance angle in tapered dies.
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2. Again, slit die swell is always larger than capillary

die swell.

3. Correlations of extrudate swell data with the

Weissenherg number are described.

An extrudate swell theory based on recovery from

elongational flow appears able to adequately describe

the swell from short dies.

In this chapter, we have done critical study of

extrudate swell of short slit and capillary dies. In the

next chapter we will move to study extrudate swell of

complex dies.
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CHAPTER 7

EXTRUDATE SWELL FROM DIES OF COMPLEX GEOMETRIES

In Chapter k, we have studied flow rate-pressure

loss for rectangular and trapezoidal dies. In Chapter 5

and 6, we have investigated extrudate swell from long and

short slit and capillary dies. In this chapter, we

consider the application of the extrudate swell theory

to dies of more complicated cross-sectional geomtries.

A. THEORY

In order to consider extrudate swell, we must be

more specific and general with regard to constitutive

equations considered. We consider here only the case of

viscoelastic fluids and we approach the problem of extrudate

swell through consideration of unconstrained elastic

recovery. Following the earlier studies of this problem

by Tanner (228), White and Roman (270) (compare Chapters

5 and 6 of this dissertation), we will use a general single

integral constitutive equation of form,

AOO

-  ip 1+ J m (r) C(I + |) C"^ + I c] dz (7-1)

where

?x. 5x. ^X 3X

C. . = —- —^ . C. . = —- —-IJ BX^ BX^ IJ 3X^ BXj
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and

m (z) =
-z/t

eff

'eff

represents a Maxwellian relaxation function, x^^ is the

instantaneous position and x the past configuration in
Q.

Cartesion coordinates.

Consider the unconstrained recovery of such a fluid

from a flow within a die with velocity field V^Cxg. x^).

The Finger and Cauchy deformation tensor for such a flow

in terms of a Cartesian coordinate of this type is,

(7-2)

i+y^^z^+x^^z^ Y^z

c ^ = 1 0

0 1

where

c = ->-2-

-Y^z

Y = i
2  ̂x.

-Jr-gz

0

hY.
y ̂  1
3 " ax„

1+X^z

(7-3)

We write Eq. (7-1) for to represent the stress

and deformation field in the melt emerging from the die a

moment before recovery swelling and C^(t) to represent

the stress field in the extrudate a moment after recovery.

The deviatoric stress P(t„) at time t„ is equal to Q P(t) QT
Ay
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T
where represents recovery tensor for the extrudates.

This suggests

m  A®®

Q  (^(t) + pi) £ = C(l+|)c,"^ + |c] dz

= G(1 + |) t'eff^

'feff^3

''eff'^2 %ff'^3

1

0

0

1

GI -T

''eff^3

''eff'^2

1+27^ ^
''eff ^2

0

~%ff^3

I+2T
e

2v^ 2

ff "3
(7-^)

Eq. (7-4-) represents a basis for computing elastic

recovery and extrudate swell. It is necessary to first

specify the kinematics of the recovery. We take this to

be,

Xi(t) = - g(x^,x^) ,

x^(t) = o^x^(tjj) (7-5)

Following similar procedures in Chapter 5 leads to

„ „T ax.(tp)
S-S- - 9x^{t) ~9xJtJ (7-6a)
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^1

0

gjA;

0

§3^1

0

1

c<<

(7-6b)

^

^2
^2 '

=

'3 px
3

(7-6c)

This allows us to write the left hand side of Eq. {7-^) as

Q (S+pl) =

h 2 h 2
1  So So

A

PS2

'^l'^2

PS3

_P£2
'^l'^2

■^2

0

A  A

Pg-:

^3
(7-7)

Equating Eq. (7-^) and Eq. (7-7) we get

(r+ t ;j2j(n.g^=+g^3) = G [1 + 6 + (2+6)T^,'(^,=+^; = )]eff '"2 3

(7-8a)

^ = G (1 ^ (7-8b)

^ = G (1 . e ^ ^%ff^S^) (7-8c)

Pg2
^ ^eff^2 ^2 (7-8d)

A

PS

1^10^3 ^ '^eff ^3 ^13 (7-8e)
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Solving Eqs. (7-8a - e) and applying the relation

we get

~G *^2 (1 + ̂  +

(1+e) + (2+€) '^eff ~ +

_  ̂eff n

and

t; =

V ° '7-11)
Substituting Eq. (7-11) into Eq. (7-10) leads

. 6 iEllilff3!2! £t , <*
2  (i+6+6r^j,j,-y^2) G '*■2 d+e+er^j.^"}^^)

+ (l+£) + (2+6) %ff = (V2^-y3 = ) -
eii 2

"^eff ^

,  6 = e-t , „ (i-£-^r„V3^)
°^3 (i+e+er^jjVjU - - G "'j (i+e+sreff^'S^'')

<7^ ^ ^
^Ci-P-P OC. (1^£) . (2.6) T „=(^-2=.r3=) -

t-»-rfV,=eff

1+^+6



125

Eqs. (7-12) and (7-13) are more general solution of

extrudate swelling. ^ could appear from experiment to "be

a coefficient with a negative value and may he a complex

function. Along a symmetrical center line (xg. 0), where

= 1, = 0, also assuming G= 0, we get

■^2 = - (>'2' 1 ^
This is also the slit swell equation getting from Chapter 5*

Similarly, along a symmetrical center line (0, x^) , where
0(2 = 0 and ^2 = 0, we can get

0/3^ = - + 1 + '^eff^^3^ (7-15)
Eqs. (7-1^) and (7-15) suggests that along a symmetrical

center line, we can use the slit swell equation developed

in Chapter 5* To evaluate swell other than the symmetrical

center lines, we have to use Eqs. (7-12) and (7-13) which

are very complex. But we may apply an approximate proce

dure to predict the swell on the corners of a rectangular

die by assuming 6.= 0, which leads

^ 5 _ ^ 6 _ _ ^ . -1 + y 2 , ^ 2 • 2
^2 3 G 2 ^ ^eff ^2 '-eff ^3

(7-16)

The swell at corners of a rectangular die can be evaluated

6y

B2 = 1/6
(7-17)
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Uf\i ^ Xo*]:

This leads (assuming = 0),

B,

^3 =

X"

x;

0] 2 ^ "^2(1 + -P- + 4J-) d: 2
X,

W2

0*1 2(1 + -p- + -^) d^

1/6

1/6

(7-18)

(7-19)

(7-20)

B. EXPERIMENTAL

1. Materials

The PS and PP melts used in previous chapters will

again he used here. The rheological properties of these

polymers are described by Figure 3-1 "to 3-3 (pp* ^1 - ^3) •

2. Dies

Dies with a range of cross sections were used in

these experiments. This has been summarized in Table 4-1

(p . 61) .

3• Extrudate swell

Polymer melts were extruded vertically downward out

of an Instron capillary rheometer into air. The extrudates

were cut at a distance of two inches below the die.

The dimensions of the air frozen extrudates were

measured by micrometer and then corrected to 180*^0 by a

density factor [^(30^0) /f(IBOOC)]^/^, i.e. 1.027 for
polystyrene and 1.057 for polypropylene. The extrudates
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were annealed in silicone oil bath at 170®C for 2 minutes

to observe the shape and dimension changes.

C. RESULTS AND INTERPRETATION

The shapes of extrudates emerging from dies of

varying cross section are shown in Figure 7-1' Annealing

of extrudates results in changes of shape are shown in

Figure 7-2. Generally, annealing increases the dimension

but also induces flatting on one side. This is because

following annealing in silicone oil, the samples were

placed on a flat paper.

The flow rate-pressure loss data were collected

simultaneously. This has been reported in Chapter

We measured the dimension of extrudate from rectan

gular die in Xg and x^ directions along the center lines.

The extrudate swell is then defined as

B2(x^-0) = h/H (7-21)

B^(x2=0) = w/W (7-22)

We also measured the dimension of extrudate swell from

trapezoidal die in the X2 direction along the center line.

The extrudate swell is defined as in Eq. (7-22).

We try to plot the above defined extrudate swell

with that from slit and capillary dies as a function of

their wall shear stresses. For trapezoidal die, the wall

shear stress cj^2 (J^/2. O) is chosen approximately to be.
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Figure 7-1. Die and extrudate cross sections for capillary:
(a) D = 0.762 mm, ("b) D = I.702 mm; for slit:
(c) aspect ratio I6.7, (d) aspect ratio 10.0;
(e) rectangle, (f) trapezoid.
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(a)

{b)

UN ANNEALED annealed

Figure 7-2. Comparison between unannealed and annealed
extrudate dimension for (a) rectangular
(b) trapezoidal dies.
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AP,. H

^12 (H/2, 0) = 2L^ (^-23)

For the rectangular die, we introduce the following

procedures to get a reasonable estimation of wall shear

stresses (0, w/2) and ^2 (H/2. O) and the ratio of

these two stresses.

The equation of motion Eq. (^-3) (p* 5^) can be

rewrite as the form,

^die ̂  ̂ ^^12 ̂  ̂ ^13
L  ̂ Xg & x^

At (0, 0)

let,

then

(7-24)

(0^2 position dependent with

Xp

^2 ̂^2' " H/i ̂ 12 (7-25)

cr-L3 ""3^ " ̂  ̂13

^^die <S'.2(H/2,0) ^ (0,w/2)
—  (7-27)

Ci = «5'^3 (0, w/2) /Cr^2 (H/2, 0) (7-28)

Ap h c

2L^ " ^ ^12 (7-29)

where / = w/H. This leads

"^12 ("/2. 0) - (7-30)
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^1
^  (0, w/2) = (7-31)

^  "7
C^ may mainly depend on the rheological properties of the

polymer melts and the aspect ratio of the conduit. Based

on power law model can he evaluated from,

<5^o(0,w/2)
C. ='1 (5l

(0,w/2)

^{}i/2,0) ■

Based on Eq. (7-32) and Boussinesq's solution (3) of the

velocity profile from a Newtonian rectilinear flow,

found to be a constant value 0.$U2 for a rectangular conduit

of ̂  = 2. Similarly, based on Aral and Toyota's numerical

solution (2) of a power law fluid with n = 0.^ in a rectan

gular conduit of / = 2, calculated to be 0.842.

The polypropylene used in this study close to be

a power law fluid with n = 0.412. Therefore, we chose

= 0.842 for polypropylene. Polystyrene used in this

study close to be a power law fluid at high shear rate

with n = 0.357 and a Newtonian fluid at low shear rate.

We chose to be 0.842 at high shear rate and 0.542 at

low shear rate.

We plot extrudate swell vs. wall shear stress

behaviors in Figure 7-3 for polystyrene and Figure 7-4

for polypropylene. The solid lines in Figure 7-3 are

theoretical lines described in Figure 5-7 (p. 93). Generally

the extrudate swell of center lines from rectangular and
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Figure 7-3• Extrudate swell-wall shear stress behaviors
for polystyrene of various die geometries.
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trapezoidal dies tends to behave like slit dies. This is

because along those center lines which divide two equivalent

sides, there is only one direction shear stress, i.e.

simple shear flow.

For the swell along those symmetrical center lines

where exhibit simple shear flow, Eqs. (7-l^)» (7-15)

(p. 125) and those slit swell equations described in

Chapter 5 should be able to represent the behavior. For

the swell other than those symmetrical center lines,

Eqs. (7-12) and (7-13) (p- 12^) may be able to represent

the behavior through very complicate averaging and

integrating procedures across the cross sections.

We will try to work out a swell function at the

corner of a rectangular conduit because it is comparatively

simpler. Let, approximately,

x^

fr ^ + S' ^^12 ^^13 (x^, w/2) = ChtI ̂ 3 w/2)]^ (7-33)

^12 ^13

X,

(H/2, x^) = 0)]^ (7-3^)

If G is a constant value, putting Eqs. (7-33) and (7-3^)

into Eqs. (7-19) and (7-20) (p. 126) to get

= Cg + ]^1 + 3^ ̂13^ (0' w/2)]^/^ (7-35)
= 0^ + 1^1 + 3!^ ̂ ^12^ 0)]^/^ (7-36)

To evaluate swell in the corners for the trapezoidal

die is more difficult. However, we may do it roughly by



= ^2

135

(1) using Eq. (?-36) to calculate (2) using slit swell

equation developed in Chapter 5 for Bg and assuming

w/2 + b - Xo

12 ^3^ ~ + b ^12 (7-37)

This leads to

,  r w/B+b-Xol^"^
^ ̂  3^ ̂^2(^/2,0) ^/2+b _

There are two different sets of corners for trapezoidal

die, i.e. (H/2, ± W/2) and (- H/2, ± (W/2+b)). For latter

corners, B2 = 0 as predicted by the above equation.

We contrast the measured extrudate shapes of

polystyrene with predictions from Eq. (5-15b) (p. 86)

for symmetrical center lines and Eqs. (7-35), (7-36) and

(7-37) for corners in Figure 7-5 for rectangular dies and

(7-38)

Figure 7-6 for trapezoidal dies at ̂ P^ie^^^^ = 1.1 x 10"^
pascal. Generally the predicted shape is consistent with

the observed shape but a little smaller. Reasons for

this quantitative deviation should be the same as those

described in the conclusions of Chapter 5.

D. CONCLUSIONS

1. Along the symmetrical center lines the extrudate swell

from rectangular and trapezoidal dies show similar

behavior as that from slit die. This may be generally

valid for a range of die geometries.
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Figure 7-5- Comparison of predicted (inner solid line)
observed (outer solid line) PS extrudate
dimension from rectangular die at A?,. H/2L=
1.1x10^ pascal.



137

Figure 7-6. Comparison of predicted (inner solid line)
observed (outer solid line) PS extrudate
dimension from trapezoidal die at AP . h/2L=
1.1x10^ pascal.
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2. Extrudate swell due to recovery from complex stress

field has been formulated. This involves solving

complicate shear stress field in order to get the

detail extrudate dimension, and a more general consti

tutive equation which include both Finger and Cauchy

tensor must be applied.

In the next chapter, we will study extrudate swell

for filled polymer melt systems.
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CHAPTER 8

EXTRUDATE SWELL OF FILLED POLYMER MELTS

In the preceding chapters, we have studied extrudate

swell of pure polymer melts emerging from dies of various

geometries. In this chapter, we will study extrudate

swell for filled polymer melts. From all previous studies

(as described in Chapter 2), it is seen that increasing

filler loading decreases extrudate swell. The explanation

of this phenomenon had been centered on relating swell to

filler volume fraction or effective volume fraction. But

so far, there is no satisfactory rheological explanation

based on constitutive model of these systems.

A. THEORETICAL

1. Constitutive equation of filled polymers

If we assume that the polymer compounds can be

represented by a modified Maxwell model following White

(301) and Lobe and White (127) as shown in Figure 8-1,

where the slider has a yield value Y, it can only move

forward and block the recovery. Therefore the only possible

recovery is due to string .

Usually, the applied stress is larger than Y. If

we consider the case C^> Y, the strain y'at time t can be

represented as
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Figure 8-1. Model for filled polymer melts.
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^  s ̂  Ct' "
Differentiating the above equation with time and rearranging

the terms, we can get

^  + r= ^ (8-2)^2r' " \ ̂ l^zl ^2C

Solve the above first order ordinary differential equation,

we get

G^(t-t')

<?= / (Y+GjTa-je r "
(8-3)

Integrate the above equation by parts and choose present

state to be the reference state, we get

5-=Y+ / lice dz (S-It)

° = Tg^ (8-5a)
T - t'CGj^+Gjl/G^ (8-56)

z = t - t (8-5c)

Now we need to generalize the above equation to a

three dimensional constitutive equation. Following the

work of White and Lobe (301) and White (127) for the

Schwedoff model (as described in Chapter 2) we have the

form
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or= -PI + P

i) as trP^ < 2Y^

<r= -pi + G, c
^-1

(8-6)

where C ^ = C ^ - ̂ tr G ^I

ii) as trP > 2Y

<r= - I + 1 +

trH

\00

where H = / Xt-, (C ^-iC"trC ^]l) dz

(8-7)

(8-8)

Here P is the deviatoric stress tensor, the strain tensor

may be a combination of the Finger deformation tensor and

Cauchy deformation tensor as in many constitutive models.

Here, for simplicity, we use Finger tensor only.

/U^(z) is the memory function of the filled polymer melt.

Based on the model shown in Figure 8-1 and Eq. (8-4) we

choose A ̂(z) to be

xti = a
c

For a steady simple shear flow

(8-9)

l+^^z^ iTz 0

c-i = V'Z 1 0

0 0 1

(8-10)
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and,

2-"^3ttTC-4i

H = G rir

fT=2 =

•yT.

0

Ta'

r z

0

.2 2 3

0

0 (8-11)

(8-12a)

P = |l +
aTy

J H
1  .31 —
i+oiry

(8-12b)

The shear stress and principal normal stress difference

have the forms

Y

^12 = U1^ \ Qq^r
\

or a' (8-13a)

Nf - P22 ll +

Note that at low shear rates

lim (T, p = Y
Y->o

lim N, = 2 Yry= 0
■ir->o

arf
(8-13b)

(8-l4a)

(8-l4b)

The viscosity goes to infinity at small shear rates

according to Eq. (8-l4a). The relationship is
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N,

2<S' 27g 1 +

G^r

(8-15)

The right hanci side of Eq. (8-15) is 1 for a Maxwell model

constitutive equation with Y zero. With a yield value Y,

this number is 1 as and 0 as . The influence of

the yield value would appear to be to decrease at

fixed •

For an uniaxial elongational flow with a constant

elongational rate = i and ^22 ^ "^3 "V2 S where

.-1 _

Ziz

0

0

,-iz

0

0

, -€z

(8-16)

0  0 e"

Again using the Maxwellian relaxation function of Eq. (8-9)

we may show that for a long duration steady flow we have:

2/^2iz „-€.z
Ke' ') 0

G ^-^CtrC =

(8-17)

and

H = G

2r<i

(i+ri) (i-2r^)

(l+T€)(l-2n)

0 -Z'i
(i+n)(i-2r-e)

(8-18)
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The tensile stress acting on the filament being extended is

CTt = ®ll - <^22 ®22 ' 0)

=  1 +

/ iTi+wirriij
(8-19)

For low deformation ratesj

lim - <5'22^ " (8-20)
£->0

while for high deformation rates:

^*^11" ̂ 22)-^"

The elongational viscosity is

^11"®22 yV3 , 3Gr fR '^'5)

The elongational viscosity goes to infinity at both

small (£->0) and large • However, as indicated by

Ide and White (104), the high deformation rate behavior

may be modified by the deformation rate dependence of f

and elongational viscosity does not necessarily go to

infinity.

2. Elastic recovery of filled polymers

a. General

We will discuss elastic recovery for filled polymers

in this section based on the constitutive model developed

by White (301) as described in the previous section.
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We think the elastic recovery of a filled polymer such as

represented by the model in Figure 8-1 (p. l40) and Eqs.

(8-6) and (8-7) is quite different compared to a Maxwell

viscoelastic fluid as studied in Chapter 5 to 7• Here,

for filled polymers, the elastic recovery can only happen

in the gel with modulus . The gel Gg and viscous portion

GT' are associated with yield value Y and will not respond

to recovery. This can be also explained in the constitutive

equation (Eq. (8-7)). As tr^^ < 2Y® which is the case when

the stress is made zero or isotropic at any instant following

an arbitrary flow history, the deviatoric stresses depend

only on G^. Another important concept we must bear in

mind is that we can treat filled polymer melts as incom

pressible fluids which means that ~ where £>(^,

oig» denote recovery in 1, 2, 3 - direction respectively.

Generally, < 1 and or > 1. We will use the two

major concepts to develop formulations for constrained

recovery, unconstrained recovery and extrudate swell in

the following sections,

b. Constrained simple shear recovery

We consider a constrained recovery from steady shear

flow; i.e. in the shearing of a liquid contained in the

gap between two surfaces in relative motion, recovery is

measured by releasing one surface to move freely and not

allow any change in the gap of the shearing surfaces.
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The instantaneous shear recovery of a filled polymer melt

should be

Sr ■ 0-12/Gl

-  (1 + Y*) arr/ (8-23)

where

u - (8-24)gT^Ji +

Based on Eqs. (8-13a) and (8-13b), Eq. (8-23) can be

rearranged to give the instantaneous shear recovery to be

N

S- = <^) (1 - 5 ) of '8-25)
The above equation seems to correspond to the major character

of elastic recovery of filled polymers: the rapid decrease

in elastic recovery with increasing filler loading,

c. Unconstrained recovery

i. General

In the preceeding section, we have studied constrained

recovery of filled polymers which is a comparatively simpler

case because recovery is only allowed in 1 - direction.

In this section we will develop a general formulation for

unconstrained recovery of filled polymer systems. Uncon

strained recovery, also known as free recovery, involves

recovery in the flow direction and also in directions

perpendicular to the flow direction.
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The history of a filled viscoelastic fluid defined

"by Eqs. (8-7) and (8-8) prior to the ultimate recovery can

be divided into three periodsi

1. period of steady flow (z=oo to tr)

2. period of instantaneous recovery (z=tr to tr+£>)

3. period of delayed recovery (z=tr+^ to 0)

We would expect delayed recovery to be zero from our

mechanical model and it will be neglected. At recovery,

cr = 0 = -p. I + G. C
-1

-pi + 1+
rec

H  (8-26a)

Here Pj^ is an isotropic stress in elastic recovery and p

is an isotropic stress in a viscoelastic flow. Therefore,

p^ and p should be in general different. This leads,

C
-1 1

rec
G-

1+

trH'

|H + p, I (8-26b)

where

Pi = (P^ - p)/G^ (8-26c)

The above equation suggests the formulation for the uncon

strained recovery to be,

Y
1

C ^
rec

H + H

steady
flow

+ Pi I
-L ^

(8-27)

where

H

t-tr

S  c-i
t'

dz (8-28a)
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C ^ 2 ̂ - i(trC I (8-28b)

Let Q be a transformation matrix between the final state

and the flow.

^  5X.(tr) ̂ X.(tr)
B S = iX^TtT 9X^(t) (8-29)

where tr is the time at a moment before the recovery and

t is the time at a moment after the recovery. This leads

:-l

rec

= Q - ̂ (trQQ^) I (8-30)

The above form is due to that det C must be equal to

det C
-1

"steady flow' ®ased on Eqs. (8-2?) and (8-30), we
may give general formulation for the instantaneous uncon

strained recovery of filled polymer systems.

Y
^  - i(trQQ^) 1=7;^

J
H + H

trH" steady
flow

+ p I

11

(8-31)

Uniaxial elongational flow

Consider the instantaneous recovery after a steady

elongational flow of constant elongtional rate g. H is

already developed in Eq. (8-18) and

°j3[(i.r4)a-2reyl
The kinematics of recovery are:

Xj^(t) = Xj^(tr)

2 -

— *

^el (8-32)

(8-33a)
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XgCt) = 0^2

X^(t) = X^(tr)

where ^ ~ • This leads

1

(Xi

0
T

Q Q - c/i 0

oil

and

^ -1
C ^

rec

2  1

3  " 3'^1

0 3'^1 3 o(jL^

0
1
< - ̂

1

(8-33h)

(8-33c)

(8-3^)

 1

3^1 3 o(
1

(8-35)

Solving Eq. (8-31) based on Eqs. (8-18) (p. l44) and (8-35)»

we get

[d+rJa-zry]57 - %
or

1  = n+Y ^^el ' Gj_ [(i+rU(i-2't:^)]
Here < 1 denotes the retraction in the flow direction

and c<2 > 1 denotes swell in the transverse direction.

The level of retraction o(j^ or swell 0(2 increases

with increasing elongational rate 0C2 decreases with

increasing filler loading through its effect on the G/G^ ratio.
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ill. Shear flow

Consider the instantaneous recovery after a steady

shear flow of constant shear rate if. H of this kind of

flow is already developed in Eq. (8-12a) (p. 1^3) and

^  Y

VitHF Gryji+|r^^
The kinematics of recovery are:

X^(t) = Xj^(tr) - g

X2(t) = 0(2 X2(tr)

X„(t) = X„(tr).3 ..3,

—  —

; = ̂ sh

This leads

T
Q Q =

(i+g^)

A

C^l'^2

0

g
=

ax,

A

0^10^2

1

2

0

1

(8-38)

(8-39a)

(8-398)

(8-39C)

(8-40a)

(8-40b)

and

1 .T.^(trQQ ) ^ (^ + ^ 21
^2

 + 10^3^

This leads the left hand side of Eq. (8-31) to be,

(8-41)
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1/ 1 , 1
A

^

<^1^2

2 1 _1/ 1 , 1 I
3^ ^

21 1/ 1^1

3^ 0^1
(8-42)

■+ , „+

r* p

Solving Eq. (8-31) based on Eqs. (8-12) (p. 143) and (8-42) ,
,2 ^ ^ N

'1oL
15" - 1  + = 2 Ĝ, "" 57 (8-43a

_S_ = ^ (1+Y *)T« = ^
0^10^2 *^1 ^1

Substituting Eq. (8-43b) into Eq. (8-43a) , leads to

1  1
0^ - ^ - G

N n cr,
^2

or, since = l/o^gOC^'

(?^2^ 0C3® 57 - 2;>T=y= - TV^T^-if^c/g®

where

. ^ n.Y ^ -^2l^!!^^  ̂ sh ^ (Gj^+Gg)
^ G_

G.
1 +

GTt l4l:V
Note

i^fW ° ^ ° Blngham number
If we note that

W„ = XY ~ Weissenberg number

)

(8-43b)

(8-44)

(8-45a)

(8-45b)

(8-46a)

(8-46b)
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Eq. (8-^5) becomes

1Z , 2 ^ = 2 7VW,^ - A.^ (8-4?)'2 " 0<2^ ~ ^ ̂

The above equation indicates the elastic recovery from

shear flow is a function of W , Weissenberg number and A*

With increasing filler loading, A. which is less than 1,

will tend to 0 and substantially reduce in recovery.

Eq. (8-47) is implicit for evaluating recovery.

In a simple shear flow with an infinite dimension

in the 3 - direction where = 1, Eq. (8-47) becomes

(8-48)^2 = ^ = 2 AW/ - A=W/o(2=

or

C<2 Cl - 0(2^ 2AW^

This may be solved to give

-1 = 0 (8-49)

^2=5^

d. Extrudate swell

AW/ + ^ 7\^W ^+A^W/+l/
s

1 + AW2 m

2AW

l+A'^W
(8-50)

Extrudate swell of polymer melt systems from a die

flow, generally called die swell, is an example of a

complicated unconstrained recovery because the shear rate

in the die depends on the position. To predict die swell,

one must consider not only local elastic recovery but on

mass balance in each local element which may involve

extensive numerical procedure. However, here we will
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develop approximate swell formulations of filled polymer

melt systems for simple die flows, i.e. capillary and

slit dies. For these die flows, the shear stress is

distributed linearly with zero at die center and maximum

at die wall. Near the center portion, shear stress is

smaller than yield value Y. In this region, the shear

rate is zero and the extrudate dimension should remain

unchanged. Only beyond this region will the extrudate

swell dimension due to elastic recovery, i.e. die swell.

Since the shear rate is varying from the center to the

wall of a die and the level of elastic recovery depends

on the magnitude of shear rate, the elastic recovery, or

swell, is varying at different postions with zero at die

center and maximum at die wall. Therefore, to evaluate

die swell, involves an averaging procedure, i.e.

^  0^2

where a is the small area element.

i. For the capillary die,

\R

0

ii. For the slit die,

^H/2

®oap ' ihS "^2 (8-52a)

®slit ^2. ̂ ^2 (8-52b)

The elastic recovery at every local area is represented

by Eq. (8-^7). For filled, especially highly filled
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polymers Tv. is a small value. Taking Eq. (8-^?)

■becomes

i. For the capillary, c^2 ^3

^2^ - 1 = 2 Wg^6(X2^ - e^0i2^ (8-53a)
ii. For the slit, 0^^ = 1, p^2 ~ l/^q

0^2^ - 1 = 2 W^^€£x:2^ - ^s^ (8-53b)
Since 6-^0, we can apply perturbation method and assume

P<2 = ^ 0(6^) (8-5^)
This leads,

i. For the capillary die.

:  ̂ ^2^°^ -1 = 0 (8-55a)

^ W/Lp<2^°b^ (8-558)

= ^ (8-55c)

£^2 = 1 -' -f-^ + (-|- - -f-^ ^ 0(;V) (8-56)
ii . For the slit die,

6°: 0^2^°^ -1 = 0 (8-57a)

6^! 4C0(2^°bV2^^^ = 2 Wg^Co(2^°^P (8-57b)
6^i 1^1:5(2 ■ttCo;2'°']^2'^^

= 4 w/.<2'°K'^' - '8-55==)
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W

0(2 = 1 + -|-^+ + O(A^) (8-58)

The swell in slit die is higher than in capillary die.

Based on Eqs. (8-13a), (8-131) and (2-25) (p« 1^3» P- 1^3i

p. 13)> W may have the form
s

^s " ^ " "2^ " I ̂12a-1 (8-59)

Taking the averaging procedure by approximately assuming

A is a constant, leads to

i. For capillary

I SI.,

rof
B  = C + 1 +
cap cap

A ^ 2a-2^
12 12

(  5' 4a-4 A^ 5- 2a-2^2y2l
llW^12 "215^12 2^16-

+ o(A^) (8-60)

or

A'
B  =C +l+ ,„ ,v.
cap cap 12a\ w

(T
2a-2

;:2a^

(T,
w

lA +

l44(2a-l)I w
4a-^

w

^ ' 2a-2
e:
w

+ 0(7v?) (8-61)
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ii . For the slit,

B
slit

C  n . , + 1 +
silt ri8

2a-2

 ""12 A +

(iA" 4a-4 ^ 2a-2
^ ̂12 - IE ̂ 12 H k' ̂

or

B
slit

+ 0(7v,^)

c_..^ + 1 + o/o. s ^6:
'slit

A^ I

(8-62)

2a-2 Y
8(2a-l) V^w

2a-l>

(5
ŵ

64(4a-3)
4a-^ Y^a-3^

(T,
w

A'

I6(2a-1) l^w
2a-2 Y^^ ̂

<r
w

+ O(A^)

(8-63)

where and are viscous swell for the capillary

die and slit die respectively which may also depend on

the filler loading of the polymer compounds.

B. EXPERIMENTAL

1. Materials

The materials used in this study are two typical

rubber compounds, tread and side wall SBR compounds. The

recipe is shown in Table 3-1 (p. 45). The rheological

properties were measured by Instron capillary viscometer

at high shear rate and sandwich plate is low shear rate.
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The viscosity-shear rate behavior and viscosity-shear

stress behavior are shown in Figure 8-2 and 8-3*

The data of PS/Ti02 system by Minagawa and White

(187) has been replotted in different way to provide more

complete information.

2. Apparatus and experimental procedures

Extrudate swell measurements were made at 80 in

an Instron capillary rheometer. The dies used had both

rectangular and circular cross sections as shown in Table

8-1.

The extrudate swell of the polymer emerging from

the slit die were values measured at the center of the

cross section and for capillary measured the diameter by

micrometer.

Different die length was used for each set of

measurements. Die swell vs. l/D plots are used to extra

polate the data to get the die swell of infinite length B.

An example of this procedure is described in Figure 8-4.

The wall shear rate and shear stress for both

capillary and slit die are determined by the same way

described in Chapter 5«

C. RESULTS AND DISCUSSION

1. General

The swell vs. wall shear stress behavior for both

capillary and slit data is shown in Figure 8-5 for side
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Figure 8-3. Viscosity-shear stress behavior for the rubber
compounds used.
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Table 8-1. Dimensions of dies for experiment in Ch. 8

Slit dies:

Capillary dies:

H Aspect
l/h

(mm) Ratio
1 2 3

0.381 16.7 12.5 20.0 29.9

0.635 10 .0 12.0 18.2 24.1

Diameter
l/d

(mm)
1 2 3

1.^73 4.90 10.0 20.0

2.057 5.03 9.81 19.1
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1.4

1.3

d

D

1 .2

.0

Tread Compound 80 C

cr.w
(to pascal)

1.87

1.77

1.58

1.30

.988

.832

.671

0 10 l/D 20 30

Figure 8-4. Capillary extrudate swell as a function of
die length for tread compound.
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wall compound and Figure 8-6 for tread compound. Generally

the slit die swell is much higher than capillary die swell

at same wall shear stress. At low die wall shear stress

slit die swell goes to a value of about 1.2 as opposed to

about 1.1 for capillary die swell.

The slit die swell data suffer in accuracy, especially

for the tread compound because of serious distortion at all

wall shear stresses used.

Rubber compounds tend to slip in the cone-plate

rheometer even at the lowest rotation speed. Therefore we

could not obtain - (y^2 behavior for rubber compounds.

In order to broaden our experimental evidence, we

introduce and rework the data presented by Minagawa and

White (187) . The polystyrene used by these authors was

Dow Styron 678U which is also studied extensively in

previous chapters. Here we replot their rheological data

in viscosity-shear stress and Nj^-shear stress behaviors

as shown in Figure 8-7 for 0, 14.3 and 24 volume percent

TiOg polystyrene compounds. For pure polystyrene a Newto

nian viscosity is observed at low shear rate or stress.

Increasing Ti02 loading increases low shear viscosity and

yield value. For 2iJ^ Ti02/PS compound, the yield value

is about 500 pascal which is comparatively very small to

the usually operating wall shear stress (10^10-^ pascal) .
Another interesting phenamenon is that the compound tends

to have similar N-|_ - ^2.2 behavior to the pure polymer at



T
r
e
a
d
 C
o
m
p
o
u
n
d
 
8
0
 C

2
.
2

Sl
it

 D
ie

 
I 
^
 a
sp

ec
t 
ra
ti
o 

I6
.7

1
 A
 
a
s
o
e
c
t
 
r
a
t
i
o
 
1
0
.
0

1
 A
 
a
s
p
e
c
t
 r
a
t
i
o
 
1
0
.
0

\ •
 D
 =
 1
.
4
7
3
 m
m

ip
il

la
ru

 D
i
e
 
{ I 
o
 
0
=
 2
.
0
5
7
m
m

>
 D
i
s
t
o
r
t
i
o
n
 i
n
i
t
i
a
t
e
s

2
.
0

H

.
6

d D

1.
2

o
 
o

.
0

cr
:.
/ 

■"
 

( 
pa

sc
al

 )

F
ig

ur
e 

8-
6.

 
E

xt
ru

da
te

 
sw

el
l-w

al
l 

sh
ea

r 
st

re
ss

 f
o

r 
tr

ea
d 

co
m

po
un

d,
O

N



If
)

?
 1
0

C
j
a I/

) 8
 I

iy
) 
'

i
s

C
r
-

0 0

T
/
0
2
 (
v
o
l
%
 J

C
o
n
e
 -
 P
l
a
t
e

Ca
pi

ll
ar

y

Po
ly
st
yr
en
e /
 Ti
 O2

 
IS
0°
C

{
M
i
n
o
y
a
w
a
 
i 

lA
f/
ii
te
)

O
1
4
.
3
2
4
0

A ▲
■

2
.
1
3

-N
^=
I.
8I
 -I

0~
^C
^.

-
5
^
2
1
3

N
,
 =
 4
2
3
^
I
0
 
a
.

0
^

^^
2

0
^
 

1
0
^

(
 p
a
s
c
a
l
 )

0
'

o u Q
.

0
^

0
^

F
i
g
u
r
e
 
8
-
?
.
 
V
i
s
c
o
s
i
t
y
 
a
n
d
 
p
r
i
n
c
i
p
a
l
 
n
o
r
m
a
l
 
s
t
r
e
s
s
 
d
i
f
f
e
r
e
n
c
e
 
a
s
 a
 f
u
n
c
t
i
o
n
 
o
f

sh
ea
r 
st
re
ss
 f
or
 T
iO

g 
fi
ll
ed
 
po

ly
st

yr
en

e 
wi

th
 v

ar
io
us
 s
ol

id
 
vo
lu
me

f
r
a
c
t
i
o
n
.

O
N

O
n



16?

the same stresses. A power law relation of Eq. (2-25)

(p. 13) is applicable:

Ni = A 6^2^ (2-25)

where the power index a tends to remain constant at about

2 while the function or A decreases as we increase

filler loading.

The capillary die swell B - ( behavior is

shown on Figure 8-8. Again we see that die swell decreases

as we increase filler loading. If we plot swell - (Nj^/6^^2)w

behavior as Figure 8-9, it is seen that the swell data of

various loadings is getting closer. However, the decreasing

of function in increasing TiOg loading in polystyrene

alone is not enough to explain the decrease of extrudate

swell.

The available data in the literature (38, ikl, 18?,

294) generally show less significant changes of the

function as opposed to rapidly decreasing extrudate swell

with increasing filler loading.

2 . Comparison with theory

Eqs. (8-61) and (8-63) (p. 156, p. 157) can be used

to predict extrudate swell from capillary and slit dies

for filled, especially highly filled polymer melt systems

which have small Tv.-values. At this time, we have no

direct measurement for G/Gj_ ratio or A values. Based on

Eq. (8-61) (p. 156) and Figures (8-6) and (8-7) of
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polystyrene/TiO, compounds and taking C —>0, Y-»0, we
/C C3,p

found the A value is really small, ahout 0.1 or less, as

assumed in our theoretical derivation.

D. CONCLUSIONS

1. Equations for elastic recovery of filled polymer melts

have been developed based on the constitutive model

proposed by White and Lobe.

2. The recoverable strain has been considered to have higher

elastic modulus than overall elastic modulus of filled

polymer melt systems which explains the rapid decrease

in extrudate swell as increasing filler loading.

3. Extrudate swell equations for capillary and slit dies

have been developed for highly filled polymer melt

systems and contrasted with experiment.
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CHAPTER 9

SCREW EXTRUSION OF RUBBER COMPOUNDS

The screw extrusion of rubber compounds is different

from that of thermoplastics. Rubber compounds are never

crystalline or glassy solids but always very viscous liquids

or soft solid (with a yield value). There should be no

melting region in the screw extrusion.

In principle, therefore, the study of rubber extru

sion should be less complicated. However, the plasticating

screw extrusion of thermoplastics has been well studied

as mentioned in the literature survey. This is not the

case for rubber extrusion. This is probably due to the

different natures of the industries and preponderance of

chemists and compounders rather than engineers working with

processing.

There are several basic purposes for investigating

the extrusion of rubber compounds: (i) rational design of

screw extruders, (ii) to control temperature build-up to

avoid any scorch--"prevulcanization", (iii) to reproducibly

produce uniform smooth extrudates, (iv) to obtain higher

production rate with lower power consumption. This chapter

is devoted to a basic study of the extrusion of rubber

compounds.
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A. GENERAL

In the extrusion of rubber essentially we are feeding

a melt into the hopper. There should not be a melting

mechanism along the screw extrusion. The behavior is in

many senses different from that of plasticating extrusion

of solid plastics. At the hopper, the feeding mechanism

is quite different for extrusion of plastics. Usually,

plastics are fed in as pellets or powers where the major

driving force is its own gravity. Rubber compounds are

a very high viscous melt or a soft solid and exhibit a

yield value, especially at low temperature. In the feeding

region, melts or rubber compounds unlike pellets tend to

stick to the hopper wall and require applying forces.

Generally it is easier to feed as continuous strips. One

should expect that feeding may be a complicated problem

for rubber compounds. It is well known that rubber compounds

slip when one attempts to induce shear flow at low inpressed

pressure. Therefore, following the hopper, we should have

a short plug conveying zone. Further down the screw the

flow will probably evolve into a traditional metering region

flow of the type considered by various researchers.

The transfer capacity of these three zones (i.e.

feeding zone, plug conveying zone and melt conveying zone)

may be different with one controlling the whole operation.

In this study a joint plug and melt conveying model will

be presented.
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B. THEORETICAL MODEL

The melt conveying in screw extrusion has traditionally

been considered as melt conveying in a rectangular channel

with screw surface stationary and barrel or top plate

moving along and perpendicular to the channel.

As the rubber properties are always continuous

unlike plastics, which exhibit phase transformation along

the length of one screw, we should be able to develop a

single model with evolving parameters to represent the

entire screw. Different asymptotes of this model will be

applicable in different regions. The general model proposed

here involves apply;

1. lubrication approximation neglecting normal stresses,

2. a constitutive model for filled polymers deve

loped in Chapter 8 which includes a yield value,

3. more general boundary conditions which include

slip.

The field equations are: (refer Figure 9-1)

0 = -
5>x &y 9-L

EE + ̂

EE + ifz
9-z S-y

+ ̂

0  . _ 2E + ̂  (9-2)

(9.3)

d

(9-^)
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Y

hileiti

rT!

*\ M

^iNfWvp

Figure 9-1' Rectanglized screw channel.
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Flow rate

,H /nW/2aH

'Jo Jo (9-5)

and

0 =/
v-w

+w/2

w/2
Vy dz

dy

(9-6a)

(9-6b)

These are the same as would apply in a metering region

model. However, the constitutive equations and the boundary

conditions we consider are different. Based on Chapter 8,

the constitutive model for filled polymer melts should

include a yield value which may be temperature and shear

rate dependent with higher value at low temperature and

low shear rate. Here, we use the same model proposed by

White.

Y
(5- (9= -pi + (1 :) H

V^trH^

S-'JJf (c-l - ̂ trC-h) dz

-7a)

(9-7b)

or

where

H = h' - -^trn'l

H  = G

i+ir,
"12 '13

"^12^

Y T^12

(9-7c)

(9-7d)
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so.

H = gz

'12
iC
1

Z lr>-^ ^ 3 S ^
\2 3\[^^23 "<'12 "^13 ^32 j

3

^3

'12 "^2
L (o 2 2 '•y 2 ^

"^12 '^13 "^23^
(9

Titr^ = GT/ = /

where

-7e)

(9-7f)

(9-7g)^ = VF^/gt

/ is a complicated function of strain rates. Here 7] is

a viscosity function which generally can be represented

perhaps by a non-isothermal power law model,

n-1

(9-7h)= K II.

and

II , = 2d. .d ..
d  ij Ji

^v. S'v.

^ij " 2

.-a(T-To)
K = c^e

(9-7i)

(9-7j)

(9-7k)

where n is the power law index and a is the temperature

sensitivity of polymers. The boundary conditions we

consider ares

for the temperature:

barrel T(H,x) (9-8a)
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screw "I^CO.x) = 0 (9-8t>)

||(±|,y,x) = 0 (9-8c)

For velocities at boundaries are more complicated.

The boundary at the screw surface or the barrel surface

can be considered as an interface of polymer solid and

metal. Chung et al (^5) have studied the friction factor of

this kind of interface. More recent studies have been made

by Klein (115) • Generally they found the friction factor

of a polymer solid-metal interface increases with increasing

displacement rate or relative velocity difference of these

two inter surfaces. This phenamenon may be due to that

the polymer solid is viscoelastic in nature and shows some

viscous character even in the solid state. This should

be more so for rubber compounds which behave like a solid

especially at low temperatures due to high yield values

and more like a viscous liquid at high temperatures where

they possess lower yield value. We may write the force

balance by the constitutive equations at the two displacing

interfaces of metal vs. solid-like polymer melt as (i^j)

(9-9a)
wall

where and are velocity in i - direction for upper

and lower surfaces respectively, n. denotes the surface
J

where the displacement is taking place. J is an interface

parameter which may be a function of the pressure, temperature
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and the character of the interface and also V( ^ .

"^ij wall shear rate at the wall. Rearranging
Eq. (9-9a), we get

AV. slip ^surface^^Xj^at boundary (9-9b)

''^surface = ̂  ̂  (9-9c)
where cl surface is the slip parameter at the boundary

surface. We denote for barrel surface and dC^ for

screw surface. This slip parameter which determines the

level of slip should increase with increasing viscosity

and yield value and should decrease with increasing in J

and strain rate. It may also depend on pressure, shear

stress, temperature and surface character. Near the

hopper, the slip parameter may be larger because of low

pressures, low termperature and high yield value at this

region. This would give rise to a plug conveying region.

Further down the screw, the slip parameter may become so

small that the flow will be a traditional metering or melt

conveying region. For the whole region, we can apply

general boundary conditions:

V^(H,x) - ,rDN oose - * 5S^)(h,x)

Vy(H,x) = 0

V (H,x) = VDN 5in0 - + 3-2), ,
2  o 9y 3x '(H,x)
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V^(0,x) - + ̂ z~^(0,x)

Vy(0,x) = 0

^ ̂ ^0,x)
■\Y 3V

„ /jW \ _ / /^X , X\
x^~2'^'^^ 9-z '(±w/2,y,x)

5VVy(±f,y,x) - 0<s('5/ + .i3r)(±w/2,y,x)

Vj±f,y,x) = 0 (9-10)

where, K = screw rotating speed

p = pressure

w = width of screw flight

H = height of screw flight

V = velocity

T = temperature

0 = screw helical angle

D = diameter of screw

The rheological parameters generally depend on

temperature. K is already given by Eq. (9-7k) . ,Y is

given by

-b(T-T )
Y = Y^e- ° (9-lla)

For surface, this may be

-c(T-T )
dL = (9-llb)
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Increasing temperature decreases viscosity and slip at

boundary srufaces.

The prediction of temperature build-up needs a

complete solution of all equations of motion and energy

of Eqs. (9-1) "to (9-^) (p* 173) • Generally, complicated

numerical calculation with high speed computer should be

carried out. Even so, up to date there is no solution of

solving the complete model listed in Eqs. (9-1) "to (9-^)

(p. 173)' One must sacrifice one part or the other.

Extensive work was reported by Zamodits and Pearson (281)

in which they built up a computer program to solve the

2-dimensional non-isothermal problem. Martin (136) further

developed the program to include heat convection in the

energy equation. Before one does serious numerical compu

tation, it is necessary to have a more fundamental under

standing of the screw extrusion of rubber compounds.

In the following, we introduce an approximate

treatment, which should help reduce the problem. Let us

consider an infinitesimal area at barrel surface (refer

to Figure 9-2) where the local power consumption can be

represented as

f'V dx dz = f cos^ti'DN dx dz

= f cosf {cosQ X + sinG z) "IyDN

(cosG X + sinG z) dx dz

= f cosf irDN cos®0 + f cos'f'tfDNsin^G (9-12)
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V'

dx

Figure 9-2. An infinitesimal element at barrel surface.
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where "f is the force per unit area, ^ is the angle between

force and velocity directions. The first term on the right

hand of Eq. (9-12) is the power consumption of motion in

the principal direction and the next term is the power

consumption of motion in the transverse direction. Therefore

the ratio of power consumed in the principal to the trans

verse direction is equal to tan®0. If we approximately

assume this relation holds throughout the whole region.

The heat generating term is Eq. (9-^) (P* 173) can be

represented as

r  2 si=  (1 tan^9)Vl[(^) M:^)J (9-13)
Since V and are small, we can neglect V (^T/^y) and

y  j

V (5/T/9Z) in the energy equation. This reduces field
Zi

equations to

0. . a£ + (9.1) (p, 173)
,^x ay dz \y J (ji

J'Vxl ' "0* 'n ("d- "d (9-1'^'

II. = (1 + tan^Q)L(|^)' (9-15)
where 0 is the screw helical angle. Although the above

equations are still very complicated but it is already only

1/3 of scale of the original one. This scale of numerical
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computation has been done by Martin (136) . The output

rate (Q) and temperature (T) build-up should be a function

of G (pressure to shear stress dimensionless group), Br

(Brinkman number), Pe (Pelect number) and aspect ratio.

However, those dimensionless groups need to be modified

due to Eq. (9-28). They should be represented as in the

following

G = (Ap/L) (5.16)
2C^(trDNcos0)^(l+tan®0)

Br = aC^(l+tan^0) ̂^'^^^/^(^DNcos0)^^ (9-1?)

Pe = fCp(Ti'DNcos0)H/k (9-18)

In the following sections, we will develop solutions for a

simplified case by neglecting transverse flows, the effect

in z-direction and temperature. This leads

0 - - g . ̂  (9-19a)

V^(H) = TfDN COS0 - (9-19h)

V^(0) = ct^ (5^)(5) (9-190)

1. Isothermal Newtonian model

For a Newtonian isothermal case, we have

SV

(9-20)

and , o(, are constants. The solution isi
S  u
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l-0.5G^-oC*G _
u = 0-5 G + ( -5r—IT—) y

^  1+0^ +o(
S  D

+

„  1-0.5G^-<*G^
f'* (—.; \ (9-21)

where

(X = V /trDNcosG

H'

y = y/H

r  = -
r  ̂ L yatfDNcosO

<^3*= V"

= Vk <5-22)
*  .

and the dimensionless flow rate Q is

Q* = Q/wHttDNcgsG

0.5+D^s /(o"5+0^3 )(o.5+o^ ) A ^
=  , » ^ » - , * , * -Err v9-23;1+0(3 V ^

If ol^* = = 0, i.e. non-slip condition, Eq. (9-23)
reduces to

a* = i - l|lr <5-24)
or

3
wHttDNcOsG ApwH^ fn 0£;^

^ - 2 12ML

Eq. (9-I7) is the same as the existing solution in the

literature for isothermal Newtonian metering flow.
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In Figure 9-3f we plot the velocity profile for

(a) 0^^* = dj" = 0, (h) = 0, oC* = 1, (c) = 1,
pi =0 and (d) o(, - = 1 at various pressure gradient
S  O S

conditions. As ^ l/(0.5+<'^^ )i "backward flow starts

to occur. Therefore, we compare situations where is

"below and above this value. Generally, increasing pressure

gradient decreases flow rate and having less slip at barrel

than the screw surface will be favorable to the overall

flow rate. This is "because the shear stress at barrel

surface is the driving force and the stress at screw

surface and the increasing pressure are the retarding

forces.

I  *In Figure 9-5-, we compare Q vs. G^ behavior for

isothermal Newtonian flow at various barrel and screw

surface slippage conditions. Generally slip at both

surfaces would decrease the capacity to build up pressure.

Slip at the barrel is especially unfavorable to flow rate

and pressure build-up capability.

The slip parameter might be presumed to depend

on pressure as

oC > e-p/p* (9-26)
*

where p is a characteristic pressure. With the above

condition, the slippage would be higher near the hopper

and lower at the end of the screw. The pressure gradient

for a Newtonian flow along a screw channel is.
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(A) Gr = 0

37

17

(B) Gr = l/(.5 + CXb )

7^

Gr=2

(0) Q*=0

Gr= 6 Gr=3.6

/
7 Gr'^/'d

/
Gr - 1-2

a!=i a:=o

Gr = 2/3

Gr=.857

ab'=a:=i

Figure 9-3- Flow patterns of isothermal flow in screw
channel with various slip conditions.
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(A) ttb =«S =0

(B) < =0 (Xl=\
(C) a; = i cXs=o

(D) al = a' = 1.6

.4

.2

Gr

Figure 9-4. Comparison of Q vs. Gr behaviors of
isothermal Newtonian flow at various
barrel and screw surface slippage conditions.
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iJ2 =
/3 ̂  604 - 6Q \
yo.5 + 2&<^ + + 6o(^ y

Based on Eqs. (9-18) and (9-19) a numerical computation
It

has been performed for our 3/^ laboratory screw as an

exampleI i.e.

w = 1.52^ cm

H = 0.381 cm

D = 1.905 cm

L = 76.2 cm

0 = 17.7®

N = 50 RPM

U
A = 1.0 X 10 pascal-sec

The Runge-Kutta numerical scheme and a computer

are used to carry out the calculation. We plot in Figure

9-5 Q* vs. for three different slip conditions: (a)

c<^° = 0, 0(^0 = 2, (b) = 1, D(g° = 0 and (c) =
^  ly

o( ° = 1. Generally for p to be very large (e.g. >10*^^
s

10^ pascal), the influence of pressure in slippage is

negligible, and for small p (e.g. < 10 ~10^ pascal),

it behaves as if non-slip at surfaces.

2 . Isothermal Bingham model

Our general constitutive model represented by

Eq. (9-9a) can be simplified to the Bingham model as
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a:=0 ^3 =

(A) P'< 10^

(B) P'= 10®

(c) P' = 10^

(D) P'= 10®
(E) 10®

(PASCAL)

.6

.3

0
0

G

(a)

*

Figure 9-5. Comparison of Q vs. behaviors of isothermal
flow in screw channel with variable slip
conditions.
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.6 (A) P^lO''

(B) p^=10®
(c) p'= 10^
(D) P'=IO®
(E) P*^IO"

(PASCAL)

40
G

(b)

Figure 9-5• (continued)
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.4

a'

.2

0

1  1

a^l aJ-O
'  ' I"......—— . ..1 , 1 1 , , ..

(A)P< lo''
(B) p'= 10^

- (c) P'= 1 0®
(D) P'>IO^

-

(PASCAL)

- \
-

\ s  >.

\d

1 \ 1 1  «\  1

3  1 2 3  4 5  6

Gt

(c)

(continued)
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-  -+ Y for (^) > 0
where

t- Y for (^) < 0 (9-28)
I

Screw extrusion of Bingham fluid with non-slip at wall

had been studied by Mori and Ototoke (125). Here, we will

generalize this problem to include slip at boundaries.

(i) For the case { <y ) q > Y, the dimensionless

velocity profile and flow rate are represented by Eqs.

(9-21) and (9-22) (p. 184).

(ii) For the case ( (3^ ) _n Y, the dimensionless'  ̂ xy y= 0

velocity profile is,

/U = C as y ̂  ̂

_  G ^ _
p. = -^{1- + C as ^^y<:i (9-29a)

and the dimensionless flow rate is

G

where

Q  = ■g;^(l-£> )^ + C (9_29b)

S  = 1 + = Vo^^*''+(2-C)/G,
C = Y

X
/ ttDNcosQ (9-29c)

y=0

(iii) If both shear stresses at barrel and screw

surfaces are smaller than yield value, the rubber compound

will be extruded like pure plug conveying. And the velocity
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of this plug will depend on shear stress at boundaries

and the parameter J of Eq. (9-9a) (p. 1??)•

(iv) For the case { <5^ ) „ ̂  - Y and the dimen-

sionless velocity profile is,

at y < 1

^  ̂ ̂  (9-30a)

Qi* = (l-^i) + Gr[|(l-$^^) - -

c^^*(l-^l)^ - (0.5-ii)(l- (9-30b)

at ^2^y^

A = - + Uj") (9-30c)

Qg* = - G^ y' ̂ 2 O^s*) (9-30d)

at 0 y ^2

—  —® #

(f- - ^2^ - ^2°^s ^ (9-30e)

Q3* = - (9-30f)
and the overall dimensionless flow rate is

*  * * *

Q  ~ Q2 Q3

where

=  (0.5i' I>ib*-y'V2+t^z*5f'-l/Gj,)/(l+(</+t.^l,*-Y')

62 - (O.5+0(/+f'V2-Y"-C^^*Y'-l/G^)/(l+l)< * y')
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Y* = 2Y
(1^) H

Sz = Si - y' (9-3og)
Some qualitative dimensionless velocity profile of screw

extrusion of a material with yield value and slip at

boundaries are plotted in Figure 9~6 for various conditions!

In the above analyses, if we take c/g ~ = 0, we

will get solutions for Bingham fluid with non-slip at
*

boundaries. In Figure 9-7i we compare Q vs. behaviors

of Newtonian and Bingham fluids at non-slip at boundaries.

Figure 9-7 shows the yield value can cause higher pressure

building capability. But this advantage may be cancelled

out by inducing slip at boundaries due to the yield value

in filled polymer systems.

3. Modelling of feed region

At the hopper where the screw is exposed, the rubber

compound is pushed by the flight of the screw. The

feeding rate can be represented as, for a hopper opening

parallel to the screw flight:

Q = N W 2COS0

= TfNWH(D-H)/2cos0 (9-31)

for hopper opening perpendicular to the screw as shown on

Figure 9-8

Q = I NWH (D-H) (9-32)
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(A) o< (o:.),.,<T

0 < (o;.),.o<Y

(B) (cf,.),.| > Y

0 <ta.),.o<Y

(c) (o',.),.i> Y

0 >{o;.),.j,>-Y

(D)

(&),.„<-Y /

17^

Figure 9-6. Flow patterns of Bingham fluid in a screw
channel at various conditions.
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NON SLIP AT WALL

.3

=.2

Y=0

0
G

Figure 9-7- Comparison of Q vs. Gp behaviors between
Newtonian and Bingham fluid and non-slip
at wall.
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6

W

H

VA.

T

Ds

Figure 9-8. Rectangular opening at the screw hopper.
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Eq. (9_3i) represents the feeding rate at the hopper "before

going into the extruder and has a form very close to a pure

drag flow in the extruder. This feeding mechanism from a

normal push "by the screw flight may cause a problem in

extruding rubber compounds. Unlike plastic pellets or

powders, rubber compounds studied here are not loose

particles but a continuous body with contact on both barrel

and screw surfaces and, therefore, the barrel driving

mechanism which should drive the rubber compound foreward

in the helical direction tends to take place immediately

after the flight normal pushing feed mechanism. This

means the same surface of barrel right next to the hopper

to be a resistant surface for the feeding mechanism and

a driving surface for the plug conveying mechanism. And,

since these two driving mechanisms are perpendicular and

conflicting to each other, we may get a poorer pumping

capacity in the screw extrusion of rubber compounds.

C. EXPERIMENTAL

1. Experimental "procedure

The instrument used in this study is a Brabender

extruder which has been described in detail in Chapter 3»

The materials used here are tread and side-wall SBR

compounds as described in Chapter 3 and Chapter 8. They

were fed into the hopper of the extruder at hot or cold

temperature and at irregular pieces or longitudinal strips.
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Hot feed is done by heating the rubber compounds in a heated

steel box to the temperature about 80°C before feeding into

the hopper. Cold feed is done by feeding compounds into

the hopper at room temperature (about 30°C).

The temperature at the die surface was controlled

at 100°C. The barrel surface was controlled at 100°G

(hot barrel) or 30°C (cold barrel) by circulating constant

flow rate cooling water and automatically adjusted electric

heating on the barrel surface.

Two plastics, polystyrene (Dow Styron 678U) and

polypropylene (Hercules 6523F), were studied for comparison,

in both cases barrel and die at 200°C. Data of output rate

(cm^/min), head pressure (psi) and rotation speed (RPM)

were recorded. The output rate was determined by first

measuring the weight in an extrusion period of about 1-5

min. This gave the quantity in gram/min. It was then

divided by density at 100°C (1.11 g/cm^ for tread and 1.08

g/cm^ for side wall compounds). The head pressure is the

pressure at the end of the screw at the entrance of the

die which is shown on a 10,000 psi pressure gauge. The

rotation speed is shown on a tachometer which is rotating

at the same speed as the shaft by a connected chain belt.

The temperature of the materials should vary from

the hopper to the die, and from the barrel surface to the

screw. But it is difficult to measure any temperature

profile.
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2. Results

The tread compound is hard and dry. It is easier

to feed in as a continuous strip or short strips with

longitudinal shape. It is more difficult to feed it in

irregular shaped pieces. We ran experiments by feeding

tread compound as both long strips and irregular shaped

pieces under different conditions (i.e. cold feed and hot

feed) and extruder barrel temperatures. The side wall

compound is soft and sticky. It is difficult to feed

manually in long strips in our laboratory extruder. We

have to tear this compound into small pieces and quickly

feed into the hopper manually.

We plot (a) output rate vs. screw speed (RPM), (b)

head pressure vs. screw speed in Figure 9-9 tread

compounds and in Figure 9-10 for side wall compounds with

various feed conditions and barrel temperatures. Generally,

we found (i) that barrel temperature has no significant

influence on the final output rate although the head

pressure in cold barrel extrusion is substantially higher

than that of hot barrel, (ii) hot feed pieces shows

higher output rate than for cold feed pieces, (iii) cold

feed strips shows the highest output rate for the tread

compound. We also fed some strips at side wall compound

even although we could not get a complete set of data due

to a sticking problem. Feeding side wall compound in

strips shows a little higher output rate than feeding in
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irregular shaped pieces. It is not as significant for

extruding tread compounds. These results are shown in

Figure 9-11 to 9-15*

Extrusion experiments were carried out for polystyrene

and polypropylene. The results are shown in Figures 9-16

and 9-15 • Generally, the plastics show higher output rate

and lower head pressure.

D. DISCUSSION

From the experimental results a few pieces of

evidence have revealed that the screw extrusion of ruhber

compounds is quite different from the screw extrusion of

plastics. The changing output rate corresponding to changes

in methods of feeding confirms our suggestion that the

feeding and plug conveying zone is the critical region to

the screw extrusion of rubber compounds.

We compare our experimental results by using

dimensionless flow rate Q as defined by Eq. (9-23) (p.184).

Since, our experimental data were collected from a small

3/4" in screw extruder, we may approximately take the

barrel temperature to be the polymer temperature and use

G-|^ to be the dimensionless pressure gradient,

' a& (9-33)

where T^ is the barrel temperature and a is the temperature
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80 Tread 5BR Compound ,
Barrel K Die at 100 C
D (diej = 1.437 mm

Cold Feed Continuous Strip

100

4.9

70
90

^•10.0
60

80

70

^.20,0
40

60

30 50

40
tX 20*

30
Q.

20 4.O 40.0

10

. 2 3 4

Head Pressure 10^" pascal

Figure 9-11. Output rate-head pressure behaviors for cold
feed continuous strip of tread compound at
various RPM.
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Tread Compound

Barrel i Die at 100 0

D(c/(e) ■" '-473 mm
Hot Feed Pieces

50
RPM

\
00 L.

4.940
b=io.o

80

^-20.0
60Q:

2 20
a

40o

20 ■^ = 40.0

2  3 4

Head Pressure 10^* pascal

Figure 9-12. Output rate-head pressure behaviors for hot
feed pieces of tread compound at various RPM.
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^ 50
c

S

40
u

(h, 30

c§

§. 20
3

o

Tread Compound

Barrel < Die 100 C

D(d(e) " ■•'^73 mm
Cold Feed Pieces

i.20.0

RPM
■^=4.9

100 ■S = I0.0

80

60

40

i20

k:

• 40^

2  3 4
Head Pressure 10^" pascal

Figure 9-13- Output rate-head pressure behaviors for cold
feed pieces of tread compound at various RPM
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Hot Feed

Side Wall Compound

Barrel 30 0 Die \0(Sc

D(d(e) '

RPM
5=4.9

100 5«I0.0

^-20.080

60ct

20 t.40.0
a

40
O

20

2  3 4 5
Head Pressure |0 * pasca/

Figure 9-14. Output rate-head pressure behaviors for hot
feed side wall compound at various RPM.
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I ̂0

o 40

Cold Feed Side Wall Compoand

Barrel 30°C Di^ ICQ C
□ (cy^e)-1-473 mm

RPM
Q: ^-4.900 •5-10.0

20.0•i—

a 80
40

O 60
lOir 40

20

2  3
Head Pressure pascal

Figure 9-15 Output rate-head pressure hehayiors for cold
feed side wall compound at various RPM.
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RPM

O

6>
O

70

O

R 60 (S

*4.9

50 cs:
o

ce I..10.0

a40

o

30

SO20

10

Polystyr^Tie

Barrel t Die 200 C

D(ofe) =1.473 mm

= 20.0

h. =40.0

2  3

Head Pressure lO^'Posca/

Figure 9-16. Output rate-head pressure behaviors for
polystyrene.
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Mypropylene

Barrel <. Die 200C

D(c/(>) = 1-473 rnm
RPM

Q
O

<9.
O

On\ 50

!b 40

Q:

g 30

O

90
20

20

<0
■^■40.0

I 0 10

Head Pressure \0x pascal

Figure 9-17* Output rate-head pressure behaviors for
polypropylene.
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sensitivity. G is defined as in Eq. (9-16) (p. 183). The

actual G, formulations found for the various materials are;
D

G^ = 0.722 X 10""^ (tread compound)

G^ = 0.916 X 10~'^Ap/N^ (side wall compound)

G^ = 2.35 X 10"'^Ap/N*^ (polystyrene)

G, = 2.31 X 10""^ Ap/N^ (polypropylene)
b  (9_34)

where Ap is head pressure in pascal and N is rotation speed

in RPM.

*

In Figure 9-18, we compare Q vs. G^ behavior for

cold feed continuous strip of tread compounds at different

*

RPM. We found increasing screw speed N increases Q at

lower G^ (<1)• This phenomenon is very significiant for

the tread compound hut not as much for the side wall

*

compound. We also plotted Q vs. G-j^ for various feeding

conditions at 60 RPM in Figure 9-19 for the tread compound

and Figure 9-20 for the side wall compound. In feeding

irregular shape pieces of both tread and side wall compounds,

*

we found hot feed has higher Q than cold feed. It is

very striking to note here that the method of feeding can

*  . . . . *
change Q significantly. Higher Q for continuously fed

strips of rubber compounds (especially tread compound)

may be due to stretch forces induced in this type feeding

which promote the extrusion rate. In feeding as irregular
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24

COLD FEED CONTINOUS STRIP

Tb = 100 C

O  100 RPM

A  60 RPM

O  20 RPM

20

08

.14
A

.12

.10

08

06

04

TREAD COMPOUND

02

.8 1.0 1.2 1.4 1.6.6.2

Gb

Figure 9-18. Comparison of Q vs. behaviors of cold
feed continuous strip at various RPM.
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.24 TREAD COMPOUND

T  r

60 RPM

Tb = 100°C

O COLD FEED CONTINUOUS STRIP
A HOT FEED PIECES

□ COLD FEED PIECES

.12
A

08

06

04

02

.8 1-2 1.4.0.6

Figure 9-19- Comparison of Q vs. behaviors of tread
compound at 60 RPM and various feeding
conditions.
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*

pieces, the higher Q in hot feed than in cold feed is

probably due to less slip of the rubber compounds at the

higher material temperature.

Comparing experimental results in Figure 9-18 to

9-20 with theoretical curves in Figure 9-3 (p- 186) suggests

the existence of slip at boundaries. The experimental data

are for non-isothermal operations. Near the hopper, rubber

compounds are colder and have higher viscosity and higher

yield values. However, the interface parameter J may not

change very much at this lower temperature because as we

change barrel temperature, we do not observe significant

change in pumping performance.

In feeding rubber compounds, we observed a back flow

at the leading edge of hopper as shown in Figure 9-21 where

a long strip of rubber compound is fed into the screw

channel on the left side of the hopper. The right side of

the hopper which precedes the plug conveying zone is filled

with a back flow of compound. This backup flow may also

be due to poorer pumping capacity at the plug conveying

region next to the hopper.

*

We compare Q vs behaviors of polystyrene in

Figure 9-22 and polypropylene in Figure 9-23- Since the

screw used in this study has constant channel depth, the

extrusion of PS and PP here from peaking densities consi

derations must be controlled by the solid conveying zone.
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POLYSTYRENE

.4-

Q

.3 -

C)

0
0

N O

Tb = 200 0

o  100 RPM

A  60 RPM

O  20 RPM

OA

o\0

•4 .6 „ -8
Ob

O

1.0 1.2 1.4

•  ̂

Figure 9-22. Q vs. G 'behaviors of polystyrene at various
RPM. °
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.3

Q

<>

.24

0

\

POLYPROPYLENE

\

O

Oq

O

Tb = 200 C

o  100 RPM

A  60 RPM

O  20 RPM

O o

0  .3 .4 .6 ^ .8 1.0 1.2 1 .4
bb

Figure 9-2J. Q vs. G. behaviors of polypropylene at various
RPM. °
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*

Generally, increasing RPM decreases Q , opposite to the

observation in the extrusion of cold feed continuous strip

of tread compound as shown in Figure 9-18 (p. 212), which

may be the result of a lower friction coefficient between

barrel-pellet and pellet-pellet interfaces at higher screw

RPM.

*
Polystyrene shows higher Q (0.3) than polypropylene

(0.2) at = 0 which is consistent with higher friction

coefficient measured in polystyrene than that in polypro

pylene by Chung el al (^5)•

E. CONCLUSIONS

1. A theoretical model of screw extrusion based on a

constitutive equation of filled polymer melts includes

a yield value and slip at boundaries is proposed for

the screw extrusion of rubber compounds. It is

predicted in the theory, that higher viscosity and

larger yield value in the polymer matrix which depend

on the filler loading and temperature cause higher

slip at boundaries. This seems to be observed in

experiments on the screw extrusion of rubber compounds

as higher pumping rates result for the feeding of hot

pieces compounds compared to the feeding of cold pieces

compounds.

2. It is the plug conveying region which starts at the

edge of hopper controls the pumping capacity in the
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screw extrusion of rubber compounds. Because in this

region, rubber compounds have lower temperature, higher

viscosity, higher yield value and, therefore, higher

slip at barrel and screw surfaces.

3. The feeding mechanism is complicated and also very

important to the pumping performance of the screw

extrusion of rubber compounds.
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