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ABSTRACT

This report is intended to provide means of
determining the rheological properties of molten
polymers, such as thermoplastic elastomers over a
range of temperatures by continual capillary
viscosimetry with EXTRUSIOGRAPH techniques.
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PREFACE

This report is a research work in cooperation with
Viggo AB, Helsingborg, Sweden, and AB Habia Oy,
Rland-Finland, describing a method on micro-
rheological behaviour of polymer by use of modified

Extrusiograph techniques.



1 INTRODUCTION

Steadily increasing automation and increasing produc-
tion processes and at the same time increasing costs
provide a growing number of test problems. Also the
increasing variety of polymers requires more and more
accurate knowledge of materials data. These have to be
measured reproduceably and repeatedly in a short time,
if possible, on line in process. It is essential to

find these data close to the practice.

Among all the different data that can be obtained the

following are the most important:

- temperature and pressure

- forming shear rate (forming speed)
- forming shear stress

- forming shear viscosity

- melt flow index.

In this report the basic principles of the process
rheological behaviour with the apparatus and tech-

niques in conducting the test will be discussed.

Empirical relationship is used for the calculation of
the capillary real shear rate for a non-newtonian

liquid.



2 THEORY OF CAPILLARY EXTRUSIOGRAPH AND
INSTRUMENTATION

Up to recently, the process rheological behaviour
would normally be measured with a so called MF1 (Melt
Flow Index) and a high pressure capillary viscosi-
meter. In these the test material would be statically
plasticized in a cylinder through outside heat supply,.
and pushed through a round die with a hydraulic or

mechanical piston.

By these methods one cannot ignore the disadvantages

which are:

- discontinual short time measurement

- process is so fast that very often one cannot obtain
a stabilized condition for an accurate measurement
before the process is finished

- with respect to the rather long heating time one can
get an unexpected change or degradation of material

which can give wrong results.

Hereto the continual capillary extrusiograph is a real
alternative. If however, the test is to be performed
under process production conditions, one should use
extrusiograph techniques. A great advantage is also
that one can continually repeat different tests, and
on the other hand wait at any time for stabilized con-

ditions in this system.

The testing apparatus BRABENDER is composed of a
Plasti-Corder PLE 651 and an extrusiograph. The dimen-
sion of the single screw diameter is 19 mm and the

length is 25D, Fig. 1.
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Figure 1 Diagrammatic cross-section of a typical

single-screw plasticating

There are different capillary dies, either round or
slit, with different dimensions. The slit capillary
gives a more correct result than a round capillary
die. However, the round capillary is mostly used
everywhere, because this capillary is suitable if
polymers are tested at extremely high shear rates,

Fig. 2.

But without using a computer to make rheological cal-
culation, it can be an expensive and rather timewast-
ing job. For this reason a computer program has been
developed. The computer is given a suitable command
and the title of the program as well as the character-
istic values which are to be determined and calculated

will appear on the screen of the printer.
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3 THE RHEOLOGICAL CHARACTERIZATION OF POLYMER
MELT FLOW

When considering forming (deformation) characteriza-
tion it becomes necessary to examine a number of

variables. The most common rheological equation is

n= f£(v.T.k,F,p ...)

where

n Pas coefficient of viscosity

I &~ ! shear rate

T °C (K) temperature

t s time

F N load

P Pa shear stress

X and where the multiple dots which follow in-

clude e.qg.

- molecular weight

- molecular weight distribution

- compositional variables

- e¢rystallinity

- additives (plasticizers, fillers, slip agents, mould
release agents, pigments, dyes, and stabilizers

- product of decomposition, impurities

- factors which relate to the processing history

(orientation, residual stresses)

Obviously, such an equation is unrealistic, and we
shall therefore consider each of the principal
variables in turn, assuming that the others remain

constant.
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Flow characterization involves the measurement of
shear stress and dynamical viscosity at various values
of shear rate and temperature. Usually, when flow
curves are plotted on logarithmic coordinates, there
is a tendency to obscure the differences between poly-
mers. The viscosity versus shear stress plot gives a
better visual representation of the effect of shear

stress on the viscosity of the polymer.

The characteristics of polymer melt flow are:

- structural viscosity
- laminar flow

- entropic elastics.

The most obvious structural viscose entropic elastic
phenomenon in polymer melts is the decrease of vis-
cosity with increasing shear rate. At the same time,

elastic behaviour may be observed, Fig. 3.
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Figure 3 Shear stress as a function of shear rate
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The shear viscosity of polymer depends on the average
molecular weight, the molecular weight distribution,
the temperature, the shear stress, the shear rate, the

hydrostatic pressure, and additives, Fig. 4 and 5.
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Figure 4 Log dynamic viscosity as a function of
log shear rate
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Figure 5 Log dynamic viscosity as a function of
log shear rate

Semi-empirical relationships for these dependencies
permit estimations of shear viscosities of polymer
melts under arbitrary experimental conditions. At high
shear rates catastrophic deformation is possible,

known as melt fracture.
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4 EXPERIMENTAL CALCULATION TECHNIQUES

For hydraulic diameter:

DH - 4xAH
ZH
where
DH m Hydraulic diameter
AH m2 Cross sectional area in direction of flow
ZH m Flow boundary in direction of flow

For round capillary:

2
DH = AXNT¥R 2%R
2XTXR
R m Radius of round capillary

For slit capillary:

AH = H1xW1l

H1l m Height of slit capillary

Wl m Width of slit capillary

ZH = 2xH1 + 2XW1

In this case it must be Hl<<Wl W1/H1>15(10)
ZH = 2XW1

DH = AEHLxW] = 2xH1

2¥W1
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The shear stress is caused by the forces acting as
interfaces of the flow layers. These forces act in the
contact surface and in the direction of the tension of

the flow. Such forces are termed tangential shear or

shearing forces.

F1 = PSxAS

and

F1 = DPxAP

where

Fl N Load on melt

PS Pa Shear stress

DP Pa Pressure drop in direction of flow
AS m2 Shearing area

AP m2 Pressure area

The equation can be written:

DPxXAP
AS

PS5 =

For round capillary:

pPS - —— pp (1)
2xL1

Ll m Length of capillary
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For slit capillary if Hl<<W1l W1/H1>15(10)
H1 m Height of slit capillary
Wl m Width of slit capillary
ps - —2L pp
2XL1I

With throughput of a melt through capillary

a so called velocity profile occurs by vitue

of the fact that the volume element of velocity
increases from zero at the capillary wall to a
maximum value in the capillary centre. A volume
element which is moved by a layer at a speed
VS(Y) will lead to shearing action.

The shear rate is then the speed at which the

volume element 1is sheared:

Vs - d(DVv
ay

or

Flow profile boundary 2
DV = J VS(Y)xdyY

Boundary 1
where
Vs = Flow shear rate
DV m/s Axial velocity in direction of flow

Y M Flow gradient

(2)
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Mean axial velocity for round capillary is:

DVR = __Ql_

T XR2

and for slit capillary

bvg - 22—

WlxH1
01 m3/s Output volume flow rate through die
N

DE(T.p)
Gl kg/s Output mass rate flow rate through die
DE(T.p) kg/m3 Density of melt

The following empirical expression can be extended to
approximately describe the influence of temperature and

pressure on density:

1
1+A0(T1-TO)

DE(T1l) = DE(TO) # (

and

DE(T1l,pl) = DE(TO)+Al1xT1+A2x%pl+A3x%Tlxpl

where
DE(TO) kg/m3 Melt density at reference temperature
AQ 1/K Temperature expansion gradient
3 p -
Al kg/(m xK) Temperature expansion coefficient
3 T %
AZ kg/(m xPa) Pressure compressibility coefficient

A3 kg/(m3xKxPa) Mutual coefficient
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The shearing rate of Poiseuille flow profile for

round capillary is:

vs = 4x01
7 XR3

for slit capillary

vs = 6xQ1
H1Z2xW1

One of the principal studies of melt rheology is
to determine the relationship between shear rate

and shear stress

VD Pas Dynamic viscosity

The dynamic viscosity is the measure of the re-

sistance of the polymer melt to flow and is de-
fined as the ratio of the shearing stress to the
rate of shearing. The equations (3)-(5) vield
true shear rate and true shear viscosity for
Newtonian (Poiseuille) flow profile fluids only,
and for non-Newtonian fluids the apparent shear
rate and viscosity are obtained. For the process
of non-Newtonian polymer melt, correction has to
be made. The Rabinowitsch correction describes
the profile of a non-Newtonian liquid.

VS = vs x SEO+L

4x%n

(3)

(4)

(5)
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where
VS s real shear rate
n = lim dln (DH/4 x DP/L)

L/DH o dln (4%Q/DH)

The second correction is for the non-Newtonian

character, so called capillary shape correction:

- for round capillary a4 = B8%¥(L1+BXR)
xR4

- for slit capillary A4 = 12xL1

WixH13
A4 m_3 capillary shape correction
For real shear rate:
vs = (E3XQLy o a4 (6)

DP

For real viscosity:
vp - BE x - (7)

01 A4
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5 PERFORMING THE MEASUREMENTS

The computer is given a suitable command and the title
for that program as well as the characteristic values,
which are to be determined through this test, will

appear on the screen.

During the next program step the variable parameters
are put into the computer in a dialogue-like menu
taking into consideration the suitable capillary die

which has been chosen for this particular test:

- date

- material

- melt reference density

- at reference temperature

- temperature expansion coefficient

- pressure compressibility coefficient
- mutual coefficient

- capillary length

- capillary diameter.

To simplify the operation of the instrument combina-
tion, the system is schematically displayed on the
screen during the next step. This picture shows not
only the present values of pressure, pressure drop,
and melt temperature in the capillary die but also the
present values of torque and rpm of the extruder. One
glance is enough to be aware of the particular condi-
tion of the system and it is possible to see whether
the stationary values have appeared after possible

changes in the test condition.
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The test condition values are stored and then you may
want to continue to the next program step. After
completion of the tests, enter the determined value of

the output into the computer.
As soon as the computer has received all necessary
parameters, measurements and calculations will be

performed automatically.

During the next program step the

melt temperature

- screw speed and torque

- dynamic viscosity (analog and logarithmic)
- shear rate (analog and logarithmic)

- shear stress (analog and logarithmic)

in form of apparent and with approximative flow,

profile correction and

- pressure on the melt
- Melt Flow Index (MFI).
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6 REPORT, TEST SPECIMEN AND SOME RESULTS

The report should contain the following information:

- type and designation of the tested material

- data of preparation of the test specimen

- shape of the test specimen

- condition of the processing: melt temperature,

pressure, screw speed, screw torque, feed rate.

The following results are given for polymers:

- date

- material

- reference melt density. kg/m

- at reference temperature, °C

- temperature density constant, /K
- capillary length, mm

- capillary diameter, mm

- melt temperature, °C

- screw speed, N/60

- dynanmic viscosity, Pas

- shear stress, Pa

- shear rate, /s

- log dynamic viscosity, log (Pas)
~ log shear rate, log ( /s)

- pressure on melt, Pa

- Melt Flow Index (MFI), ¢g/600

Tables 1 - 4 and figure 6.
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