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1. Introduction

Flow birefringence may be considered as one
of the more productive experimental methods
suitable for the investigation of the rheological
properties of polymeric systems. The main
advantage of this method lies in the possibility
to obtain a rather accurate knowledge of the
state of stress in a flowing polymer, without
using a mechanical measuring device.

The operational principles of flow bire-
fringence were extensively described by one of
the present authors in his review article (1). We
are interested in the relationship between the
optical and mechanical properties of the melt.
These properties may be described in terms of
the refractive index and the stress ellipsoids.
The link between these two tensors is formed
by the so-called “stress-optical law”, which
claims the proportionality between the deviatoric
tensor components (i.e. An= C-Ap). It also
includes the coaxiality of the mentioned el-
lipsoids.

As far as solutions were concerned, the
validity of the stress-optical law has been
substantiated for steady shear flow over wide
ranges of shear rates and concentrations, and
for various types of polymers by a number of
authors (1-6). The validity of the stress-optical
law, however, has been questioned for transient
flow by Janeschitz-Kriegl (1), Wayland (7) and
Harris (8) but no experimental results were
presented. The first attempt to check the stress-
optical law experimentally for the transient
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region in slow shear flow of a polymer melt was
made by Janeschitz-Kriegl and Gortemaker (9).
Additionally, only few experimental results are
available for steady shear flow of polymer melts
at high shear rates (10, 11).

In this paper, a cone-and-plate apparatus
will be described. This apparatus was originally
designed to furnish information on steady shear
flow, in a range of shear rates higher than
usually accessible in a cone-and-plate apparatus.
At the same time, however, this apparatus
happened to give reasonably accurate results
also in the low shear rate range for fluids res-
ponding rather slowly to a step in the shear rate.

Some typical flow birefringence measurements
will be presented for three commercial polymer
melts over a wide range of shear rates. In order
to check the stress-optical law, use is made of
additional oscillatoric mechanical and capillary
viscometer measurements.

Also some typical measurements in the tran-
sient region of slow flow are presented to show
the rather wide applicability of the apparatus.
In this connection some results of measurements
on a Weissenberg rheogoniometer, as kindly
supplied by Drs. Laun and Miinstedt (BASF
Ludwigshafen), are also incorporated.

Numerical analysis of the flow was performed
to obtain an understanding of the actual
velocity profiles for different nominal shear
rates. In this way also an estimate could be
made of the influence of frictional heat on the
experimental results.

2. Description of the apparatus

The experimental set-up consists of three
different main parts, which will be described
separately: the cone-and-plate apparatus con-
taining the test section, the optical system and
the driving system.
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Fig. 1. Cross-section through heart of cone-and-plate
system. (1) linearly polarized light beam, (2) reflection
prism, (3) inner window, (4) outer window, (5) stationary
cone, (6) rotating plate, (7) test section, (8) blind hole for
the thermocouple, (9) sample injection hole, (10) ellip-
tically polarized light beam, (11) analyser

The operational principle of the cone-and-
plate apparatus is illustrated in fig. 1. As already
pointed out, the apparatus is similar to the one
described by Wales and Janeschitz-Kriegl (12).
In both designs there are no free surfaces of the
sample. The test section pos. 7 is an annulus
bounded by the rotating plate pos. 6, the sta-
tionary cone pos. 5 and the stationary inner and
outer cylindrical surfaces. These surfaces are
formed by an inner cylindrical part located in
the centre of the ring and by an outer cylindrical
part on which the heating elements are arranged.
It appears that the complete enclosure of the
sample achieved in this way effectively reduces
degradation, which evidently occurs, if the rim
of the sample is in contact with air. The test
section is filled by injecting molten polymer
through a hole pos. 9 made in the stationary
cone. As the polymer is forced into the apparatus,
the air contained in the gap can apparently
escape through the narrow clearances between
the parts. Two glass windows (optical glass BK 7,
Schott and Gen. (Borfe)) pos. 3 and pos. 4 are
located along a major diameter (B—B) in the
cylindrical bounding surfaces of the test section.
This type of glass has a low thermal cubic
expansion coefficient (2.3 x 107°°C~') and a
low residuel birefringence.

This apparatus represents a further develop-
ment of the previously mentioned one (12) being
essentially different only with respect to the
propagation of light. In fact, with respect to the
earlier apparatus, the direction of the light beam
1s reversed, following a suggestion of Wales.
The explanation for this change will be given
below. In the present arrangement, the light
enters from the right along the axis A—A, and
is reflected by means of a glass prism pos. 2
which is located in the centre of the inner cy-
lindrical part. This prism reflects the light
radially outwards along the line B—B.

—].

Fig. 2. Schematic drawing of the optical measurement
system: (1) high pressure mercury lamp, (2) lens,
(3) aperture, (4) interference filter, green 546 nm, (5) lens,
(6) polarizer, (7) reflection prism, (8) inner window,
(9) polymer sample, (10) outer window, (11) Ehringhaus
compensator, (12) analyser, (13) photomultiplier,
(14) high speed (ultra-violet light beam) recorder

A scheme of the optical system is presented
in fig. 2. The light source pos. 1 is a high pressure
mercury lamp. Optical elements along the line
A—A are positioned to focus the light beam
through the test section. Linearly polarized
light is obtained by means of a polarizing sheet
{(POLAROID HN 22 x 0.35”) pos. 6. An analyser
pos. 12 of the same type as the polarizer is
located after the upper window. Between the
upper window and the analyser, there is a
holder pos. 11 for a compensator which enables
the measurement of the birefringence. A filter
pos. 4 (Interference filter Filtraflex-B-10, manu-
factured by Balzers with a wavelength of
546.1 nm and a tolerance of +0.15%) is inserted
mto the beam to produce monochromatic light.

16™
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The system built in this way is a typical
linear polariscope (13) with crossed polarizer
and analyser (dark field). The optical elements
from pos. 1 to 6 of the figure are mounted on
an optical bench which hinges on the line B—B.
Also the prism, the two windows and the
analyser are rotated around the same line B—B,
being rigidly connected to the hinged optical
bench. Hence, the vertically (or horizontally)
polarized incident beam always remains po-
larized parallel (or perpendicular) to the incidence
plane of the reflection prism. Therefore, the
state of linear polarization of the incident beam
remains uneffected by the prism!). A vernier
scale permits the reading of the angle of rotation
of the optical bench around B —B. In this way
the determination of the position of the polariza-
tion direction with respect to the flow field is
achieved.

When the sample is deformed by the flow, it
becomes optically anisotropic and shows extinc-
tion positions and a certain amount of bire-
fringence. Usually, the extinction angle y is
defined as the angle smaller than forty-five
degrees, occurring between onc of the extinction
positions and the direction of the streamlines.
To determine y, the direction of polarization is
rotated until it is aligned with the corresponding
axis of the refractive index ellipsoid. This is
achieved by rotating the optical bench around
the line B — B until the intensity of the light beam
emerging from the analyser is minimized. Then
a reading is made from the vernier scale. The
indeterminateness of the zero-position of the
vernier scale is eliminated by making another
reading for the reversed flow direction. Half
of the difference between these readings gives
the extinction angle y. The zero-position is
obtained by averaging these values. The bire-
fringence An is measured after the insertion of
the Ehringhaus compensator (manufactured by
Carl Zeiss) in the previously mentioned holder
and insertion of monochromatic filter at pos. 4,
fig. 2. The principle of operation of this type of
compensator is described in the literature (14).

The scheme of the driving system is depicted
in fig. 3. It consists of a synchronous motor,
which is fed by a frequency synthesizer in order

"YIn the original version (12), corrections were
necessary for the change which the elliptically polarized
light emerging from the test section, undergoes in the
reflection prism.
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Fig. 3. Schematic of cone-and-plate apparatus, drive
system: (1) frequency synthesizer, (2) synchronous
motor, (3) gearbox, (4) chopped light tachometer, (3)
electronic counter, (6) electrical magnetic cluth, (7) clutch
control clock, (8) high speed (ultra violet light beam)
recorder, (9) gearboxes, (10) rotating plate coupling

9 10

to supply a stepless speed control over one
decade of frequency. A wide range of shear
rates is obtained with the aid of an assemblage
of interchangeable speed reduction gear-boxes.
The rotational speed is measured by a chopped-
light tachometer connected to an electronic
counter. The constancy of the drive is within
0.1%. The rotating plate of the test section is
connected (through one of the gear-boxes) to
the driving system by means of an electrical
magnetic clutch. The engagement and dis-
engagement of the clutch is controlled by a
clock. The response of the clutch has been
determined with the empty test section. It was
measured that full speed of the rotor is achieved
within 10 ms.

This drive system enables the investigation
of material transient response to a step- and
boxlike function of shear rate. Thus, stress
growth after a period of rest, stress relaxation
after a certain amount of shear and stress
relaxation after steady shear flow can be in-
vestigated. For these types of measurements
the signal from the clutch can be recorded on
an ultra-violet light recorder as shown in fig. 3.

At this point it should be admitted that the
development of high speed recording is not yet
finished. The change of extinction angle with
time is readily measured by recording the times
at which the isocline passes several presettings
of the crossed polarizers with the photomultiplier
tube pos. 13 and ultra-violet light recorder
pos. 14 of fig. 2. However, the handling of the
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Ehringhaus compensator is much too time
consuming for rapidly responding materials.
In order to improve recording speed and
accuracy the following two meodifications were
made:

1) modulation of the birefringence with the aid
of a rotating mica plate, in order to measure
weak but quickly changing birefringences,

ii) the utilization of circularly polarized light in
order to avoid interference of isoclines and
fringes and thus to enable undisturbed count-
ing of quickly passing fringes, when the
birefringence becomes large.

Finally, we shall make some comments on the
temperature control. Several heating elements
are positioned around the test section. A check
for the absence of any temperature gradient in
the gap was made in the empty test section. Two
thermocouples were used (see fig. 1): one was
inserted into the test section through the in-
jection hole (pos. 9), while the other one was
located at the bottom of a blind hole (pos. 8)
in the stationary cone, near the windows. The
distance from the cone surface to the bottom
of the hole i1s 1 mm. In this way we were able
to measure the temperature in two diametrically
opposite points of the gap. The temperature
difference between these two points was less
than 0.2°C. This confirms that no appreciable
temperature gradients are present in the gap
due to the non-uniform distribution of the
heating elements. The temperature during the
test is measured by means of a thermocouple
inserted in the blind hole.

3. Materials and rheological characterization

Three different commercial polymers have
been used: a high density polyethylene (Ma-
nolene 6050), a low density polyethylene (sample
A (22-24)) and a polystyrene (Hoechst).

The samples were made starting from pellets,
which were put into a cylindrical heated mould
and melted under vacuum. Then the material
was compressed and cooled under pressure.
The value of the pressure was about 1.5 x 107
N-m~?2 In this way a cylindrical bar (with a
diameter of 2cm and a length of 15cm) is
obtained. This bar is mechanically machined to
obtain the right shape and size of the injected
sample.

In order to check the kinematics of our
system and the validity of the stress-optical

law, a rheological characterization of the poly-
mers was necessary. For this purpose, the
steady shear flow curves over a rather wide
range of shear rates were measured. This was
achieved with the aid of different mechanical
tests. Capillary viscometry was applied to obtain
the flow curves in the high shear rate region.
Dynamic mechanical measurements were used
to enable extrapolation of viscosity-shear rate
curves to low shear rates, where capillary
viscometry fails.

Values of steady state viscosity at different
shear rates were determined using a capillary
viscometer designed by J.van Leeuwen and
R. van der Vijgh at the Plastic and Rubber Insti-
tute T.N.O. (Delft). The data were corrected
according to Bagley (15) for entrance effects.
The shear rate ¢ was evaluated at the wall
according to Rabinowitsch (16). The covered
range of shear rates is from 1s™! to about
1000 s~

Values of the storage and loss moduli (G’
and G”) at rather low circular frequencies w.
were obtained with the aid of an automatic
dynamic viscometer, designed by K. te Nijenhuis
at this laboratory. This apparatus is an improved
version of Den Otters’ dynamic viscometer (17,
18). It allows the obtaining of accurate data
also in the range of very low frequencies where
the phase angle differs only little from ninety
degrees. Details of this apparatus will be pub-
lished in due course. The values of G and G”
were obtained as functions of frequency and
temperature. Use was made of the time-tem-
perature superposition principle (19) in order
to obtain master curves over an extended range
of frequencies at the chosen reference tempera-
ture (179°C for the high density polyethylene).

An empirical relation, proposed by Cox and
Merz (20), was used to obtain the steady shear
viscosity # as function of the shear rate g from
the reduced values of G and G”. This relation
reads:

nlg) = I w)l,-, [1]

where |y*(w)| is the absolute value of the
complex viscosity defined as follows:

() = n'(w) — 1-1"(w) (2]
with
n'(w) = G'{w)/v, [3]

7w = Glw)w. [4]
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At low shear rates or frequencies relations [1]
and [3] converge to the correct value of the
zero shear viscosity.

?)
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Fig. 4. Non-Newtonian shear viscosity n(q) as a function
of shear rate ¢ as obtained with the following instru-
ments: (V)... capillary viscometer, (O)... cone-and-
plate viscometer (plate diameter 50 mm, gap angle
8 degrees). For comparison, the figure contains the
absolute value of the complex viscosity (full line), the
real part of the dynamic viscosity ' (~~————— ) and
the imaginary part of the dynamic viscosity " (~-——— )
as functions of the circular frequency w. (High density
polyethylene Manolene 6050, at a temperature of
179°C)

The resulting curve is shown in fig. 4. A good
agreement between the capillary shear vis-
cosity and the value computed from dynamic
data is found in the central range of shear rates
where the curves overlap. The agreement is
still rather good in the high shear rate range.
Some additional steady shear viscosity data
are included in the region of low shear rates.
These data were obtained with the aid of a cone-
and-plate Weissenberg rheogoniometer. Within
the experimental error, these data also agree with
the values computed from the dynamic measure-
ments.

The rheological properties of the low density
polyethylene are already extensively described
by Wales, Meissner and Hansen (22-24).

4. Kinematics

The geometry of the test section has been
described in section 2. Usually cone-and-plate
viscometers have a free boundary at the edge.
In birefringence measurements this surface would
disturb the light propagation. This is one of the
reasons why in our system the test section is
completely enclosed by fixed cylindrical surfaces
containing the windows. In this connection some

considerations have to be made in order to
ensure that the flow field is essentially that of a
homogeneous shear flow. The problems which
arise in this geometry are well-known from any
type of rheometer in which the shear rate is
undefined at the geometric intersection of two
surfaces, one of them moving with respect to the
other. In such an apparatus an approximately
homogeneous shear flow can be obtained at
best. Depending on the geometry, the polymer
used and the temperature given, this approxima-
tion is tolerable only in a certain range of shear
rates. Therefore it is crucial to estimate the
velocity profiles for every tested polymer.

Fig. 5. Principles of the different rotors

Two different rotors have been used. Sche-
matic drawings of them are shown in fig. 5.
Also two cones (counter parts) of different gap
angle (1° 8 and 2° 17') were available.

Using rotor A, one obtains a cone-and-plate
arrangement enclosed in the radial direction
between fixed cylindrical surfaces. In this way,
the rotating surface intersects close to the
windows, with the stationary boundary, pro-
ducing just in this zone a very inhomogeneous
shear flow.

From experience we know that this geometry
is only suitable for relatively low nominal shear
rates (21). In fact, Wales explains the failure of
this geometry at high nominal shear rates in
terms of the rather strong birefringence which is
due to this inhomogeneous zone of flow near the
windows. As is well-known, the passage through
several zones of strong, but differently oriented
birefringences causes serious depolarization of
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polarized light. A second rotor B has been
designed to move the line of singularity away

from the optical path. It was expected that in
this way measurements would be possible at
higher nominal shear rates. It will be clear that
in this new rotor system the effective optical
path length is less than 10 mm but more than
6 mm. To calculate that effective path length an
approximative numerical computation (25) of
the velocity and temperature profiles was made
for rotor B. The change of the viscosity with
shear rate and temperature was taken into
account by the use of a relation combining the
inelastic “power law” concept with an experimen-
tal temperature coefficient. This model is some-
times called the generalized Newtonian model
as elastic effects are disregarded. One obtains:

[5]
In this equation o describes the shear rate
dependence and b the temperature dependence
of the viscosity, #, is a constant, I, is the second
invariant of the rate of strain tensor and T,
the reference temperature. For the investigated
high density polyethylene constants #; and «
can be calculated from fig. 4, if for the range of
interesting shear rates the real curve is ap-
proximately replaced by a straight line. The
constant b was calculated from the horizontal
shift factor a; of the dynamic measurements.

The required constants for Manolene 6050 as
obtained for 10 < g < 1000s™ !, are given in
tab. 1.

To make computations easier the actual flow
was replaced by the flow in a straight channel.

~bT— Tg)

n=2""nl;%

<
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Fig. 6. Dimensionsless velocity field for rotor B, com-
puted with the aid of eq. [5] for high density poly-
ethylene Manolene 6050 at a temperature of 179°C
and a nominal shear rate ¢, = 100s~!. W1, W2 are the
inner and outer window of the test section

Tab. 1. Constants in eq. [ 5] for Manolene 6050

7, = 4940 (N-sec! " 2*/m?)
o = 0.23 {(——)

b= 0.188 cCc™h
Te=179 °C)

The surface of the cone was replaced by a flat
surface parallel to the top of the ridge which
replaces rotor B.

The dimensionless velocity field for the ap-
proximated rotor B geometry is presented in
fig. 6 for Manolene 6050 at 179°C and a shear
rate g, = 1000s~'. It is clear from this graph
that the lines of singularity are moved away
from the optical path. From this type of velocity
profiles it is possible to compute the actual
velocity gradients in the gap. The results are
collected for several fluid models in fig. 7. In
this figure x is the direction of flow, y the
direction of the “main” velocity gradient and -
the direction of the light-beam. The values of

Fig. 7. Dimensionless velocity gra-
dients ¢ /g, and g¢./q, in the central
plane of the test section of rotor B as
functions of the reduced distance
from one of the windows: computa-
tion for an isothermal Newtonian
fluid ... ( ); computations with
the aid of eq. [5] for high density

polyethylene Manolene 6050 at a
wall temperature of 179°C and nomi-
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the “main” velocity gradient 0V, /0y = q,, and
the “parasitic” velocity gradient 0V,/dz =¢,.
are divided by the nominal shear rate g, to ob-
tain a dimensionless quantity. The nominal
shear rate is equal to the one, which would
occur with free boundaries at the edges (visco-
metric shear flow). The dimensionless velocity
gradients are taken in the central x—z plane
of the test section and are plotted as functions of
the reduced distance from one of the windows.
It appears from this figure that there is, at
g, = 100s™! only a very small difference between

the results for an isothermal Newtonian fluid

and the model applied for Manolene 6050. For
nominal shear rates increasing beyond 100s™ ',
however, the actual velocity gradient g, starts
to become considerably larger than the nominal
shear rate. This effect is due to the occurrence
of noticeable temperature gradients in the melt,
as a consequence of viscous dissipation. The
“parasitic” velocity gradient g seems to be
small compared with g,, in all cases.

Further, it is important to know the length
of the effective light path, which has to be used
for evaluation of the birefringence measurements.
For this purpose, an estimate has to be made of
the influence of the zone in which g, is less than
the nominal shear rate. As long as a fluid shows
Newtonian behaviour, for viscometric shear
flow the extinction angle y is equal to 45° and
the birefringence An is proportional to the
shear rate. This means that any “parasitic”
birefringence as caused by the “parasitic” gra-
dient ¢,, does not influence the measurement
of the "main” birefringence. As a matter of
fact, due to the direction of the “parasitic”
velocity gradient, the extinction position of
any parasitic birefringence must be parallel
and perpendicular to the direction of the stream
lines. In other words, its extinction is under 45°
with that of the “main” birefringence. This
means that the parasitic birefringence is not
“seen” during the measurement of the main
optical path difference (see e.g. Appendix).
For such a case one can unambiguously calculate
an effective length of the gap by integrating the
curve giving q,./q, as a function of z/L, from
zero to unity (see fig. 7) and multiplying the
result by L. For the Newtonian case this pro-
cedure is correct, since the local increment An dz
to the phase difference is simply proportional
to q,,dz In this way one obtains an effective
path length of 7.14 mm for rotor B.

For non-Newtonian fluids, however, the cal-
culated effective length of the gap can at best be
interpreted as an approximative value. For this
type of fluids the flow birefringence is often less
than proportional to the shear rate g, whereas
the extinction angle can considerably deviate
from 45° (see e. g. fig. 9). In the case of Manolene
6050 An is roughly proportional to g% (fig. 8).
This means that the contribution of the “main”
velocity gradient g,, near the windows, not-
withstanding the fact that it drops down a
little faster than in the Newtonian case, can
even have more influence on An than in the
Newtonian case. With the use of the above
mentioned relation between birefringence and
shear rate one can construct (in a similar way
as has been done in fig. 7 for the velocity gradient
q,,) a curve of the local birefringence as a function
of the dimensionless distance from one of the
windows, e. g. for g=100s"!. It appears that
the local birefringence curves for the Newtonian
and the non-Newtonian cases coincide readily.
This means that also in the case of Manolene
6050 the effective optical light path should be
close to 7.14 mm.

So far, the role which the “parasitic” velocity
gradient ¢q,, may play in the non-Newtonian
case has not been discussed. According to fig. 7
the maximum value of ¢, is about 25% of the
value of the nominal shear rate g,. The surface
under the curve of the dimensionless “parasitic”
velocity gradient ¢, is about 7% of the surface
under the dimensionless curve of the “main”
velocity gradient g,,. However, the situation is
complicated by the fact that the extinction angle
of the “main” birefringence deviates from 45°
and at the same time, the parasitic birefringence
increases with the rotational speed of the rotor.
So far, no theoretical prediction about these
influences has been made In this connection it
should also be kept in mind that the fluid model
of eq. [5] is not capable of predicting extinction
positions.

In fact, as will be shown below, the experi-
mental extinction angle curves, as obtained for
different types of polymers, can be affected by the
edge effect in a fundamentally different way.

5. Results and discussion

First we shall discuss some typical measure-
ments which were obtained during steady shear
flow. The following combinations were used:
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Rotor A, 1° 8 gap angle
Rotor A, 2°17' gap angle
Rotor B, 1° 8" gap angle

The measurements at the lowest shear rates
were obtained with the aid of an apparatus with
coaxial cylinders. This apparatus was specially
designed for the measurement of flow bire-
fringence at extremely low shear rates and will
be described elsewhere.

4

10

'~

10

10

10 10 10 10 10 10
Fig. 8. Double logarithmic plot of the path difference I
(filled symbols) and the flow birefringence 4n (open
symbols) as functions of the nominal shear rate g,
for high density polyethylene Manolene 6050 at a
temperature of 179°C:

(V) ... coaxial cylinder apparatus,
(O) ... rotor A and 1°8 gap angle,
() ... rotor A and 2°17 gap angle,
(A)...rotor B and 1°8' gap angle

In fig. 8 the measured path difference I' = %{l

and the flow birefringence An are plotted as
functions of nominal shear rate g, for poly-
ethylene Manolene 6050 at a temperature of
179°C, where 9 is the phase difference and 4 is
the wave length of the used light. In all cases
A =1546.1 nm. When the measured path dif-
ferences are divided by the effective lengths of
the respective light paths, the flow birefringences
in the 1-2 plane (where 1 and 2 denote coordi-
nates in the usual manner) are found. For rotor
A the length of the effective light path is assumed
to be 10 mm. If path differences, as obtained
with the aid of rotor B, should produce bire-
fringences An, that overlap with the ones ob-
tained with rotor A, an effective light path of
7.0mm has to be chosen. This experimentally
found length agrees very well with the one

calculated in the previous section. In this way it
appears that the measured path difference, T,
for Manolene 6050 is not seriously influenced
by the parasitic velocity gradient. For rotor A
and the different gap angles used, the measure-
ments show that the path difference is independ-
ent of the gap angle.

The correctness of the path length of 10 mm,
as assumed for rotor A, is also confirmed by
the agreement of the birefringence values found
with the coaxial cylinder apparatus.

Finally it can be emphasized that the new
rotor B enables the measurement of the flow
birefringence of Manolene 6050 over an ad-
ditional decade in shear rate when compared
with rotor A. This finding agrees with the
conclusion drawn by Wales (21), i.¢. that the
depolarization of the light with rotor A at high
shear rates, is due to the extra velocity gradients
near the windows.

Fig. 9 shows the measured extinction angles y
as a function of nominal shear rate g, for
Manolene 6050 at a temperature of 179°C.
These extinction angles, which were obtained
with rotor A and different gap angles, are
independent of the chosen gap angle. In fig. 10
measurements are shown which were obtained
on the same polyethylene using rotor B and
gap angle 1° 8 geometry. The measured extinc-
tion angles are plotted versus the nominal shear
rate ¢,. The dotted lines indicate the shear
rates at which the phase difference, 0, becomes
equal ton.2n(n=1,2,...). Near these “fringes”
deviations can be noticed from the normal
behaviour of the extinction angle curve. Just

90"( 2X
60 -
———O 4 o
30°F
-1
— q,s )
o 1 L L L
Q 2 4

Fig. 9. Doubled extinction angles 2y as a function of
nominal shear rate g, for high density polyethylenc
Manolene 6050 at a temperature of 179°C:

(V) ... coaxial cylinder apparatus,

(O)... rotor A and 1°8' gap angle,

() ... rotor A and 2°17 gap angle
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Fig. 10. Doubled extinction angle 2y as a
function of nominal shear rate ¢, for high
density polyethylene Manolene 6050 at a tem-
perature of 179°C: (A) ... rotor B and 1°8’ cone
angle. The dotted lines indicate the shear rates
where the phase difference is equal to n-2=n
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Fig. 11. Doubled extinction angle 2y as a function of nominal shear rate g, for polystyrene Hoechst at a tempera-
ture of 170°C: (A) ... rotor B and 1°8’ gap angle.
The dotted lines indicate the shear rates where the phase difference is equal ton-2n(n = 1,2,...)

before every “fringe” the extinction angle drops
below the smoothed curve. Directly behind the
fringe, an extinction angle is measured which
seems somewhat too high.

A similar but more pronounced effect is
observed for the polystyrene at 170°C, as shown
in fig. 11. These results were obtained from
data taken with the same combination of
rotor B and cone as indicated previously for
Manolene 6050 at 179°C. When figs. 10 and 11
are compared, one observes that many more
fringes occur with polystyrene. This is due to
the higher optical anisotropy of the polystyrene
molecule. There is also a big difference in
molecular weight (distribution). For the poly-
styrene sample the extinction angle curve is
completely obscured in the higher shear rate
range by the edge effect. This effect becomes
predominant near the fringes where the path
difference due to the main birefringence be-

comes virtually zero. It is shown in the appendix
how the observed discontinuities in the ex-
perimental extinction angle can be understood.
It is interesting to note that with the melt of a
branched low density polyethylene, the S-shape
parts of the extinction angle curve were found
to have a positive slope in contrast to what is
shown in figs. 10 and 11 for the linear polymers.
This is shown in fig. 12. The measurements
were obtained in the following way. The points
of the first curve (open symbols) were obtained
at increasing shear rates up to 6 s~ . Before the
points were taken, the steady state situation
was always reached. The second curve (filled
symbols) was obtained with decreasing shear
rates. Within the indicated range of shear rates,
the second curve is exactly reproducible. The
big difference between these two curves is
obviously a consequence of mechanical de-
gradation. In fact viscous dissipation cannot
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be made responsible for the phenomenon. One
can learn from fig. 7 of Meissner’s report (23),
that the viscosity of this polymer at g=6s""
and a temperature of 150°C is of the same order
as the viscosity of Manolene 6050 at g =65s""
and 179°C. For the latter polymer no influence
of viscous dissipation could be discovered.

QOF

2X

Fig. 12. Doubled extinction angle 2y as a function of
nominal shear rate g, for low density polyethylene
(IUPAC A) at a temperature of 150°C: (A) ... rotor B
and 1°8’ gap angle. Open symbols indicate increasing
values of shear rate. Filled symbols indicate decreasing
values of shear rate. The dotted lines show the shear
rates where the phase difference is equal to 2n

The stress-optical law can be checked for
Manolene 6050 in the whole range of applied
shear rates using fig. 10. The stress-optical
law can be expressed by the following relations

(1):

Ansin2y =2Cp,,, [6]

[7]

where p,, is the shear stress, p,; — p,, the first
normal stress difference, Anthe flow birefringence
in the 1-2 plane and y the extinction angle (as
functions of ¢,) and C the stress-optical coeffi-
cient. The validity of eq. [6] can be checked by
Ansin2y
2pi2

shear rate q,. A constant value of this coefficient
should be found. When eq. [7] is divided by
eq. [6] one obtains:

dncos2y = C(pyy — Paa)»

plotting as function of the nominal

P11 — P22

cot2y = 3
12

(8]
This equation predicts the coaxility of the stress
and refractive index tensors.

Fig. 13 shows the constancy of C for Manolene
6050 at a temperature of 179°C over more than
4 decades in shear rate. Over the same range of
shear rates, the viscosity (see fig. 4) decreased
by a factor of 10. At shear rates of the order of
100s™! the stress-optical coefficient starts to
drop down. According to the calculations in
section 3, however, this can be partly ascribed

10
T (m%N)
LR OB LD B B INOCBO DAy
o+ . 4
——=qs")
16’0 L L 1 L
-2 -1 ] 1 2 3
10 10 10 10 10 10

Fig. 13. Stress-optical coefficient C, as calculated from y (figs. 9 and 10), 4n (fig. 8) and p,, (fig. 4), as a function
of shear rate for high density polycthylene Manolene 6050 at a temperature of 179°C:

(V) ... coaxial cylinder apparatus,
(A) ... rotor B and 1°8 gap angle

(O) ... rotor A and 1°8' gap angle,

() ... rotor A and 2° 17 gap angle,
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Fig. 14. Extinction angle y as a function of time
for polystyrene Hoechst at a shear rate
g,=0.05s""' and a temperature of 170°C. At
time zero flow was suddenly started. Flow was
suddenly stopped after several total amounts of
shear y(=g,-t equal to 1, 2 and 4) and after
steady shear flow. Measurements were performed

25 Withrotor A and 1°8' gap angle

Fig. 15. Plots of the reduced stress ratios cot 2%,/
cot 2y, against time for polystyrene Hoechst
1

at a temperature of 170°C and ¢, = 0.07s"':

(O) ... optical measurements as obtained with
rotor A and 1°8' gap angle
.. mechanical
8° gap angle
.. mechanical measurement with 4°

measurements  with
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to viscous dissipation in the flow birefringence
apparatus.

Finally, we shall discuss some typical transient
measurements. The birefringence measurements
were performed with rotor A and a gap angle
of 1°8'. In fig. 14 results are shown of measure-
ments of the transient extinction angle for the
polystyrene sample at a shear rate g, = 0.05s7*
and a temperature of 170°C. At time zero the
indicated shear rate was “suddenly” applied to
the fluid at rest ?). The corresponding extinction
angle curve starts at 45° to the flow direction and
levels off at its steady state value. Also relaxation
of the extinction angle is shown. It occurs when
flow is suddenly stopped after various total
amounts of applied shear y,(=gq-t equal to
1,2, 4) and after steady shear flow. A consulta-
tion of eq. [8] shows that, in qualitative agree-

2) “Suddenly” means that the time interval in which
the shear rate is increased from zero to the nominal
value (i.e. 10 ms) is small compared with the character-
istic time scale of the polymer sample.

250 ‘ gap angle

ment with Lodge’s (26) prediction, the transient
primary normal stress difference changes more
slowly with time than the transient shear stress.
This holds for the commencement as well as the
cessation of flow. Philippoff and Biss obtained
similar results on polyisobutene in white oil (31).

In order to corroborate this conclusion,
evidence should be given of the validity of the
assumed coaxiality of stress and refractive index
tensors. For this purpose some direct transient
measurements of p,, — p,, must be carried
out on a Weissenberg rheogoniometer. As
already mentioned, Drs. Laun and Miinstedt
of BASF provided us with the needed results
for our polystyrene sample. In fig. 15 a com-
parison is made between optical and mechanical
measurements for a shear rate gq,= 0.07s7’
at a temperature of 170°C. As recommended
by Meissner (27), several gap angles were used
for the mechanical measurements. According to
Meissner a test like the one carried out with the
4 degree gap angle of the Weissenberg rheogonio-
meter can be expected to reflect a more retarded
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response of the apparatus than a test with the
8 degree gap angle. In fact, it appears from fig. 15

that the optically measured ratio, 171_12‘17#’

Piz
increases more rapidly than the mechanically
measured ratios, even if the gap angle is increased
to 8 degrees. This could be expected because the
flow birefringence measurements were performed
with a very rigid apparatus. The three tests shown
lead to nearly the same steady state value. At
lower rates of shear, where the forces in the
Weissenberg apparatus become smaller, almost
complete agreement is found between optical and
mechanical measurements. Details of this in-
vestigation will be given elsewhere. For the
moment we can conclude that the coaxiality of
stress and refractive index tensors is valid also
for the transient situations considered. Meissner’s
view on the influence of the gap angle on the
measurement of time dependent normal stresses
is substantiated by the optical measurements.
Moreover, Hansen and Nazem (28) made a
theoretical and experimental study to measure
meaningful transient normal forces in the cone-
and-plate geometry of the Weissenberg rheo-
goniometer, which is in full accordance with the
present findings. Finally, it should be mentioned
that the stress-optical coefficient of the investi-
gated polystyrene has been found to be con-
stant also in the transient region and that the
mentioned coaxiality of the stress and refractive
index tensors has previously been checked in
steady shear flow for several polymers (21).

In the future high shear rate experiments
will be carried out with a stationary plate and
a rotating cone. In this way we hope to perform
measurements near the stationary wall, where the
parasitic velocity gradient g, becomes zero.
With the present arrangement (see fig. 1)
measurements near the stationary wall are
impossible, since the light beam is intercepted
at the inner rim of the stationary cone. The
influence of the parasitic velocity gradients q,,
on the measurement of the extinction angle can
probably be considerably reduced in this way.
In this connection it is interesting to discuss the
reasons for the fact that rotor B of the present
paper allows sharp extinction readings in the
high shear rate range where rotor A fails to
give sharp extinction positions. We believe that
the divergence of the light beam plays a role
in this phenomenon. As a matter of fact, rotor B

allows the adjustment of a dark line, which is
directed parallel to the stream lines (i.e. the
x-direction), in the center of the field. The
pertinent reading on the vernier scale furnishes
the “measured” extinction angle. If the parasitic
velocity gradients near the window change more
rapidly in the y-direction, this dark line becomes
narrower and will therefore be visible only in a
light beam consisting of strictly parallel rays.
In a slightly unorderly beam, as resulting from
unavoidable temperature gradients, etc., the
narrow line will be dispersed by the divergence
of the light rays.

Appendix: Influence of parasitic optical phase
differences on the extinction angle

As no predictions can be made a priori about
magnitude and extinction direction of the parasitic
birefringences, we shall restrict ourselves to the deriva-
tion of a formula which relates the measured extinction
angle to the “true” extinction angle and arbitrary but
identical edge effects near both windows. This calcula-
tion can be carried out with the aid of a matrix method
as developed by Walker (29) or with the aid of trigonio-
metric considerations on Poincaré’s sphere (30).

In our measuring device the light beam passes through
the following optical components:

a) the polarizer making an angle 7 (< 45°) with the
direction of flow,

b) a parasitic birefringent medium showing an extinc-
tion angle y, (with regard to the direction of flow)
and a phase difference 4,

¢) the main birefringent medium showing an extinction
angle y, (with respect to the direction of flow) and
a phase difference 4, ,

d) another parasitic birefringent medium identical with
the one mentioned under b) and

¢) the analyser making an angle y + n/2 with the direc-
tion of flow.

In the case of extinction the mentioned calculation
leads to the following expression:

tanQ2y, — 2y,)
oy A T S hp)
tan(Zy = 2%,) cosd,
1
+ tan g,
cos(2y, — 2y, tan(3,/2)

[9]

At this point it is interesting to note that, due to the
large phase differences involved, no extinction will be
possible for the case that the two parasitic effects differ
from each other. As sharp extinctions are found in
practice, at least the assumption of identical parasitic
effects is justified.
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In the same way the measured phase difference can be
related to the “true” and parasitic effects. This formula,
however, is not given. It shows that there should be no
big differences between the measured and the “true”
phase differences.

With the aid of eq. [9] the shape of the experimental
extinction angle curves, as shown in figs, 10, 11 and 12,
can roughly be generated if, for simplicity, certain
constant values are assumed for x,, 6, and , for the
shear rate range between two subsequent fringes,
whereas the “true” phase difference 4, is assumed to
increase linearly with the shear rate. It depends on the
sign of &, (with respect to that of J,) whether the type
of linear polymers (reverse sign, figs. 10 and 11) or the
branched polymer (equal sign, fig. 12) is produced.
It can also be concluded that the deviation of x from y,
is positive near the inflection points.
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Summary

A description is given of a modified cone-and-plate
apparatus designed for the measurement of the flow
birefringence of polymer melts in a wide range of shear
rates. Results are given of measurements on samples
of high and low density polyethylene and polystyrene.
Anomalies, as found in the extinction angle curves near
the fringes, where the phase differences become equal
to multiples of 27, point to pronounced edge effects
which appear to depend on the type of polymer. The
measurements on the high density polyethylene were
used to check the validity of the stress-optical law. The
measurements on the low density polyethylene sample
show mechanical degradation of this polymer. Some
typical transient measurements on the polystyrene
sample are presented and successfully related to the
corresponding mechanical measurements, as obtained
with the aid of a cone-and-plate Weissenberg rheogonio-
meter.

Zusammenfassung

Ein modifizierter Kegel-Platte-Apparat wird be-
schrieben, der entworfen wurde, um die Stromungs-
doppelbrechung polymerer Schmelzen in einem groBen
Bereich von Schergeschwindigkeiten zu messen. Me8-
ergebnisse an Proben von Polyithylen hoher und nied-
riger Dichte, sowie von Polystyrol, werden wieder-
gegeben. Anomalien, die an den Ausldschungswinkel-
kurven in der Nihe der Ordnungen, bei denen der
Phasenunterschied Vielfache von 2 betrigt, gefunden
wurden, weisen auf ausgeprigte Randeffekte hin, die
offenkundig von der Natur des Polymeren abhingen.
Die Messungen an der Probe des Polyithylens hoher
Dichte wurden dazu verwendet, die Giiltigkeit des
spannungsoptischen Gesetzes zu priifen. Die Messungen
an der Probe des Polyithylens niedriger Dichte zeigen
mechanische Degradierung an. Einige typische Uber-
gangsmessungen an der Polystyrolprobe werden be-
schrieben. Die erhaltenen Ergebnissc werden mit ent-
sprechenden Ergebnissen mechanischer Messungen,
die mit Hilfe des Weissenberg-Rheogoniometers erhal-
ten wurden, verglichen, wobei die erwartete Uberein-
stimmung gefunden wurde.
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