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Abstract

A non-contact temperature monitoring technique based on
fluorescence spectroscopy was used to measure the
temperature of a polymer resin during capillary rheometry
testing.  Polyethylene doped with a fluorescent dye,
perylene, was used in experiments that were designed to
measure resin temperature changes due to shear heating as
shear rate in the capillary increased from 10 to 10000 s™.
Resin temperature at the exit orifice of a 1 mm diameter
capillary die was found to increase monotonically with
increasing strain rate reaching 25 °C above the capillary set
point temperature at the highest shear rates.  The
implications regarding rheometry testing are discussed.

Introduction

Rheometry experiments must be carried out under carefully
controlled conditions of temperature and pressure, i. €. these
parameters need to be measured accurately in order that the
experiment be fully defined and controlled. In capillary
rheometry, readily available pressure transducers yield
accurate pressure measurements.  But, the situation for
temperature measurements is problematic. This is because
commercially available temperature sensors using either
thermocouples or infrared radiometers do not yield accurate
resin temperatures. It is well known that experimental
difficulties are experienced with both methods.  For
example, when a thermocouple probe is positioned in the
wall of a capillary rheometer, the capillary temperature
dominates its response because heat transfer from the
capillary to the thermocouple junction is much more
efficient than heat transfer from resin to thermocouple.
Inserting the thermocouple in the flow stream at the exit
orifice is not advisable because thermocouple wires will
conduct heat away from the material. IR radiometry can
yield accurate resin temperatures for transparent resins of
known emissivity, but emissivity is difficult to measure and
changes value for each resin.

It has long been understood that, in capillary rheometry
testing, energy is dissipated in the form of heat due the shear
heating and compression heating and cooling.[1, 2] Since
the objective of capillary rheometry is to report viscosity
versus shear rate data at a constant temperature, a true resin
temperature must be measured. It can not be assumed that
the resin has the same temperature as the capillary die.
Viscosity values obtained at different temperatures during
the test need to be shifted to a constant temperature base
using an experimentally determined temperature shift factor.

To address the temperature measurement problem during
capillary rheometry testing, we have developed a non-
contact thermometry method based on fluorescence
spectroscopy.[3] This paper describes the method and its
application to capillary rheometer testing of polyethylene.

Experimental Procedure

The method uses a temperature sensitive fluorescent dye
that is doped into the resin. Concentration of dye in resin on
the order of 10° mass fraction of dye in the resin is
sufficient for using fluorescence spectra as a monitoring
tool. When mixed with the resin at elevated temperatures,
the dyes are soluble in the resin matrix so that the dye is
completely surrounded by the resin at the molecular level.
The concept regarding fluorescent dyes is that they are
molecular probes, i.e. they respond to the molecular
environment in which they exist and report conditions of the
environment via their spectra.  Thus, a fluorescence
temperature is a true resin temperature.

Perylene, obtained from Aldrich Chemical Co., is the
fluorescent dye used here.[4] Its excitation wavelength is
410 nm and its fluorescence is seen from 430 nm to 530 nm.
In experiments with polycarbonate, we have used perylene
up to 300 °C without observing degradation.[3] Mixing
with polyethylene, DOW Chemical 640, is achieved by first



dissolving the dye in solution, pouring this solution over 5%
of the to-be-processed resin pellets, evaporating the solvent
which leaves behind pellets coated with dye.[4] The coated
pellets were then mixed with the 95% uncoated pellets. The
entire batch is then processed through an extrusion machine
during which the pellets are brought to the melt state and
blended together mixing the dye throughout the batch.
After extrusion the batch is then repelletized. This process
does not yield entirely uniform concentration of dye
throughout the batch, but in our measurements such
variations cancel out because the results are expressed as
ratios of fluorescent light intensity.

The primary modules of the optical measurement apparatus
are: a xenon arc lamp light source, a bifurcated optical
fibber cable, an optical sensor head with confocal optics
design, a filtered beamsplitter for separating the spectra into
different wavelength regimes, photomultiplier tubes (PMT)
for light detection, and a Stanford Research SR 400 photon
counter.[4] The basic optical setup is shown in Figure 1.
For perylene, the two legs of the beamsplitter are filtered at
464 nm and 473 nm.

The measurement of temperature using fluorescence is
based on changes that occur in the dye’s spectrum as a
function of temperature. For perylene, temperature induced
changes are due to changes in the ground state and excited
state energy levels and to transition probabilities of decay to
different energy levels in the ground state. Consider the
spectra for perylene shown in Figure 2. Distinct bands seen
at 452 nm and 476 nm are associated with decay to different
energy levels in the ground state.  With increasing
temperature, it is seen that the trough between the two bands
loses definition. It is this shape factor that is used to
correlate spectra and temperature. For the data of Figure 2,
the standard uncertainty in the fluorescence intensity
measurements is 0.5% and for temperature it is 1 °C.

The temperature measurement is based on changes in the
ratio Iyes/l473. A calibration curve of Iue/l473 versus
temperature for perylene doped polyethylene is shown in
Figure 3. The standard uncertainty in temperature
measurements using this calibration function is 2 °C.

A Goettfert 1500 hydraulically driven capillary rheometer
with capillary of 1 mm diameter by 30 mm long was used
for these experiments.[4]  Capillary temperature was
controlled at 200 °C. A pressure transducer for calculating
the pressure drop is positioned at the entrance to the
capillary.  Figure 4 shows the experimental setup for
interfacing with the optical sensor. The optical fiber is
positioned to interrogate the resin flow stream at the exit of
the capillary. The sensing tip is in the shape of a long rod
with outer diameter of 6.35 mm (0.25 inch). It contains a
small lens at its end with 6 mm focal length that focuses the
excitation light onto the extruded strand of resin. The
optical fiber cable contains a bundle of 19 fibers with

200 mm core, 6 of which transmit excitation light and the
other 13 transmit fluorescence to the beamsplitter. The
optical design is confocal, i.e. excitation light focused to a
point and fluorescence collected through a small aperture
isolates detection to fluorescence that originates at the point
of focus.

The optical sensor is attached to a micrometer driven xyz
translation stage that permits accurate positioning of the
point of focus. In the experiments, we positioned the focus
at three points: at the exit orifice, 0.5 cm beyond the orifice,
and 1 cm beyond the orifice. The rational for choosing
these positions is that the measurements are taken through
the spatial extent of the extrudate die swell.

The experimental protocol consists of loading a quantity of
material in the theometer reservoir, waiting ten minutes for
the resin to achieve temperature equilibrium, applying
pressure to the plunger in steps that generate a series of
strain rates in the order: 100 s-1, 10 s-1, 20 s-1, 50 s-1...
increasing in 2, 5, 10 steps until the reservoir is empty.
Fluorescence temperature measurements were made by
integrating photon counts from the two PMTs over 0.5
seconds and storing the ratio in a data file. Measurements
were made at intervals of 1 second.

In data plots presented below, we show a thermal
degradation threshold of 215 °C. This is the temperature at
which significant quantity of volatile gases was driven from
the resin. The degradation temperature was determined
during fluorescence detection by noting the temperature at
which the detection optics were coated with a film of
degradation volatiles. Details of this measurement
technique will be published elsewhere.

Results and Discussion

Figures 5 shows the results from three experiments: (a)
focus at the orifice, (b) focus at 0.5 cm downstream beyond
the orifice, and (c) focus at 1 cm beyond the orifice. The
plots contain two y axes, fluorescence temperature and
pressure. The standard uncertainty of the temperature
measurement is 2 °C and for pressure it is 0.07 MPa. These
plots show the data as a function of time over the time
extent of a rheometer run. The last data points were
obtained when the resin in the reservoir was exhausted. The
strain rate achieved at various pressure levels is noted as
well as the degradation threshold temperature of 215 °C and
the oven set point at 200 °C. Temperature control of the
oven was within 0.2 °C and the uncertainty in the strain rate
values is 0.05 s

The data show that significant increase in resin temperature
begins at approximately 50 s'. With the focus positioned at
the orifice and at 0.5 cm downstream, the resin temperature
exceeds the degradation temperature for strain rates above
1000 s and this was accompanied by a visual discoloration



of the extruded resin. We note that the temperature pattern
observed for each case is similar with temperature increases
of approximately equal size. Thus, measuring inside or
outside the die swell has no consequence on the magnitude
of the effect.  The overall temperature level at 10 s-1
decreases somewhat as the point of focus moved from
orifice to a position 1 cm away because the resin began to
cool as soon as it exited the die.

Two fundamental questions arise concerning the
measurement method: what is the effect of pressure and
what is the effect of shear on the fluorescence temperature
measurement? The questions are appropriate because the
calibration curve was obtained at quiescent conditions.
There are three factors that support the veracity of the
numbers presented here. First, the overall temperature
effect was observed to be the same for positions that extend
through the die swell region. Second, shark skin, which we
observed for strain rates above 1000 s-1, had no discernible
effect on the observations. Third, fluorescence anisotropy
measurements have shown that the isotropic orientation of
the perylene dye in polyethylene is maintained from 0 s-1 to
100 s-1.[5] This means that the perylene dye occupies
microscopic free volume regions in the resin and is not
oriented by the shear stresses that are supported by the
macromolecular entanglement structure of the polymer. At
the higher shear rates the local molecular environment
presents itself to the perylene molecule as though it was in
the quiescent state. Thus , the calibration curve of Figure 3
applies at high strain rates.

Work is underway in our laboratory to extend the
fluorescence anisotropy measurements to higher shear rate
values that overlap more of the range used for capillary
rheometry.  Also, other resins will be investigated in an
ongoing and thorough experimental study of this problem.

Viscosity versus shear rate functions at constant temperature
are normally the output from capillary rheometry tests. But,
these measurements demonstrate that the values obtained at
high shear rates must be corrected for the temperature
increase. The correction scheme will involve the
development of temperature shift factors to correct the data.
We have not yet developed the shift factors for this set of
data. Therefore, viscosity versus shear rate data will not be
presented.

Finally, it must be mentioned that the degradation observed
in this test has thermal origins and is not the result of shear
stresses. The degradation brings to fore another effect that
must be considered in the analysis of this data.
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Figure 1. The general setup for fluorescence
measurements is shown. For the data of Figure 2 the

monochromator is used. For the data of Figures 3 and 5

the beamsplitter detector arrangement is used with
PMTs filtered at 464 nm and 473 nm.
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Figure 2. Fluorescence intensity of polycarbonate
doped with perylene is plotted versus wavelength for
temperatures between 180 °C and 295 °C. The data
demonstrate how the spectrum of perylene changes
with temperature. The ratio of intensity at the trough
(464 nm) to that of the peak (473 nm) versus

temperature yields a calibration curve similar to that of

Figure 3.
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Figure 3. The calibration used for obtaining the
data of Figure 5 is shown.
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Figure 4. The experimental setup with capillary
theometer and optical sensor is shown.
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