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ABSTRACT
The effect of pressureon thermal conductivityof five commercialpolymers has been
investigated. The five materialswere selectedas representativeof materialsfrequently
used in industry. The materialswere; a polypropylene,a high-densitypolyethylene,a
polystyrene,a talc filled polypropyleneanda glassfilled polypropylene. A shortreview
of thermal conductivity theory is presentedand practical details of measurementsat
elevatedpressureare described.For all materialsthe thermal conductivitywas found to
increaselinearly with pressure,but the magnitudeof the increasevaried greatlybetween
the materials. Results for ambientpressure,extrapolatedfrom the elevatedpressure
values,were generallyfound to be higherthanthe valuesdirectly measuredat ambient
pressure.Possibleexplanationsfor this differenceare offered and the implications for
measurementsare discussed. This report shows that for some commercial polymers the
effect of pressure on thermal conductivity is important and can have a significant impact
on processing parameters, such as predicted cycle times, derived from thermal
conductivity values.
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1 INTRODUCTION
The thermal conductivityof a materialis definedasthe rate at which heatflows through
it. The precisedefinition is given by Fourier'sequation,shownbelow:

(1)

Where q is the heatenergyflowing in the x directionthrough an areaA during time t,
dT/dx: is the temperature gradient, and /t. is the thermal conductivity of the material
These quantities are illustrated in Figure 1.

Area,A

Figure 1 Schematic heat flow diagram

Knowledgeof a material'sthermal conductivityat differenttemperaturesand pressures
canbe critical for modellingprocessingof polymers. Many modelling packagesusedto
predict how a polymeric material will behaveduring moulding processesrequire a
value for the thermal conductivity for accuratepredictions. It is through these
predictions that the processingconditions can be optimised to reduce wastageand
increaseproductivity.
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A material'sthermal conductivitywill changeunderdifferentconditionsof temperature
and pressure,for example a semi-crystallinematerial shows a dramatic change in
thermal conductivity through the glass transition and thermosets show differences
betweentheir cured and uncured phases. Therefore, it is important to measurethe
thermal conductivity overthe processingrangeto ensureaccuratemodelling.

Measurementsof thermal conductivity at elevatedpressureare relativelyunusualand in
many cases the value at atmospheric pressure is used as there is no alternative. The
limited research that has been conducted on the effect of pressure indicates that the
effect of pressure can be significant, see for example [1], although the overall picture is
far from clear.

This report describes the measurement of thermal conductivity at

elevatedpressureandreportsresultsfor selectedpolymers.

2 MEASUREMENT OF THERMAL CONDUCTIVITY

All measurements were conducted using a pvT -100 machine manufactured by SWO
with a thermal conductivity cell attachment, This equipmentis capableof measuring

the thermal conductivity of plastics, rubbers, oils and other types of materials as a
function of both temperature and pressure. The equipmentis basedon the transienthot

wire method for measuringthermal conductivity. A cross sectionof the apparatusis
shownin Figure 2

Within the thermal conductivity probe there is a heater and a thermocouple. These wires
lie parallel to each other within the needle probe. With the specimen at a set
temperature power is fed to the heater wire for a set time and the temperature rise is
measured during this time with the thermocouple. The temperature rise is related to the
thermal conductivity of the material in which the needle probe is inserted.

Pressuresin the range of 15:MFa to 160:MFa can be applied to the material at
temperaturesfrom 25 °C to 280 °C. A typical thermal conductivity samplewill be
50 mm long with a diameter of9.8 mm.

"
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Figure 2 Thermal conductivity cell and probe
The thermal conductivity is calculatedusing a plot of temperatureagainstthe natural
log of time. The equationusedis given below[2]:

LiT = +-'L In(t ).B
41l'A

(2)

Where LiT is the temperature rise of the probe, q is the heat input per unit length, A is
the thennal conductivity of the material, t is the time and B is a correction factor. This
correction factor is evaluated by calibration of the instrument with a glycerol sample of
known thennal conductivity and is required to account for deviations from the idealised
caseused for the theoretical analysis.

The results presented in this Report were taken at a single temperature for each material
and at pressure ranging from atmospheric to 160 MPa. Heat is supplied to the wire for
thirty seconds during a measurementand the gradient of the line is evaluated for times
between two and thirty seconds. Five separate measurements are taken for each

pressureandthe reportedvalue is the averageof the five measurements.
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3 EFFECT OF PRESSUREON UNFILLED POLYMERS

Three unfilled polymers were studied, polypropylene, high-density polyethylene and
polystyrene.

The thermal conductivity of each polymer was measured at a single

temperature at pressures between 15 MPa and 160 MPa.

Polypropylene and

polyethylene were tested at 180 °C and the polystyrene was tested at 120 °C.

results are shown in Figure

The error bars representthe standarddeviationof the

five measurements
takenat eachpressure.It can be seenthat all threepolymersexhibit
a linear trend with respectto pressure. The coefficients of the linear fit to the
experimentalresultsare given in Table 1.
Figure 1 andTable 1 showthatthe effectof pressureis different for eachpolymer. The
polypropyleneis most affected by pressure,thermal conductivity increasesby more
than 40 % acrossthe rangeof pressuresstudied. The polyethyleneexhibits much less
of a pressureeffect andthe polystyrenehardly changesacrossthe rangeof pressure.
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Figure 1. Effect of pressure on thermal conductivity of three unfilled polymers.
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Table 1. Coefficients of fit for thermal conductivity against pressuredata

4 EFFECT OF PRESSURE ON FILLED POLYMERS

Glassand talc filled polypropyleneswere testedacrossthe samepressurerangeas the
unfilled materials (15 to 160MPa). Again, each material was tested at a single
temperature,both the glass and talc filled polypropylenewere tested at 200 °C. The
data for both the filled materials,togetherwith the data for unfilled polypropylene,are
shown in Figure 2. As with the unfilled materials,the thermal conductivity appears
linear with respectto pressureandthe coefficientsof the linear fit are shownin Table2.

Figure 2. Effect of pressure on thermal conductivity of filled polypropylene.
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Table 2. Coefficients of fit for thermal conductivity againstpressuredata

5 MEASUREMENTS AT AMBIENT PRESSURE

A further effect that is of interest is an apparent offset between results measured at
elevated pressure extrapolated to atmospheric pressure and measurements taken at
atmospheric pressure. This effect is illustrated in Figure 3. The same data as presented
in Figures 1 and 2 are presented and the linear fit is extrapolated to zero pressure. Also
shown are values of theTnlal conductivity measured at atmospheric pressure.
(Atmospheric pressure has been taken as zero pressure, although it is actually around

0.1 MPa.)
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Figure 3. Comparison of thermal conductivity at ambient and elevatedpressure.
It can be seenfrom Figure 3 that the measuredthermal conductivity at atmospheric
pressureis generallylower than the extrapolatedvalues. Thesedifferenceshave been
6
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tabulatedand arepresentedin Table 3

offsethas beencalculatedin absoluteterms

andasa percentage.
Table 3. Comparison of measurementsat ambient pressure with extrapolated
values from elevatedpressure measurements

It can be seen from Table 3 that the differences can be considerable and generally the
measurementat atmospheric pressure is lower than the extrapolated value. It is possible
that this offset is due to the poorer thermal contact between the polymer and the probe

at atmosphericpressure.

6 DISCUSSION

There is limited scientific literature available on the effect of pressureon thermal
conductivity of polymers. However,the pressuredependenceof a range of polymers
has beenstudied[3-5]. In everycasethermal conductivityincreaseswith pressure. A
secondeffect that has beennotedis that the dependenceon pressuredecreasesat higher
pressures.However, this effect was observed at pressures higher than those normally
experienced in polymer processing. The maximum pressure for the measurements
presented in this Report is 160 MPa, which is sufficient to include most conventional
polymer processes. Hence, it is reasonableto conclude that the thermal conductivity is
linear with respect to pressure for polymer processing and that a linear regr~ssion fit is
appropriate for interpolation and extrapolation of thermal conductivity values with
respectto pressure,
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It has been observedthat there is an offset betweenvalues measuredat elevated
pressureextrapolatedto atmosphericpressureand values measuredat atmospheric
pressure.This may be due to reduced thermal contact between the probe and the sample
at atmospheric pressure. This is an important point as it may account for the variability

of thermal conductivity values reported in the literature. Indeed, heat transfer at
interfaces does not seemto be well quantified with respectto polymer processing.
VIew

was confirmed at a meeting of the NPL Industrial Advisory Group on

Measurements
Relating to Processingof Plastics[6], where it was suggestedthat this
topic shouldbe investigatedin futurework.
A possibly related observationis that the filled polyproplyenematerialsexhibited a
lower thermal conductivity than the unfilled polypropylene. It would be reasonable to
expect that the filled polymers would exhibit a higher thermal conductivity, since both
talc and glass fibre have a higher thermal conductivity than polypropylene.

This

observation may be a result of poor compounding leading to a lower heat transfer

coefficientat the interfaceof the polymerandfiller.

Thermal conductivity is essential for modelling the processing of polymers. It has been
shown that thermal conductivity is important in determining cooling times and filling
pressures [7, 8]. Neglecting the effect of pressure on thermal conductivity can also
result in inaccurate predictions of warpage and shrinkage in the final part, as well as hot
spots leading to degradation, which result from errors in modelling temperature
distribution [9].

7 CONCLUSIONS

Thermal conductivityof a rangeof polymerswas measuredat pressuresbetween15 and
160 MPa. The dependence of thermal conductivity varied significantly between the
polymers studied. Polypropylene exhibited a 42 % increase in thermal conductivity
across the pressure range studied, while polystyrene showed hardly any increase. For
all the materials studied, the thermal conductivity was found to be a linear function of
pressure, at the range of pressure studied. Therefore, a linear regression fit may be used
for extrapolation. The observed difference in the thermal conductivity extrapolated to
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atmosphericpressureand values measuredat atmosphericpressuresuggeststhat the
role of the interfacebetweenthe metalprobeandthe polymermay be important.
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