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Abstract A capillary rheometer, equipped with a pressure
chamber is used to measure the pressure dependent viscos-
ity of PMMA, PαMSAN and LDPE. Data analysis schemes
are discussed to obtain pressure coef�cients at constant shear
rate as well as at constant shear stress. It is shown that the
constant shear stress pressure coef�cients have the advan-
tage of being shear stress independent for the three poly-
mers. The constant shear rate pressure coef�cients on the
other hand turn out to depend on shear rate, which makes
them less suitable for use in e.g. process simulations. In ad-
dition to the commonly used superposition method, a direct
calculation method for the pressure coef�cients is tested.
Values obtained from both methods are equivalent. How-
ever, the latter requires less experimental and calculational
efforts. From the obtained pressure coef�cients it is clear
that PMMA and PαMSAN have a very similar pressure de-
pendence, while LDPE is less sensitive to pressure.

Keywords Polymer rheology · Pressure coef�cients ·
Capillary rheometry · Shear viscosity

Introduction

The viscosity of most polymer melts is known to increase
exponentially with pressure. As early as 1957, Maxwell and
Jung (1957) observed that, by increasing the pressure to
168 MPa, the apparent viscosity of a branched polyethylene
melt became the fourteen-fold of its value at atmospheric
pressure. For polystyrene, the pressure effect was even more
pronounced. This dependency has important consequences
for polymer processing since, in processes like e.g. injection
moulding, polymers are subjected to rather elevated pres-
sures. The growing demands on product performance in com-
bination with the availability of increasingly sophisticated
numerical simulations require an accurate incorporation of
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pressure effects into the calculations. Nevertheless, this ef-
fect is often ignored and the amount of experimental data
on the pressure dependence of the viscosity is rather scarce.
This is probably due to the inherent dif�culty in obtaining
accurate data and the fact that different methods for deter-
mining the pressure effect lead to widely varying results.

Commonly the pressure dependency of viscosity is ex-
pressed by means of a pressure coef�cient β (Barus 1891):

β =
(dlnη

dP

)
T,i

(1)

in which i is either the shear rate �γ or the shear stress σ .
The pressure coef�cient is often de�ned in terms of a con-
stant shear rate (Herrmann and Knappe 1969; Steuten et
al. 1994; Binding et al. 1998; Koran and Dealy 1999;
Oosterlinck 2000; Goubert et al. 2001), although such a
coef�cient is not a real thermodynamic property of the poly-
mer melt (Goubert et al. 2001). For molten polymers this
coef�cient has typically a value of the order of 10−8 Pa−1

(Couch and Binding 2000). The values of β in literature
however show large variations, even for the same polymer.
Depending on the method used or the shear rate range under
investigation, shear rate dependent (Herrmann and Knappe
1969; Koran and Dealy 1999; Oosterlinck 2000; Goubert
et al. 2001; Liang 2001) as well as shear rate independent
(Kadijk and Van Den Brule 1994; Binding et al. 1998; Ko-
ran and Dealy 1999; Couch and Binding 2000; Sedlacek et
al. 2004; Pantani and Sorrentino 2005; Carreras et al. 2006)
values can be found. Also values dependent (Herrmann and
Knappe 1969; Kadijk and Van Den Brule 1994; Ooster-
linck 2000; Goubert et al. 2001; Liang 2001; Sedlacek et
al. 2004) or independent (Ramsteiner 1970; Binding et al.
1998; Koran and Dealy 1999; Couch and Binding 2000;
Sedlacek et al. 2004; Pantani and Sorrentino 2005) of tem-
perature have been reported. As a result of a non-exponential
relation between viscosity and pressure, the pressure coef�-
cients themselves can change with pressure (Kadijk and Van
Den Brule 1994).

Since the early measurements of viscosity under elevated
pressure in the 1950's, a range of analysis procedures and of
measurement devices have been developed for this purpose.
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An overview and an evaluation of these different methods is
given by Goubert et al. (2001). Basically, these methods can
be subdivided into direct and indirect methods. The direct
methods use either existing or ad-hoc designed instruments
in order to measure the pressure dependency experimentally
whereas the indirect methods determine the pressure effect
from other information.

For the direct methods, two approaches exist. The �rst
one requires no special instruments but is simply based on
the non-linearities in the Bagley plots, obtained either with
capillary �ow (e.g. Duvdevani and Klein (1967)) or slit
�ow (Laun 1983). According to Goubert et al. (2001), the
method is rather unreliable due to the strong propagation of
measurement and �tting errors. It is also dif�cult to sepa-
rate temperature, pressure and slip effects with this tech-
nique (Goubert et al. 2001; Laun 2003). In these studies
either the logarithmic pressure pro�le (slit rheometers), or
the logarithmic relation between pressure drop and length to
diameter ratio of the die have been expanded to a quadratic
function to facilitate the �tting. Recently Pantani and Sor-
rentino (2005) improved the accuracy of the method by per-
forming a series expansion of the exponential of the pressure
drop in the Bagley plot. This method provides a better ap-
proximation as compared to the classical analysis when the
product of the pressure coef�cient and the entrance pressure
does not exceed 0.5, which is generally the case for capillary
rheometry.

The second direct method requires special set-ups that
can perform viscosity measurements under elevated pres-
sure. The high pressure rheometer used in the �fties by Max-
well and Jung (1957) consisted of a capillary die mounted
between two steel cylinders, which were adapted to accom-
modate a plunger. These plungers made it possible to pres-
surize the melt in the die. Flow was created independently
by moving the cylinder assembly, containing the die, rel-
atively with respect to the two stationary plungers. A few
decades later this double piston method was applied to slit
rheometers by Kadijk and Van Den Brule (1994) and Mack-
ley and Spitteler (1996). A simpler design to measure di-
rectly under elevated pressure is the enhanced exit pressure
technique, �rst developed by Driscoll and Bogue (1990).
Here a pressure chamber has to be attached underneath the
die of a capillary rheometer. This method is also used in the
present work; it will be discussed in further detail in the fol-
lowing sections. The previous designs are all based on pres-
sure driven �ow. Such designs have the disadvantage that the
�ow �eld is not uniform, causing tedious procedures for data
analysis. To overcome these dif�culties, Koran and Dealy
(1999) developed a high pressure sliding plate rheometer
based on drag �ow. The important feature of this instrument
is that the pressure, shear rate and shear stress are uniform in
the sample, avoiding complicated data analysis procedures.

Indirect methods have also been proposed to determine
the pressure dependency of the viscosity. Utracki (1983a,
1985) developed a semi-empirical method based on the free
volume principle to determine the pressure dependency of
the zero shear viscosity using PVT-data and the temperature

dependency of the zero shear viscosity. Using the same in-
formation, but considering the work required for expansion
of a liquid to obtain a relation between viscosity and density,
Cogswell and McGowan (1972) derived an equation from
which they concluded that polymers with strong pressure de-
pendency also exhibit strong temperature dependency. This
was largely supported by the experimental results of Couch
and Binding (2000) and Sedlacek et al. (2004).

In this paper, different routes for the calculation of the
pressure coef�cient from high pressure capillary rheometry
data will be explored. Both a superposition method, as well
as a direct calculation based on the de�nition of the pres-
sure coef�cient (eq. 1) will be evaluated and their practical
usefulness discussed.

Materials and methods

Three different polymers were used in this study. The �rst
two are polymethylmethacrylate (PMMA, Lucryl G77, BASF)
and poly-α-methylstyrene-co-acrylonitrile (PαMSAN, Lu-
ran KR 2556,BASF). Based on their chemical structure, these
polymers are expected to have a large pressure dependence
of the viscosity. Their weight average molecular weight is
88000 g/mole and 82000 g/mole respectively. The third poly-
mer is a low density polyethylene of Mw = 110000 g/mole
(LDPE, Lacqt�ene, Elf Atochem), a polymer that is known to
exhibit a smaller pressure dependency than the PMMA and
PαMSAN samples. The latter samples have been dried dur-
ing 8 h in a vacuumoven at 80 ◦C prior to the rheological
measurements.

The viscosity curves were �rst determined with ambi-
ent exit pressures, using a classical Göttfert 2002 capillary
rheometer. For the measurements under elevated pressures
the enhanced exit pressure technique was used by attach-
ing a pressure chamber, developed by Göttfert Werkstoff-
Prüfmaschinen GmbH, underneath the capillary. A schematic
of the experimental setup is given in Fig. 1. The needle valve
of the pressure chamber can be moved vertically to vary the
level of constriction, thereby changing the back pressure in
the chamber. Exit pressures ranging from 5 to 70 MPa were
achieved while the temperature was 210 ◦C in all experi-
ments. The melting time before starting the measurements
was kept at 4 minutes. Shear rates ranging from 5 s−1 to 200
s−1 were applied while keeping the exit pressure at a well
de�ned setpoint. The resulting pressure drops over the cap-
illary were measured. The pressure transducers are Dynisco
class 1 transducers with a nominal range of 50, 100, 140 and
200 MPa and an accuracy of 0,5 % of full scale output. The
temperature of the pressurized chamber was controlled by
an external Eurotherm regulator with a Pt100 sensor. A cap-
illary with length L = 30 mm and diameter D = 1 mm has
been used throughout.
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Fig. 1 Schematic of the pres-
sure chamber attached beneath
the capillary die

Experimental results and data handling

From the pressure drops and volumetric �ow rates uncor-
rected viscosity curves are obtained. Such a data set is shown
for PMMA in Fig. 2. In order to evaluate the effect of pres-
sure on the viscosity, the necessary corrections should �rst
be applied to the data. In principle, the wall shear stress
has to be obtained on the basis of the pressure drop over
the capillary with length L, where fully developed, station-
ary, isotherm and laminar �ow occurs. In a capillary die, the
measured pressure drop will always include an exit and en-
trance pressure loss which has to be accounted for by means
of the Bagley correction. Since the exit losses are typically
much smaller than the entrance losses, the former are as-
sumed to be negligible in this discussion.

At atmospheric pressure, the Bagley corrections for the
polymers used in this work were found to be small (insigni�-
cant for PMMA and PαMSAN and less than 5 % for LDPE).
The question remains however, how this Bagley correction
changes with increasing pressure. From an equation derived
by Cogswell (1972), it follows that the entrance pressure
loss ∆P2

entrance ∼ ηs · ηe, with ηs and ηe respectively the
shear and elongational viscosity. Since the shear viscosity
will have a proportional in�uence on the total pressure drop
as on the entrance pressure loss, the importance of ∆Pentrance
at elevated pressure depends solely on the pressure depen-
dence of the elongational viscosity. For most polymers the
elongational pressure coef�cient is different from its coun-
terpart in shear �ow (Binding et al. 1998; Couch and Bind-
ing 2000; Laun 2004; Sedlacek et al. 2004; Carreras et al.
2006). For instance, for PαMSAN at 210 ◦C, so-called throt-
tle coef�cients relating entrance and total pressure drops to
exit pressure, are available (Laun 2004). Using these throt-
tle coef�cients and the measured pressures at the exit and
entrance of the die, this would, for the highest exit pres-
sures used here, result in a ratio ∆Pentrance/∆Ptot that is ap-
proximately 5 times higher than at atmospheric conditions.
Since the Bagley correction at atmospheric conditions was
insigni�cant for PαMSAN, it is fair to assume that this is

also approximately the case at elevated pressures. Regarding
the similar �ow behaviour of PMMA and PαMSAN (Laun
1998), it seems justi�ed to expect a comparable behaviour
for PMMA.

For LDPE the situation is slightly different. Carreras et
al. (2006) studied 4 different grades of PE, of which two
grades of LDPE, and found that for each of them the elonga-
tional pressure coef�cients were equal or smaller than those
in shear �ow. Similar results for LDPE were obtained by
other authors (Couch and Binding 2000; Laun 2004; Sed-
lacek et al. 2004), while one author reported slightly higher
pressure coef�cients for LDPE in elongational �ow than in
shear �ow (Binding et al. 1998). Hence, ∆Pentrance will, at
most, increase with pressure to the same extend as ∆Ptot .
Since the Bagley correction at atmospheric conditions was
smaller than 5 %, it can be concluded that this will also
be the case at elevated pressure. Hence, Bagley corrections
have been neglected throughout and all measurements are
carried out using a single die with a length of 30 mm and
a diameter of 1 mm. Because the polymers under investi-
gation are not expected to experience slip under the present
conditions, the diameter of the die was not varied.

The conventional Weissenberg-Rabinowitch correction
was applied to deal with the non-Newtonian behaviour of the
polymers by converting the measured apparent shear rate �γs
to true wall shear rate �γw. The corrected data were then �t-
ted with the Ellis model in order to be able to calculate vis-
cosities at the same shear rates at every pressure level. The
results of these calculations, together with the uncorrected
viscosity data for PMMA at an exit pressure of 60 MPa, are
shown in Fig. 3 (data at constant mean pressure: see further).

To judge the possible effect of viscous heating, the Nah-
me number was calculated (Macosko 1994):

Na =
εηw �γ2

wR2

4k (2)

where k is the thermal conductivity of the polymer, ε the
temperature coef�cient of viscosity and R the radius of the
capillary die. For LDPE the Nahme numbers varied between
0.00028 and 0.072 under all experimental conditions, the
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Fig. 2 Viscosity curves for PMMA (T = 210 ◦C) at various exit pres-
sures

highest values occurring for data with a combination of high
pressure and high shear rate. For PMMA and PαMSAN the
highest values obtained were 3.7 and 2.8. Deviations of the
measured viscosities due to viscous heating can be expected
for Na > 1 (Macosko 1994). Therefore, all data points that
gave rise to Nahme numbers above 1 have not been used in
the present analysis.

As was already mentioned, the measurements were per-
formed using a series of �xed exit pressures in the pressure
chamber. Depending on the applied shear rate, the same exit
pressure will lead to different mean pressures in the capillary
die. Hence, since only viscosities de�ned at a certain mean
pressure represent a real material property, a calculation of
viscosity curves at constant mean pressure is needed. The re-
sulting curves are more easily interpretable and are required
to apply the superposition method on the data (see next sec-
tion). Determining the mean pressure in the capillary is a
nontrivial problem, since it is not possible to measure the
pressure in the middle of the die directly. Other methods are
necessary in order to evaluate the mean pressure. Assuming
a linear pressure pro�le in the die, the mean pressure can
simply be estimated as the arithmetic mean of the pressures
at the entrance and exit of the die. In reality however, the
pressure pro�le is non-linear as a result of the exponential
pressure dependency of the viscosity. Oosterlinck (2000)
slightly modi�ed an expression derived by Denn (1981) and
obtained an expression for the pressure pro�le over the die:

P(x) =
−1
β

ln
(

exp(−βPexit)− 2β
R ηatm �γwx

)
(3)

where ηatm is the viscosity at atmospheric pressure, x is the
position in the capillary die measured from the exit and Pexit
is the exit pressure. Recently Laun (2003) showed that, for
high shear rate capillary rheometry, the curvature of the pres-
sure pro�le originates from the combined effect of pressure
and dissipative heating. This author derived an expression

Fig. 3 Weissenberg-Rabinowitch (WR) correction and importance of
the used reference pressure for PMMA (T = 210 ◦C)

for the pressure pro�le which takes into account both effects.
Here, the effect of viscous heating is neglected because the
Nahme numbers were restricted to suf�ciently low values.
Eq. 3 is equivalent to the expression derived by Laun (2003)
(eq. 15 in the original paper) with the dissipation heating co-
ef�cient being zero. The deviation from linearity increases
with increasing pressure drops, and thus increasing exit pres-
sures and shear rates. As an example, its importance was ex-
amined for PMMA at the rather extreme values of an exit
pressure of 60 MPa and a shear rate of 290 s−1. By inte-
grating eq. 3 over the length of the capillary, it is possible
to determine the true pressure in the middle of the die. Here
a difference of 7 % with the arithmetic mean between en-
trance and exit pressure of the die was obtained. Because
the deviation of 7 % is an upper limit for the measurements
presented here, use of the simple linear approximation is jus-
ti�ed within engineering approximation.

By using the exponential pressure dependency of the vis-
cosity (see eq. 1, keeping the shear rate constant), viscosities
were recalculated to a series of arithmetic mean pressures
(0.1, 30, 40, 55, 70 and 80 MPa) for every shear rate. As
a reference pressure, the data point with mean die pressure
closest to the target mean pressure was used. Several viscos-
ity curves at a series of constant exit pressures are thus com-
bined into one curve at constant mean pressure. This pro-
cedure clearly causes substantial data handling which is the
major drawback of the enhanced exit pressure technique as
compared to the double piston rheometers where the mean
pressure can be controlled explicitly. The signi�cance of the
reference pressure is illustrated in Fig. 3, which shows vis-
cosity data for PMMA at a constant exit pressure of 60 MPa
as well as data at a constant mean pressure of 70 MPa. As
can be seen, the slope of the curve is signi�cantly affected.

The fully corrected viscosity curves for the three poly-
mers are given in Figs. 4 and 5. These �gures clearly show
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Fig. 4 Viscosity curves for PMMA (T = 210 ◦C) for a series of mean
pressures

Fig. 5 Viscosity curves for PαMSAN and LDPE (T = 210 ◦C) for a
series of mean pressures

that increasing the pressure can have a substantial effect on
the viscosity of polymer melts. For instance, for PMMA at
high shear rates the viscosity doubles by increasing the pres-
sure from atmospheric to 80 MPa, at low shear rates it even
triples. Figs. 4 and 5 also illustrate that both PMMA and
PαMSAN have a relatively large pressure dependency as
compared to LDPE. The latter is not surprising since PMMA
and PαMSAN have bulky sidegroups, which stiffen the poly-
mer structure. The pressure dependence of the viscosity is
associated with the presence of free volume: increasing the
pressure will reduce the free volume and hereby increase the
interactions occurring during �ow. Less �exible chains are
more susceptible to increased interactions and their viscos-
ity will hence show a larger pressure dependency (Couch
and Binding 2000).

Determination of the pressure coef�cients

In this section different methods will be used to derive the
pressure coef�cient β from the corrected data sets of the pre-
vious section. Firstly the pressure coef�cient will be calcu-
lated directly (see eq. 1). These methods have the advantage
that viscosity data versus shear rate or versus shear stress can
be used directly without calculating viscosity curves at con-
stant mean pressure. In addition, a superposition method will
be applied to the data in Figs. 4 and 5 and its relation to the
directly calculated pressure coef�cients will be discussed.

Method 1: Direct calculation of the constant shear rate pres-
sure coef�cient

By using the de�nition of the pressure coef�cient at constant
shear rate (eq. 1),

β �γ =
(dlnη

dP

)
T, �γ

(4)

it is possible to calculate β �γ as the slope of the curves of the
logarithm of the viscosity at a given shear rate, plotted ver-
sus the mean pressure in the die. Such an approach can lead
to coef�cients that depend not only on pressure and temper-
ature but also on shear rate. Hence, such a procedure will not
lead to a real thermodynamic property of the polymer melt
(Goubert et al. 2001). Yet, it has been commonly used in lit-
erature (Herrmann and Knappe 1969; Steuten et al. 1994;
Binding et al. 1998; Koran and Dealy 1999; Oosterlinck
2000; Goubert et al. 2001), mainly because of its ease-of-
use.

This approach is illustrated in Fig. 6 for PMMA. Vis-
cosity values were obtained after Weissenberg-Rabinowitch
correction and subsequent �tting with an Ellis model (see
data handling section). From the known exit pressure and
pressure drop for every data point, the corresponding arith-
metic mean pressure was calculated. It can be noted that the
data at the lowest shear rates show a slight downward cur-
vature with respect to the linear regression line. This will
be discussed further. The resulting values of β �γ for the three
polymers are summarised in Fig. 7. The error bars represent
the standard deviation on β �γ , estimated on the basis of a least
squares �t for a linear regression through the data in Fig.
6. The pressure dependence of the viscosity for PMMA and
PαMSAN is clearly much higher than that for the more �ex-
ible LDPE chains. Moreover, within measuring accuracy, it
is hardly possible to distinguish between the pressure coef�-
cients of PMMA and PαMSAN. For all three polymers, it is
clear that the pressure coef�cients decrease with increasing
shear rate and tend to reach a constant value in the power
law region of the viscosity curves. This constant value will
be used in the evaluation section.
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Fig. 6 Determination of β �γ at several shear rates for PMMA (T =
210 ◦C)

Fig. 7 Pressure coef�cients β �γ (direct method: symbols) versus shear
rate and pressure coef�cients n·β∗ (superposition method: lines) (T =
210 ◦C)

Method 2: Direct calculation of the constant shear stress
pressure coef�cient

Secondly, an adapted version of the direct calculation method
for the pressure coef�cient will be discussed. It is based on
the de�nition of the pressure coef�cient at constant shear
stress:

βσ =
(dlnη

dP

)
T,σ

(5)

In order to calculate βσ , the data are �rst converted to
obtain viscosities as a function of shear stress by using the
Ellis model for the data after the Weissenberg-Rabinowitch

Fig. 8 Determination of βσ at several shear stress levels for PMMA (T
= 210 ◦C)

correction. For every selected value of the shear stress, the
logarithm of these viscosities is plotted versus the arithmetic
mean pressure in the die, similar to Fig. 6. This is illustrated
for PMMA in Fig. 8. The accuracy of the regression seems
to be similar for all stress levels, in contrast with the curves
in Fig. 6. It should be noted however, that less data points
are available at the lowest shear stresses.

The resulting values for βσ are shown in Fig. 9. The error
bars again represent the standard deviation on βσ estimated
on the basis of the least squares �t. The most important prop-
erty of this pressure coef�cient is the fact that its value does
not depend on shear stress, even for the shear rates below
the power law region. Hence, βσ seems to be a more appro-
priate indicator than β �γ to describe pressure dependence of
viscosities of polymer melts e.g. in process simulations. The
relation between βσ and β �γ will be discussed in the evalua-
tion section.

Method 3: Calculation of the pressure coef�cients by super-
position

Rather than calculating the pressure coef�cient directly, its
value can be extracted from the superposition method. The
drawback of this method is the rather involving data hand-
ling needed to obtain the viscosity curves at constant mean
pressure (see data handling section).

According to Couch and Binding (2000) the three pro-
cessing parameters (shear rate, temperature and pressure)
that in�uence viscosity can be taken into account by de�ning
a single shift factor aT P:
η( �γ ,P,T )

aT P
= η(aT P · �γ ,Tre f ,Pre f ) (6)

Often, the effect of pressure and temperature can be sepa-
rated from the effect of shear rate, resulting in a shift factor
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Fig. 9 Pressure coef�cients βσ versus shear stress (T = 210 ◦C)

aT P which is shear rate independent. Viscosity curves at dif-
ferent pressures and temperatures can then be shifted onto
a mastercurve by using the appropriate shift factor aT P for
each combination of pressure and temperature. Couch and
Binding (2000) showed this to be valid in the power law
region of the �ow curves for most of the commonly used
thermoplastic polymers, implying that the power law index
is independent of pressure and temperature under the condi-
tions investigated.

Different expressions can be used to model the pressure
and temperature dependence of this shift factor. Couch and
Binding (2000) proposed to describe aT P by combining
Barus- and Arrhenius terms in a product, which led to the
following expression:

aT P = aP ·aT = exp
(

β∗(P−Pre f )
)
·exp

(E
R (

1
T −

1
Tre f

)
)

(7)

where E is the activation energy and R the universal gas con-
stant. β∗ de�nes a pressure coef�cient. The Arrhenius equa-
tion usually only applies over a limited temperature range,
as was the case in the measurements of Couch and Bind-
ing (2000). For wider temperature ranges other expressions
are more suitable to describe the temperature dependence of
the shift factors, but the temperature effect can not always
be separated from the pressure effect (Kadijk and Van Den
Brule 1994; Sedlacek et al. 2004). It should be mentioned
that expressions are available to describe the combined ef-
fects of pressure and temperature (e.g. Utracki (1983b)).
For instance, an equation proposed by Fillers and Tschoegl
(1977), based on free volume arguments, has proven to be
useful in this respect. However measurements at a single
temperature are discussed in the present paper and conse-
quently only the Barus term will be of relevance. Hence,
an appropriate expression for the pressure coef�cient β∗ is
given by:

β∗ =
(dlnaP

dP

)
T

(8)

Fig. 10 Mastercurves using Pmean = 55 MPa as the reference state (T
= 210 ◦C)

For polymer systems that obey the time-temperature-pres-
sure superposition principle all the relaxation times have the
same dependence on either temperature or pressure. There-
fore the results of Couch and Binding (2000) can be ex-
tended to the lower shear rate region where the curves no
longer obey the power law. This is interesting from an appli-
cation point of view because again, a single parameter will
suf�ce to describe the pressure effect on the total viscosity
curve.

Although the method should apply to the whole �ow
curve, the current set-up did not provide an accurate mea-
surement of the zero-shear viscosity under pressure. Hence,
in order to improve the accuracy of the superposition, only
the power law parts of the curves from Figs. 4 and 5 were
used in the calculation of the shift factors. The reference
curve was chosen to be the viscosity curve for a mean pres-
sure of 55 MPa. The curves were then shifted by multiplying
the shear rate and dividing the viscosity by the same shift
factor aP (see eq. 6) until they superposed on this reference
curve. A least squares error algorithm was used to deter-
mine these shift factors. It should be mentioned however that
by using equal shift factors for viscosity and shear rate, the
vertical shift factor T ρ

T0ρ0
is neglected (Dealy and Wissbrun

1999). Since melts are nearly incompressible, this vertical
shift factor is indeed very close to one.

The mastercurves obtained by this method are shown
in Fig. 10. Data points in the transition region of the �ow
curves are included and the achieved superposition is good
for all available data points. The mastercurves for PMMA
and PαMSAN nearly coincide. The obtained superposition
suggests that the power law exponents for the three poly-
mers are, within experimental error, independent of pres-
sure. This is con�rmed by the values of these exponents in
Table 1, which show little variation with pressure. It needs to
be stressed that the superposition method is based on shift-
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Table 1 Results of the superposition method (T = 210 ◦C)

PMMA PαMSAN LDPE

Pmean(MPa) β∗ (GPa−1) n β∗ (GPa−1) n β∗ (GPa−1) n
30 39.44 0.30 38.67 0.32 10.16 0.40
40 37.01 0.27 32.50 0.27 8.80 0.40
55 36.66 0.27 36.85 0.30 10.53 0.39
70 36.81 0.26 33.37 0.26 10.31 0.39
80 34.66 0.26 37.41 0.27 10.27 0.38
Mean: 37.01 36.69 10.04

ing the viscosity versus shear rate curve over 45 ◦. This im-
plies that β∗ is a pressure coef�cient for constant shear stress
(Laun 2003). Hence, as will be discussed in the next section,
β∗ and βσ are closely related to each other. An overview of
the coef�cients β∗, obtained from the shift factors by using
eq. 7, for the different pressure levels is given in Table 1 (see
also next section). To obtain a pressure coef�cient at 55 MPa
a reference pressure of 70 MPa was used. A mean value for
the pressure coef�cient was obtained by using eq. 8 and the
shift factors for the different pressure levels.

Evaluation of the different methods

In the previous sections, three different pressure coef�cients
were calculated: a pressure coef�cient β �γ at constant shear
rate, a pressure coef�cient βσ at constant shear stress and a
pressure coef�cient β∗ derived from superposition of the vis-
cosity curves. Their values have been summarized in Table
2.

The calculation of the pressure coef�cient for a constant
shear rate is somewhat hampered in the transition region.
The transition from Newtonian to shear thinning shifts to
lower shear rates when increasing the pressure (Ferry 1970),
which causes a deviation from the exponential dependence
between pressure and viscosity in this region. This can be
clearly seen in Fig. 6 where, for the lowest shear rates, the
points at intermediate pressures are situated above the re-
gression line, indicating that the pressure dependence of the
viscosity is slightly diminishing with increasing pressure.
For practical purposes this manner of calculating β �γ can how-
ever still be used, as is con�rmed by the fact that the regres-
sion coef�cient for the �t at the lowest shear rate still reaches
0.989. Decreasing values of the pressure coef�cient with
increasing shear rate, as in Fig. 7, have been reported fre-
quently in literature (Herrmann and Knappe 1969; Driscoll
and Bogue 1990; Koran and Dealy 1999; Oosterlinck 2000;
Goubert et al. 2001; Liang 2001). Pressure coef�cients at
high shear rates are thus the result of the combined in�uence
of pressure and shear thinning and can not be interpreted eas-
ily (Driscoll and Bogue 1990; Liang 2001). When calculat-
ing pressure coef�cients at constant shear stress, the values
remain constant even in the transition region (see Fig. 9).
An analogous result was presented earlier for the tempera-
ture effect around the transition to shear thinning (Lomellini

Table 2 Overview of the different pressure coef�cients (T = 210 ◦C)

Polymer βσ β∗ βHS nβ∗
(GPa−1) (GPa−1) (GPa−1) (GPa−1)

PMMA 35 37 9.2 10.1
PαMSAN 39 37 8.6 10.4
LDPE 10 10 3.6 3.9

and Ferri 2000): the higher the shear rate, the lower the in-
crease of viscosity for a decrease in temperature whereas the
temperature effect remained constant when plotting the data
versus shear stress. Hence, only the pressure coef�cients at
constant shear stress can be seen as a key thermodynamic
property of the melt.

Although different data treatments lead to different val-
ues, the obtained pressure coef�cients are interrelated. The
superposition method is in fact equivalent to shifting the vis-
cosity curves at a constant shear stress. Hence, the pressure
coef�cient at constant shear stress and the coef�cient ob-
tained from the superposition method should be equivalent.
From Table 2, it can be seen that the values of βσ and β∗ are
indeed very similar. From a practical point of view, a per-
fect superposition of the pressure dependent viscosity over
the whole shear rate range requires accurate low shear rate
data. This range of shear rates is however not accessible with
the enhanced exit pressure technique used here. The direct
calculation of the pressure coef�cient βσ at constant shear
stress then provides a useful alternative. Furthermore, βσ
can be obtained more readily from the data since it does not
require the calculation of viscosity curves at constant mean
pressures.

From Table 1, it is clear that within experimental error,
the power law exponent can be regarded as independent of
pressure. Couch and Binding (2000) reported that in the
power law regime, the constant shear rate pressure coef�-
cient indeed became independent of shear rate. This high
shear rate limit, here denoted as βHS is hence related to either
β∗ or βσ by the relationship βHS = n ·β∗ (Couch and Binding
2000). The values of n·β∗ are included in Fig. 7 and Table 2
for comparison with βHS. The data indeed con�rm the pro-
posed relationship, although pressure coef�cients obtained
from the superposition method show somewhat higher val-
ues. Most probably, this is caused by the fact that the pow-
erlaw region is not yet fully reached.
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It would be interesting to compare a theoretical value
for the pressure coef�cient with the experimentally obtained
one. In literature, a semi-empirical correlation between vis-
cosity and free volume has been used to calculate the pres-
sure coef�cient of viscosity from PVT-data (Utracki 1983a,
1985). This method uses the Simha-Somcynski equations of
state to determine the free volume in the polymer for dif-
ferent values of pressure and temperature. Then the Doolit-
tle equation between zero shear viscosity and free volume
(Doolittle 1951) combined with temperature dependent zero
shear viscosities is used to determine the pressure depen-
dency of the zero shear viscosity. This analysis could only be
performed here for the PMMA and PαMSAN grades since
no PVT-data for the LDPE used were available. Based on
this Simha-Somcynski equation, this resulted in a value for
β of 51 GPa−1 for PαMSAN. For PMMA a value of 30±5
GPa−1 could be found in literature (Van Hemelrijck 2000).
These values should be compared with the ones in Table 2
for βσ , which are 39 GPa−1 and 35 GPa−1 for PαMSAN
and PMMA respectively. It is intriguing to observe that it is
possible to estimate the pressure dependency of the viscos-
ity without determining any pressure dependent viscosity.
However, since only two polymers (with a quite similar �ow
behavior) were considered here, no general conclusions can
be drawn in this respect.

Conclusions

Viscosity measurements under elevated pressure were per-
formed on PMMA, PαMSAN and LDPE melts, using a cap-
illary rheometer extended with a pressure chamber. From the
results it is clear that PMMA and PαMSAN have a very
similar pressure dependence of viscosity. The LDPE, which
consists of very �exible chains, is much less sensitive to
pressure.

The goal of this work was to present and compare dif-
ferent data analysis schemes to obtain pressure coef�cients
from high pressure capillary data. Both constant shear rate
and constant shear stress coef�cients were calculated, al-
though the constant shear rate pressure coef�cient is not a
real thermodynamic property of the polymer melts. In ad-
dition to this it is very inconvenient to use in models and
process simulations since its value was observed to decrease
with shear rate. When calculating pressure coef�cients at
constant shear stress, the values remain constant, even in
the transition region. Therefore, pressure coef�cients at con-
stant shear stress should preferably be used. A direct cal-
culation procedure was proposed to obtain these pressure
coef�cients. This procedure leads to results equivalent with
those of the superposition method, which is commonly used
in literature. However it reduces experimental and calcula-
tional efforts since it becomes unnecessary to measure zero-
shear or high-shear viscosities and to recalculate to viscosity
curves at constant mean pressures. The measured pressure
coef�cients were similar to those obtained from PVT-data.

Acknowledgements R. Cardinaels currently acknowledges a scholar-
ship of FWO-Flanders. We also acknowledge BASF and Elf Atochem
for supplying the polymers and the PIAM coordination action for par-
tial �nancial support. The authors are indebted to Dr. Laun for provid-
ing the PVT-data of the PαMSAN melt.

References

Barus CJ (1891) as quoted by Binding et al. (1998) Proc Am Acad
27:13

Binding DM, Couch MA, Walters K (1998) The pressure dependence
of the shear and elongational properties of polymer melts. J Non-
Newtonian Fluid Mech 79:137-155

Carreras ES, El Kissi N, Piau JM, Toussaint F, Nigen S (2006) Pres-
sure effects on viscosity and �ow stability of polyethylene melts
during extrusion. Rheol Acta 45:209-222. DOI:10.1007/s00397-
005-0010-1

Cogswell FN (1972) Converging �ow of polymer melts in extrusion
dies. Polym Eng Sci 12:64-68

Cogswell FN, McGowan JC (1972) The effects of pressure and tem-
perature upon the viscosities of liquids with special reference to
polymeric liquids. Br Polym J 4:183-198

Couch MA, Binding DM (2000) High pressure capillary rheometry of
polymeric �uids. Polymer 41:6323-6334

Dealy JM, Wissbrun KF (1999) Melt rheology and its role in plas-
tics processing: Theory and applications. Kluwer Academic, Dor-
drecht

Denn MM (1981) Pressure drop-�ow rate equation for adiabatic cap-
illary �ow with a pressure- and temperature-dependent viscosity.
Polym Eng Sci 21:65-68

Doolittle AK (1951) Studies in Newtonian �ow 2. The dependence of
the viscosity of liquids on free-space. J Appl Phys 22:1471-1475

Driscoll PD, Bogue DC (1990) Pressure effects in polymer rheology. J
Appl Polym Sci 39:1755-1768

Duvdevani IJ, Klein I (1967) Analysis of polymer melt �ow in capil-
laries including pressure effects. SPE Journal 23:41-45

Ferry JD (1970) Viscoelastic properties of polymers. 2nd edn., John
Wiley & sons inc., New York

Fillers RW, Tschoegl NW (1977) Effect of pressure on mechanical-
properties of polymers. Trans Soc Rheol 21:51-100

Goubert A, Vermant J, Moldenaers P, Göttfert A, Ernst B (2001) Com-
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