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Abstract: The steady-state shear viscosity ( )η γ̇ is required
in controlling processing parameters for the extrusion
processing of polymer melts. A newmethod, the so-called
ramp test, is investigated in this study to obtain the
steady-state shear viscosity with a closed cavity rhe-
ometer (CCR). To verify the method and the accuracy of
the CCR data, three commercial polyolefin polymers, a
low-density polyethylene (LDPE), a linear low-density
polyethylene (LLDPE), and a polybutadiene (PBD), were
used as model systems. Measurements of the magnitude
of the complex viscosity ∣ ( )∣η ω⁎ were compared with the
steady-state shear viscosity data obtained by capillary
rheometer and CCR. Further, time–temperature superpo-
sition master curves of the magnitude of the complex
viscosity and steady-state shear viscosity obtained by
CCR were developed for LLDPE and PBD. The influence
of the cavity sealing on the instrument’s accuracy to
obtain the steady-state shear viscosity was investigated

using the finite element method simulations. Thus, it was
shown that the ramp test performed by CCR is a practical
method to determine reliable and reproducible data of the
steady-state shear viscosity within a wide range of tem-
peratures (T = 50–180°C) for low and high viscous mate-
rials (∣ ( )∣η ω⁎ = 1.6–480 kPa s, Mw = 144–375 kgmol−1).

Keywords: steady-state shear viscosity, closed cavity rhe-
ometer, ramp test, time–temperature superposition, numer-
ical simulation

1 Introduction

Screw extrusion processing is a common process used to
produce films, chemicals, and tires as well as food pro-
ducts such as pasta, cereals, or meat substitutes. For all
these processes, the rheological behavior of the material
used has a crucial role at various levels. This includes
process control and stability as well as product properties
and mechanical performance. Therefore, there is a sig-
nificant effort to measure the rheological properties of the
materials used under processing conditions in shear and
elongation flows. Among others, the steady-state shear
viscosity ( )η γ̇ is of high interest, as it determines the torque
required for extrusion. In addition, the mechanical stress
profile during extrusion and the temperature reached in the
screw section depend on the steady-state shear viscosity
due to viscous heating [1]. In the die section, the steady-
state shear viscosity also determines the flow conditions.
Therefore, steady-state shear viscosity is of great interest
for the control of extrusion processing for polymers [2–4]
and for food products, i.e., meat replacers [5–7].

The viscosity of a fluid is the flow resistance force
caused by the internal friction of the molecules [8]. Using
a rotational rheometer, two different viscosities can be
obtained depending on the measuring procedure. On
the one hand, in the linear regime, the magnitude of
the complex viscosity ∣ ( )∣η ω⁎ can be obtained by applying
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a small amplitude oscillatory shear (SAOS) flow. The
magnitude of the complex viscosity ∣ ( )∣η ω⁎ is defined as

∣ ( )∣ = ′ + ″ /η ω G G ω⁎ 2 2 , where ′G is the storage modulus,
″G is the loss modulus, and ω is the angular frequency.

On the other hand, in the nonlinear regime, the steady-
state shear viscosity ( )η γ̇ is defined as ( ) ( )= /η γ σ γ γ̇ ̇ ̇ ,
where γ̇ is the shear rate and ( )σ γ̇ is the shear stress.
The complex viscosity ∣ ( )∣η ω⁎ and the steady-state shear
viscosity ( )η γ̇ are linked via the empirical Cox–Merz
rule, which is widely used in the industry [9]. The rule
originally established by Cox and Merz showed that the
magnitude of the complex viscosity ∣ ( )∣η ω⁎ obtained by a
rotational rheometer is very close to the apparent shear
viscosity ( )η γ̇app measured by capillary rheometer, for

equality of the frequency ω and the steady-state shear
rate γ̇ (∣ ( )∣ ( )=η ω η γ̇⁎

app for =γ ω̇ ). The applicability of

the Cox–Merz rule to the steady-state shear viscosity
( )η γ̇ and the magnitude of the complex viscosity ∣ ( )∣η ω⁎

has been established for many polymer melts, concen-
trated systems, and semi-dilute systems (∣ ( )∣ ( )=η ω η γ̇⁎

for =γ ω̇ ). For example, a detailed investigation on the
appraisal of the Cox–Merz rule for polyolefinmelts can be
found in the work of Snijkers and Vlassopoulos [10].

Furthermore, the comparison of the steady-state shear
stress ( )σ γ̇ and the magnitude of the complex shear mod-
ulus| ( )|G ω⁎ ( ( ) | ( )|=σ γ G ω̇ ⁎ for =γ ω̇ ) proposed byWinter is
used to draw an additional conclusion about the viscoelas-
ticity of the investigated material [11]. Since the Cox–Merz
rule is an empirical rule for which no final justification has
been provided, it is not recommended to use the magnitude

of the complex viscosity to predict the steady-state shear
viscosity for unknown materials. In the context of this pub-
lication, it is assumed that the Cox–Merz rule is typically
valid within a 15% deviation between the magnitude of
the complex viscosity and the steady-state shear viscosity.
This assumption is made to cover possible measurement
inaccuracies of the different devices and measurement rou-
tines used.

Modern rheometers can provide reliable information
on the magnitude of the complex viscosity, but it is still
challenging to obtain reliable data on the steady-state shear
viscosity for strongly viscoelastic materials. Typical advan-
tages and disadvantages to obtain the steady-state shear
viscosity are given in Table 1. In this context, it would be
of interest, for both research purposes and industry, to have
a fast and accurate method that requires the use of only a
small amount of material to obtain the steady-state shear
viscosity for strongly viscoelastic materials.

As Table 1 displays, closed cavity rheometers (CCRs)
have a great potential for determining the steady-state
shear viscosity compared to the capillary and open cavity
rheometers. CCRs are usually equipped with a motor
providing higher torque values, which enables the mea-
surement of a high viscous material without using small
geometries (r < 5 mm). By applying and controlling pres-
sure, and using plates with grooves, wall slippage can be
prevented. The closed cavity set up of the CCR is elimi-
nating the edge fracture. In addition, by the application
of pressure in the closed cavity, the evaporation of sol-
vents, i.e., water at high temperatures is avoided. A small

Table 1: Advantages, disadvantages, and typical limitations of open cavity rheometers, capillary rheometers, and CCR

Open cavity oscillatory rheometer Capillary rheometer Closed cavity oscillatory
rheometer

Advantages Low amount of material needed
(1 g), versatile in measuring
procedures, fast temperature
control (30 K/min)

Feasibility of high shear rates

(γ̇ 100 s−1
> ), comparable with

actual extrusion processes

Low amount of material needed
(4.5 g), versatile in measuring
procedures, fast temperature
control (80 K/min), no edge
fracture, pressure regulation

Disadvantages Wall slippage, secondary flow, edge
fracture, loss of lubricant/solvent

Different flow types (Couette vs
Poiseuille) to compare it with
rotational rheometer, wall slippage,
data correction needed, large
amount of material needed (>100 g),
viscous heating, extrusion flow
instabilities, not suitable for low
shear rates

No continuous rotation, Not
suitable for low viscous material,
Wall slippage, Little variety of
measurement geometries

Typical limitations
(shear rate,
temperature, torque/
force)

γ̇ 0.001−1, 000= s−1, T = −150 to

600°C, M = 0.1 µNm to 0.2 Nm

γ̇ 10−10, 000= s−1, T = 25–600°C,
F = 10–50 kN

γ̇ 0.01−30= s−1, T = 25–230°C,
M = 0.1 mNm to 25 Nm
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chamber geometry (r ≈ 20mm) allows a quick and accu-
rate increase or decrease of test temperature. These rhe-
ometers are widely used to determine viscoelastic proper-
ties of rubbers and water-containing food samples [12–14].
A measurement of the steady-state shear viscosity with the
CCR would therefore offer the possibility of carrying out
quick, simple measurements without having to use a lot of
material.

To the best of our knowledge, Burhin and Rauschmann
[15–17] as well as Heyer et al. [18] are the only authors to
have published on determining steady-state shear viscosity
data with CCR. In their work, the ramp test method, a
method to obtain the steady-state shear viscosity via CCR,
was introduced and mainly used to investigate the steady-
state shear viscosity of rubbers. In addition, they used the
ramp test in combination with a polished plate to obtain
information about wall slippage. Most recently, Rausch-
mann et al. presented a new generation of CCR (Rubber
Process Analyzer Ultra, Bareiss Prüfgerätebau GmbH, Ober-
dischingen, Germany), which enables continuous rotation
at shear rates up to =

−γ̇ 500 s 1 [19].
To further verify the ramp test method, this study

presents data for a low-density polyethylene (LDPE), a
linear low-density polyethylene (LLDPE), and polybuta-
diene (PBD). The specific choice of materials was made to
present results from well-known, widely used polymers.
Also, by choosing these polymers as samples, a wide
range of average molecular weights and processing beha-
viors are investigated. Hence, in comparison to the filled
system used in the previous studies, thorough conclusions
by using simpler samples can be drawn about the ramp
test method. First, data obtained by SAOS measurements
were compared with steady-state data obtained by capil-
lary measurements to validate the applicability of the
Cox–Merz rule. The data of the magnitude of the complex
viscosity for the three polymers were fitted by the Cross
model [20]. The Cross model found for LDPE was used for
numerical finite element simulations to investigate the
theoretical influence of the cavity sealing on the CCR’s
accuracy. Subsequently, measurements were performed
with the CCR to obtain the steady-state shear viscosity of
the same LDPE, LLDPE, and PBD.

To demonstrate the potential of the ramp test and the
accuracy of the CCR, SAOS and steady-state shear measure-
ments were carried out for LLDPE and PBD at different tem-
peratures. The data obtained were used to construct master
curves using the time–temperature superposition (TTS) prin-
ciple [21]. The horizontal aT and vertical bT shifting factors
were chosen based on the SAOSmeasurements and could be
used for both the magnitude of the complex viscosity and
the steady-state shear viscosity data.

2 Materials

The materials used in this study were LDPE, LLDPE, and
PBD. The melting temperature and the molecular charac-
teristics (number average molecular weight Mn, average

molecular weightMw, and polydispersity Ɖ
( )

M
M

n

w
are listed

in Table 2. Themolecular characteristics of LDPE and LLDPE
have been obtained by a high-temperature size exclusion
chromatography (SEC) coupledwith amulti-angle laser light
scattering technique at T = 140°C. Linear polyethylene (PE)
standards were used for column calibration. The molecular
weight distribution of the investigated PBD was detected by
the size exclusive chromatography equippedwith a differential
refractive index detector. Homopolymer PBD standards with
linear molecular architecture were used for column calibration.

3 Experimental and computational
rheological measurements

3.1 The magnitude of the complex
viscosity η ω⁎∣ ( )∣

To determine the magnitude of the complex viscosity
∣ ( )∣η ω⁎ , frequency sweep experiments were performed
with a CCR, also called rubber process analyzer (RPA)
flex, from TA Instruments, Inc. (New Castle, DE, USA),

Table 2: Melting temperature and molecular characteristics of the investigated LDPE, LLDPE, and PBD

Melting temperature (°C) Glass transition temperature (°C) Mn kgmol−1( ) Mw (kgmol−1) Ɖ

LDPE 114 — 23.7 146 6.16
LLDPEa 125 — 32.7 144 4.40
PBDb — −108 107 375 3.50

aAdapted from Georgantopoulos et al. [22]. bAdapted from Georgantopoulos et al. [3].
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as shown in Figure 1. The CCR is equipped with a grooved
cone-cone geometry (r = 20.625 mm, ϴ = 7.16°). The
grooves in the cones are used to prevent wall slippage.
The experiments were carried out within the linear vis-
coelastic regime (LVE) in an angular frequency range
between ω = 0.05−1 and 315 rad s−1. The strain sweeps per-
formed to determine the LVE range are shown in Figure S3
in the supplementary material. For LDPE and LLDPE, a
strain of γ = 10%, and for PBD, a strain of γ = 1%was chosen
to obtain an accurate signal in the low-frequency range.
Before each measurement, the material was held at the
zero position for 3min to ensure a homogenous temperature
profile. Measurements were performed at least in duplicate
to determine measurement errors.

3.2 Steady-state shear viscosity η γ̇( )

To determine the steady-state shear viscosity ( )η γ̇ via
different methods, experiments were performed with the
aforementioned CCR and a capillary rheometer Göttfert RG
50 from Göttfert Werkstoff-Prüfmaschinen GmbH (Buchen,
Germany).

For the capillary rheometer experiments, the sample
was loaded in the capillary rheometer reservoir (30mm
reservoir diameter) and remained there for 15 min to
ensure a homogenous temperature profile. In total, three
commercial round capillary dies (with circular cross-sec-
tion area) with a length of L = 30, 20, and 10mm and a

diameter of D = 2 mm were used. The raw data were cor-
rected according to Bagley [24] and Rabinowitsch [25].

For the CCR, the material was held at a zero position
for 3 min to ensure a homogenous temperature profile.
The lower cone then deflects by a maximum of γ = 50
(almost one rotation) at a constant rotational speed,
while the torque is measured at the upper cone. This
type of experiment is also known as a start-up shear
experiment and is used to obtain the steady-state shear
viscosity for open cavity rheometers [26,27]. After the full
displacement, the lower cone rotates back into the zero
position. The steady-state shear viscosity ( )η γ̇ can then be
calculated by equation (1), where σ is the shear stress, γ̇ is
the shear rate, Mup is the torque at the upper cone, and r
is the radius of the cone.

( ) = =  

 ·

 ·   · 

·η γ σ
γ

M
π r γ

̇
̇

3
2

1
̇
.up

3 (1)

This study has run two routines in which the steady-
state shear viscosity of the sample is measured in 13 con-
secutive deflections. The rotational speed during deflection
was chosen so that the shear rate was between γ̇ = 0.1 and
30 s−1. Lower shear rates could not be achieved due to a
poor signal-to-noise ratio. Higher shear rates could not be
achieved due to limitations of the limited rotation velocity of
the instruments motor. Measurements were made from low
to high shear rate and in reverse. Due to the grooved plates
of the geometry, it was initially assumed that slippage was
prevented and that the true steady-state shear viscosity was
directly obtained without any further correction.

Figure 1: CCR named as RPA by TA Instruments. (a) CCR, (b) function sketch closed cavity [23], and (c) grooved lower cone.
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3.3 Viscosity model

The magnitude of the complex viscosity ∣ ( )∣η ω⁎ as a func-
tion of angular frequencyω was fitted with a Cross model,
given by equation (2):

| ( )|
| |

( )
=

+ ·

η
η
τ ω

ω
1

,n
⁎ 0

⁎
(2)

where | |η0
⁎ is the zero-shear viscosity, τ is the relaxation

time, and n is the power-law index.

3.4 Numerical simulation

The calculation of the numerical equations was per-
formed with ANSYS POLYFLOW® 2020 R2 by Ansys Inc.
(Canonsburg, PA, USA), which provides a finite element
solver for highly viscous media. The program is mainly
used in the field of extrusion, for both screw extrusion
and flow through dies [5,28–30]. The simulated compu-
tational domain represents the CCR; see Figure 2a–c. The
geometric dimensions were taken from the publication of
Leblanc and Mongruel [31]. To verify the simulations and
to further investigate the influence of the sealing, a sim-
plified open cavity rheometer was also considered; see
Figure 2d. The grooves of the geometry have been omitted
to simplify mesh generation. The influence of the grooves
on the shear rate may influence the accuracy, but it is not
investigated in this study.

The mesh is depicted in Figure 2a, c, and d and is a
structured mesh, which becomes finer toward the two
contact surfaces: polymer-cones and polymer-sealing. A
computational mesh with 147,240 elements for the cavity

and 22,140 elements for each cone was proven not to
affect the simulation results numerically. To take the
rotation of the lower cone and the torque measurement
at the upper cone into account, the mesh superposition
technique introduced by Avalosse was used [29]. In this
calculation technique, the mesh for the flow domain and
the rotating/stationary parts are superimposed. For the
CCR, the mesh of the lower rotating cone and the mesh of
the upper stationary cone were superimposed on the
mesh of the cavity. While solving the Navier–Stokes
equations, a step function was added to check whether
an element is in the flowed-through domain (cavity)
or the rotating/stationary part (cone). If an element is
in the flowed-through domain, the Navier–Stokes equa-
tions were solved. Otherwise, the velocity of the rotating/
stationary body was assumed. Further information about
this simulation method can be found elsewhere [28,29]. A
no-slip boundary condition was assumed at the surface
between the cone and the cavity. This is justified due
to the usage of grooved cones in the experimental inves-
tigation. For the surface between the cavity and the
sealing, the no-slip boundary condition and the free-
slip boundary condition were investigated. For the sim-
plified open cavity rheometer, the open cavity surface
was described as a free-slip boundary condition. The
energy equation, and thus the temperature of the mate-
rial, was not taken into calculation. Assuming that the
Cox–Merz rule is valid for the investigated LDPE, the
steady-state shear viscosity of the material is described
by a Cross model (equation (2)), which has been used to
fit the experimental SAOS data (Figure 3a).

Mini-elements for velocity and linear pressure were
chosen as interpolation settings. Iterations with a Picard
scheme were performed, to take the viscosity implemented

Figure 2: Geometry and mesh for the simulation of the CCR (orange = fluid domain, gray = rotating lower cone and stationary upper cone).
(a) Top view, (b) technical drawing of the closed cavity, (c) cross-section CCR with the used computational mesh, and (d) cross-section
simplified open cavity rheometer with the used computational mesh.
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via a Cross model into account. To take the influence of the
shear rate into account, a simulation with 25 different rota-
tional speeds (γ̇ = −10 3 to 103 s−1) was carried out for the
CCR at each boundary condition of the sealing-cavity sur-
face and the simplified open cavity rheometer. The results
were used to examine the actual shear rate distribution
between the cones and near the sealing. In addition, the
torque at the upper cone was determined, and the steady-
state shear viscosity was calculated using equation (1).
Simulations were performed on a cluster server, com-
puting one node with 32 Intel Xeon Gold 6230 processors
and 70 GB of RAM.

4 Results and discussion

4.1 Investigation of the magnitude of the
complex viscosity η ω⁎∣ ( )∣ and steady-
state shear viscosity η γ̇( ) of the different
polymers

The magnitude of the complex viscosity ∣ ( )∣η ω⁎ of the
LDPE, LLDPE, and PBD samples was obtained by using
the CCR. The data were then compared with data of the
steady-state shear viscosity ( )η γ̇ obtained by a capillary

Figure 3: The magnitude of the complex viscosity η ω⁎∣ ( )∣ as a function of angular frequencyω obtained by SAOS measurements with the CCR
and the steady-state shear viscosity η γ̇( ) as a function of shear rate γ̇ obtained by the capillary rheometer, corrected by Bagley and
Weißenberg-Rabinowitsch for (a) LDPE at T = 180°C and (b) LLDPE at T = 160°C (1steady-state shear viscosity data adapted from
Georgantopoulos et al. [22]; Figure 7a and c) PBD at T = 100°C (2steady-state shear viscosity data adapted from Georgantopoulos et al. [3];
Figure 9c).
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rheometer Göttfert RG50. To obtain the magnitude of the
complex viscosity, SAOS measurements were performed
at typical processing temperatures of T = 180°C for LDPE,
T = 160°C for LLDPE, and T = 100°C for PBD in the linear
viscoelastic region. In Figure 3a–c, the magnitude of the
complex viscosity ∣ ( )∣η ω⁎ is plotted as a function of the
angular frequency ω, and the steady-state shear viscosity

( )η γ̇ is plotted as a function of the shear rate γ̇, black and
red symbols, respectively. For the considered range of
ω = 0.05–315 rad s−1, a shear-thinning behavior with a
slope of n = 0.6 for LDPE, n = 0.55 for LLDPE, and n =
0.65 for PBD can be observed. In the low-frequency range
(ω < 1 rad s−1), a change in the slope can be observed,
indicating the start of the zero shear viscosity plateau.
The shear-thinning behavior is typical of polymers and
is well known for LDPE, LLDPE, and PBD. The Cross
model (equation (2)) was suitable to describe the data
of the SAOS measurements. The Cross model fitting para-
meters for LDPE, LLDPE, and PBD are listed in Table 3. The
zero shear viscosity of the different polymers was estimated
as it was not in the shear rate range studied and is not of
interest for this investigation. To assess whether the Cox–
Merz rule applies to the three commercial polymers, a 15%
deviation was added to the Cross model (dashed gray lines).
The assumption that the Cox–Merz rule applies despite a
15% deviation was made to consider possible measurement
inaccuracies of the devices andmeasurement routines used.
In particular, data obtained by the capillary rheometer can
be affected by slippage, viscous heating, pressure effects,
and other instabilities (Table 1).

To prove the applicability of the Cox–Merz rule, data for
the steady-state shear viscosity of LLDPE and PBD were
taken from the literature [3,22]. To obtain data for the
steady-state shear viscosity of LDPE, measurements were

carried out with a capillary rheometer. The data were cor-
rected to Bagley and Weißenberg-Rabinowitsch correction
as given in Hatzikiriakos and Migler [32]. Consequently,
the steady-state shear viscosity ( )η γ̇ is plotted against the
shear rate γ̇ in Figure 3a–c (red triangles). The steady-state
data for the LDPE (Figure 3a) shows a shear thinning beha-
vior with a slope of n = 0.6 for the entire measuring range.
The values are about 15% higher than the values of the
magnitude of the complex viscosity. Therefore, in the con-
text of this investigation, it can still be assumed that the
Cox–Merz rule applies in the investigated shear rate range.
It is not a common observation that the steady-state shear
viscosity exceeds the values of themagnitude of the complex
viscosity, but this has been reported for LDPE samples in the
literature [10,33]. However, there is experimental evidence
that shows an agreement of the viscosities for a LDPE sample
and thus validity of the Cox–Merz rule [34].

For the LLDPE at T = 160°C (Figure 3b), a shear thin-
ning behavior with a slope of n = 0.55 can be found up to
shear rates of γ̇ = 163 s−1. In this range, the steady-state
shear viscosity is within the 15% deviation of the Cross
model found for the magnitude of the complex viscosity.
Thus, it can be assumed that the Cox–Merz rule is validwithin
a 15% deviation in the shear rate range of γ̇ = 2–163 s−1 at
T = 160°C. The steady-state shear viscosity for shear rates
above γ̇ = 163 s−1 shows a decrease in the slope up to a slope
of n= 1. A decrease in the slope of the shear-thinning behavior
is often reported in the context of capillary rheometer mea-
surements of polymer melts and is mainly related to wall
slippage [4,35–37]. Accordingly, it is assumed here that the
deviation is due to wall slippage.

The steady-state data for PBD at T = 100°C (Figure 3c)
show a shear thinning behavior with a slope of n = 0.65
up to a shear rate of γ̇ = 20 s−1. Up to this shear rate, the
steady-state shear viscosity is below but within the 15%
deviation of the Cross model found for the SAOS mea-
surements, except for an outlier at γ̇ = 2 s−1. For shear
rates higher γ̇ = 20 s−1, a decreasing slope up to a slope
of n = 1 can be seen. As already described for the LLDPE, a
decreasing slope can be related to wall-slippage. Thus, it
is assumed that the Cox–Merz rule is applicable within a
15% deviation for the investigated PBD and the deviation
at shear rates higher γ̇ = 20 s−1 is due to wall-slippage.

4.2 Numerical investigation of the influence
of the cavity sealing on the accuracy of
the CCR

To investigate the influence of the cavity sealing on the
accuracy of the CCR to obtain the steady-state shear

Table 3: Fitting parameters of the Cross model under the following
conditions: (a) LDPE at T = 180°C; (b) LLDPE at T = 140, 160, and
180°C; and (c) PBD at T = 50, 100, and 150°C

η ω
η
τ ω1 n

⁎ 0
⁎

| ( )| =
| |

+ ( · )

T (°C) η0
⁎| | (kPa s) τ (s) n (–)

LDPE 180 52 7 0.6
LLDPE 150 36 0.75 0.55

160 22.5 0.45 0.55
180 17.5 0.32 0.55

PBD 50 2,790 155 0.65
100 930 47 0.65
150 413 19 0.65

Here, η0
⁎| | is the zero shear viscosity, τ is the relaxation time, and n

is the power-law index.
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viscosity, numerical investigations were performed. The
possible influence of the grooves on the accuracy of the
instrument was neglected. First, a simplified open cavity
rheometer (Figure 2d) was simulated at constant rota-
tional speed (shear rate γ̇ = 1 s−1). Then, simulations at
different rotational speeds were performed. Since it is not
clear whether the material adheres to the surface of the
sealing or slides during experimental conditions, both
the no-slip and free-slip boundary conditions were con-
sidered as two extremes for the simulation. In Figure 4a, the
shear rate distribution between the cones is shown for (i) the
open cavity rheometer, (ii) the CCR with no-slip conditions
applied to the sealing, and (iii) the CCR with slip conditions
applied on the sealing. The rotational speed was chosen so
that a theoretical shear rate of =γ̇ 1 s−1 results. For the open
cavity rheometer (Figure 4a(i)), a uniform shear rate distribu-
tion canbe observed. Close to the rotation center, a decreasing
shear rate can be found in all configurations in Figure 4a. This
is typical for rotational rheometers equipped with cone and
cone geometry.

The results of the CCR, shown in Figure 4a(ii) and
(iii), indicate that the sealing can have an effect on the
shear rate distribution, especially close to the sealing. For
the simulation with no-slip conditions shown in Figure
4a(ii), an increase in the shear rate to a maximum of

=γ̇ 10.2 s−1 can be observed at the edge of the rotating
cone and seal. At the edge of the stationary upper cone, a
decrease in the shear rate to a minimum of =γ̇ 0.02 s−1 is
detected. The reduced shear rate extends to the tip of the
sealing, where values of =γ̇ 0.02 s−1 can be observed.
This influence of the sealing on the shear rate distribution

has already been reported by Leblanc and Mongruel for a
two-dimensional simulation of the CCR, and it is in agree-
ment with our findings [31]. However, the present simula-
tion results are more detailed due to the three-dimensional
simulation and additionally the use of a non-Newtonian
fluid. Therefore, accurate information about the influence
of the sealing is given. For the simulation with the free-slip
boundary condition (Figure 4a(iii)), the shear rate distri-
bution is less influenced by the sealing. At the edges of the
rotating lower cone and stationary upper cone, an increase
in the shear rate to a maximum of =γ̇ 2.3 s−1 can be found.
At the tip of the sealing, a minimum of =γ̇ 0.1 s−1 can be
detected. Accordingly, it can be observed for both simula-
tions that the shear rate is influenced at the edge of the
upper cone. Thus, an influence on the torque measure-
ment and finally the viscosity measurement cannot be
excluded and is considered in the next section.

In Figure 4b, the steady-state shear viscosity ( )η γ̇
determined in equation (1) is plotted against the shear
rate γ̇ for the different simulations. For the simulation
with the open cavity rheometer (Figure 4a(i)), a deviation
of less than 1% between the calculated steady-state shear
viscosity and the implemented Cross model can be seen
for all shear rates. This shows that the simulation is accu-
rate enough to calculate the viscosity using equation (1).
For the simulations with the no-slip boundary condition
applied to the sealing, it can be observed that the steady-
state shear viscosity is underestimated by equation (1).
The deviation of the steady-state shear viscosity from the
Cross model is between 11.5% for =

−γ̇ 10 3 s−1 and 12.2%
for =γ̇ 103 s−1. The underestimation of viscosity is caused

Figure 4: (a) Shear rate distribution between the rotating lower cone and stationary upper cone offset at γ̇ 1= s−1 for (i) the simplified open
cavity rheometer, (ii) the CCR with no-slip boundary conditions at the sealing, and (iii) the CCR with free-slip boundary conditions at the
sealing. (b) Calculated steady-state shear viscosity η γ̇( ) data for the simplified open cavity rheometer (orange dotted line), CCR with no-slip
boundary conditions at the sealing (blue dashed line), and CCR with free-slip boundary conditions at the sealing (red dotted line).
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by the inhomogeneous shear rate distribution, which is a
consequence of the no-slip conditions on the sealing.
This reduces the shear stress close to the upper cone,
resulting in a lower measured torque. The shear stress
distribution between the cones can be seen in Figure S1
in the supplementary material for the same conditions
shown in Figure 4a. The findings of the lowered shear
rate, and thus, the underestimation of the viscosity are
in agreement with the data of LeBlanc and Mongruel [31].

The steady-state shear viscosity ( )η γ̇ calculated by
equation (1) for the simulation data with the free-slip
boundary condition at the sealing resulted in an over-
estimation of the steady-state shear viscosity of 5.9%.
These findings can be attributed to the increased shear
rate and correspondingly increased shear stress at the
edges of the upper cone. In conclusion, the simulations
with the different boundary conditions show that the
error in the calculation of the viscosity with equation
(1) should not exceed 12.2% due to instabilities caused
by the sealing. Slippage effects at the rotating cone were
not investigated in the simulation, but it can be assumed
that these influence the accuracy of the results to a
greater extent than slippage at the sealing.

4.3 Steady-state shear viscosity η γ̇( )

obtained by a CCR

The steady-state shear viscosity ( )η γ̇ for the LDPE at a
temperature of T = 180°C was obtained by experimental
measurements with the CCR. By setting up different deflec-
tion times, different shear rates could be measured. In

Figure 5a, the torque measured at the upper cone during
one full deflection of γ = 50 is shown for the shear rates
of =γ̇ 1, 3, 10, and 30 s−1. For all four shear rates, an
increase in torque can be observed at the beginning (below
γ = 15), leading to an overshoot before finally reaching a
steady state. The overshoot is often observed in polymer
melts and is attributed to the alignment of the polymer
chains [38]. To determine the value of the plateau, the
mean value of the torque in the range between γ = 30
and γ = 50 is calculated. To check whether this approach
is legitimate, the mean value of the torque is determined
for a window of every Δγ = 5 deflection. We define the
steady state to have been reached when the average value
does not deviate by more than 1% compared to the pre-
vious value. Accordingly, for the curves shown in Figure 5a,
the steady-state condition is reached after deflections of
γ = 30 for =γ̇ 30 s−1, γ = 25 for =γ̇ 10 s−1, γ = 20 for

=γ̇ 3 s−1, and γ = 15 for =γ̇ 1 s−1. These steady-state values
were used to calculate the steady-state shear viscosity
according to equation (1).

Figure 5b presents the steady-state shear viscosity
( )η γ̇ and the magnitude of the complex viscosity ∣ ( )∣η ω⁎

for the investigated LDPE at T = 180°C obtained by the
CCR. In addition, the Cross model obtained by fitting
the magnitude of the complex viscosity in Figure 3a
is also depicted. To be able to estimate the deviation
of the steady-state shear viscosity from the magnitude
of the complex viscosity, a 15% deviation was added to
the Cross model. The data of the steady-state shear visc-
osity, measured from low shear rates to high shear rates,
overlaps with the Cross model for shear rates higher
γ̇ = 0.5 s−1 (red squares). The obtained data for shear rates

Figure 5: (a) TorqueMup as a function of strain γ for LDPE at the shear rate of γ̇ 1, 3, 10, and 30= s−1 and (b) the magnitude of the complex
viscosity η ω⁎∣ ( )∣ as a function of angular frequencyω obtained by oscillatory shear frequency sweep experiments with rotational CCR and the
steady-state shear viscosity η γ̇( ) as a function of shear rate γ̇ obtained by rotational CCR.
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of γ̇ = 0.1, 0.2, and 0.3 s−1 have deviations between 20 and
85% and are below the Cross model. For these data, a
steady-state plateau could not be reached. Examples of
using the measured torque for the triple determination at a
shear rate of γ̇ = 0.3 s−1 are shown in the supplementary
information. To calculate the steady-state shear viscosity
for these shear rates, the mean value of the torque between
a strain of γ = 30 and 50 was determined, regardless of
whether a steady state was reached. Using the reversedmea-
surement routine from high to low shear rates, the data of
the steady-state shear viscosity are within the 15% deviation
of the Crossmodel (blue rhombus). Based on thesemeasure-
ment data, the validity of the Cox–Merz rule can be assumed
within a 15% deviation for the investigated LDPE. The data
thus confirm the results of the measurements from the capil-
lary rheometer (Figure 3a) and extend the measured shear
rate range by a decade toward low shear rates.

We therefore selected the measuring routine from high
to low shear rates for further measurements. The reason
why the measurement routine from low to high shear rates
is error prone in the low shear rate range has not yet been
clarified. A possible influence on the measurement could
be the protective film used, which is inserted between the
polymer and the measurement geometry.

4.4 Verification of the ramp test by the
temperature dependence viscosity of
the LLDPE and PBD

To further verify the ramp-test method, the lowest visc-
osity and highest viscosity polymers were tested at dif-
ferent temperatures. The ramp-test method was used to
obtain the steady-state shear viscosity ( )η γ̇ of LLDPE and

Figure 6: The magnitude of the complex viscosity η ω⁎∣ ( )∣ as a function of angular frequencyω obtained by oscillatory shear frequency sweep
experiments with rotational CCR and the steady-state shear viscosity η γ̇( ) as a function of shear rate γ̇ obtained by rotational CCR for LLDPE
at (a) 140°C, (b) 160°C, and (c) 180°C.
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PBD at temperatures of T = 140, 160, and 180°C and
T = 50, 100, and 150°C, respectively (Figures 6 and 7).
TTS of the magnitude of the complex viscosity and the
steady-state shear viscosity was investigated. The hori-
zontal aT and vertical bT shifting factors were obtained
by constructing the master curve using the magnitude of
the complex viscosity from SAOS measurements. The
same shifting factors were then used to shift the steady-
state shear viscosity data obtained by the ramp test
(Figures 8 and 9).

Figure 6a–c presents the magnitude of the complex
viscosity ∣ ( )∣η ω⁎ and the steady-state shear viscosity ( )η γ̇
of LLDPE at T = 140, 160, and 180°C. At a temperature of
T = 140°C (Figure 6a), the steady-state shear viscosity data
are below the magnitude of the complex viscosity for the

applied shear rate range. Up to a shear rate of =γ̇ 10 s−1,
this deviation is within the 15% deviation of the found
Cross model. At temperatures of T = 160°C and T = 180°C,
the steady-state shear viscosity data are within the 15%
deviation of the corresponding Cross model for the applied
shear rate range. On closer inspection, a change in the slope
of the steady-state shear viscosity up to a slope of n = 0.6
can be seen for shear rates above =γ̇ 10 s−1 for all tem-
peratures. It is speculated that this change in slope can be
linked to wall slippage, whether we use grooved plates.
Heyer et al. have presented similar observations for slippage
speculations of high elasticmaterials with a CCR and grooved
plates [18].

For the LLDPE, it can be assumed that the Cox–Merz
rule is applicable within a 15% deviation up to the

Figure 7: The magnitude of the complex viscosity η ω⁎∣ ( )∣ as a function of angular frequencyω obtained by oscillatory shear frequency sweep
experiments with rotational CCR and the steady-state shear viscosity η γ̇( ) as a function of shear rate γ̇ obtained by rotational CCR for PBD at
(a) 50°C, (b) 100°C, and (c) 150°C.

Application of the ramp test to obtain the steady-state shear viscosity  11



investigated shear rate of =γ̇ 30 s−1. These findings are
consistent with the results obtained by the capillary rhe-
ometer (Figure 3b).

The magnitude of the complex viscosity ∣ ( )∣η ω⁎ and
the steady-state shear viscosity ( )η γ̇ for PBD are shown
in Figure 7a–c at T = 50, 100, and 150°C. For all tempera-
tures, the steady-state shear viscosity data are below the
data of the magnitude of the complex viscosity. Apart from
the data for the shear rate of =γ̇ 30 s−1 for all three tem-
peratures, and the data for the shear rates of γ̇ = 0.1–0.3 s−1

for a temperature of T = 150°C, the steady-state shear visc-
osity data are within the 15% deviation of the corre-
sponding Cross model.

Starting at a shear rate of =γ̇ 2 s−1 for T = 50°C, a shear
rate of =γ̇ 5 s−1 for T = 100°C, and a shear rate of =γ̇ 10 s−1

for T = 150°C, a decrease in the slope of the steady-state
shear viscosity up to a slope of n = 0.75–0.8 can be seen.
Even if the data are within the defined 15% deviation, this
change in slope indicates that wall slippage may occur, as
reported for LLDPE previously.

The data measured at different temperatures were used
to generate amaster curve by a TTS. A detailed description of
thismethod is given byMavridis and Shroff [21]. As shown in
Figure 8a, the magnitude of the complex viscosity ∣ ( )∣η ω⁎ for
LLDPE at the different temperatures can be superimposed by
shifting them vertically and horizontally, resulting in one
master curve. Using an Arrhenius approach, the activation
energy can be determined from the horizontal shifting fac-

tors ⎛
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⎣

⎤
⎦

⎞
⎠

( )( )
= −a ⁎E
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[21]. For LLDPE, an activation

energy Ea = 34 kJmol−1 was found. This value is higher than
values reported in the literature, e.g., Ea ≈ 29 kJmol−1 in the

work of Stadler et al. [39] and Keßner et al. [40]. However, an
activation energy of Ea = 31 kJmol−1 was reported for the
same LLDPE in the previous work by Georgantopoulos
et al. [22]. Therefore, it can be assumed that the deviation
can be attributed to the instruments accuracy, the number of
investigated temperatures, and different molecular charac-
teristics (monomer and additives).

As the steady-state shear data should have the same
temperature dependence as the SAOS data, the same hor-
izontal aT and vertical bT shifting factors were used for the
set of steady-state shear viscosity data [41]. The resulting
master curve for the steady-state shear viscosity ( )η γ̇ is
shown in Figure 8b. The superposition of the data of the
steady-state shear viscosity confirmed that the tempera-
ture dependence is equal for both viscosities measured.

Also for the PBD, the shifting factors found for the
SAOS data, shown in Figure 9a, can be used to super-
impose the steady-state shear viscosity ( )η γ̇ data, shown
in Figure 9b. The activation energy Ea found for PBD is
Ea = 24 kJ mol−1. By using the same horizontal aT and
vertical bT shifting factors, it is also confirmed for PBD
that the temperature dependence is equal for both visc-
osities measured.

The ability to find the same temperature dependence
for two polymers for two different measurement routines
shows that the ramp test method from CCR is capable of
accurately determining the steady-state shear viscosity.
In addition, the TTS can also be used to gather further
evidence about the slippage behavior. As no wall slip-
page occurs in SAOS measurements, shifting factors are
found that are not influenced by slippage. If these are
used to superimpose the steady-state shear viscosity, a

Figure 8: TTS of LLDPE based on results of Figure 6 at a reference temperature of T = 160°C for (a) the magnitude of the complex viscosity
η ω⁎∣ ( )∣ and (b) the steady-state shear viscosity η γ̇( ).
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deviation can be observed at high shear rates, indicating
wall slippage.

5 Conclusions

Within this work, we applied and verified the so-called
ramp test method, a method used with a CCR to obtain
the steady-state shear viscosity ( )η γ̇ . By using LDPE,
LLDPE, and PBD as model systems, it was shown that
the CCR is capable to provide accurate and reliable data
in a broad range of temperatures (50–180°C) for low and
high viscous materials (Mw = −144 375 kgmol−1) over
more than 2 decades in shear rate ( = −γ̇ 30 0.1 s−1).
First, data of the magnitude of the complex viscosity
∣ ( )∣η ω⁎ obtained by CCR have been compared to steady-
state shear viscosity data obtained by a capillary instru-
ment. Thus, it was shown that the Cox–Merz rule is valid
within a 15% deviation for the investigated samples.
Subsequently, finite element methods simulations have
been performed to investigate the influence of the CCR’s
sealing on the accuracy of the instrument. By numerical
investigations, it was shown that the error due to the
sealing cannot exceed 12.2%, and that is only at unlikely
conditions of complete no slip at the sealing. Performing
the ramp test, the validity of the Cox–Merz rule within
a 15% deviation could be confirmed for the three investi-
gated materials. By doing measurements at different tem-
peratures for LLDPE and PBD, it was shown that the CCR is
accurate enough to do TTSwith SAOS data andwith steady-
state shear viscosity data. At high shear rates, a decreasing
slope of the steady-state shear viscosity became apparent.

We speculate that the decreasing slope indicates wall slip-
page, which has been reported recently [18]. Overall this
study shows that CCR can measure steady-state shear visc-
osity at extrusion-like conditions in a defined manner and
through a relatively easy measurement procedure. Beyond
that, the ramp test could be used to obtain the steady-state
shear viscosity ( )η γ̇ for solvent sensitive materials due to
the closed cavity and the regulated pressure.
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