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1. Introduction

Due to the required energy and cost efficiency in the automobile
industry, for example, more and more lightweight and thin molded
parts are needed to fulfill the specifications. One solution is the use of
microcellular integral foams, manufactured by thermoplastic foam in-
jection molding. By combining the advantages of long glass fiber re-
inforced thermoplastics and thermoplastic foams, high-strength and
light parts can be built with high process productivity due to short cycle
times and low costs [1]. To manufacture thin molded parts, high in-
jection speeds and good flow behavior is necessary. This requires a
deeper understanding of rheological properties of thermoplastic gas
laden polymer melts as regards the holistic injection molding process.
To advance the foam processing field, Okolieocha et al. [2] re-
commended to include the viscosity of gas-laden melt in published ar-
ticles dealing with foam injection molding.

1.1. Rheological measurement

To measure the viscosity of gas-laden polymer melts, it is necessary
to keep the blowing agent in solution for the duration of measurement.
For the physical blowing agent (PBA) N2, the critical pressure to be kept
is 34 bar [3].

In offline rheometers, the measurement of viscosity of gas-polymer

solutions can be carried out by adapted capillary rheometers only. Li
et al. [4] described a possibility to adjust the pressurization level in an
offline rheometer through an attached counter pressure chamber. The
studies showed that for PA6, PET, PP and LDPE the viscosity can be
measured at up to 500 bar counter pressure for up to 1080 s−1. How-
ever, the determination of the viscosity of gas-laden melt in an offline
rheometer is limited by the low shear rates, the low maximum amount
of material [5] and requires an elaborate customization of the equip-
ment which is not state of the art. Due to the high shear rates up to
100.000 1/s in the injection molding process, inline rheometers re-
present a more suitable method to characterize gas-laden melts.
Nevertheless, to guarantee a pressure above the critical pressure at the
outlet of the capillary, an integrated counter pressure chamber with a
second pressure sensor after the capillary die is still needed, but may be
incorporated into the device.

A method to measure the viscosity of polymer melts with a slit die
rheometer directly built following the injection unit is described by
Fernandez et al. [6]. The viscosity of neat (virgin) PP was determined
10% lower using this method at the same shear rates than the com-
parative values measured with a standard offline rheometer. The au-
thors also described measurements with recycled polypropylene, which
indicated a slightly lower viscosity than the neat PP.

Qin et al. [7] also used an inline capillary rheometer set up directly
behind the injection unit to measure the viscosity of polymer with
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chemical blowing agents (CBA) up to 200.000 1/s and pressures up to
360 bar. The measured viscosity showed good accordance with the
values determined with a standard offline rheometer. The inline mea-
surement technique was furthermore validated and confirmed by fur-
ther research of Qin et al. [8] for different blowing agents in a ther-
moplastic polyolefin melt.

Zhang [9] investigated the rheological properties of gas-laden glass
fiber reinforced thermoplastic melt with this high pressure capillary
rheometer. She confirmed that the set-up is suitable for the measure-
ments of gas-laden polypropylene melt. When determining the viscosity
of glass fiber reinforced polypropylene, it is seen that the design of the
capillaries leads to a fiber “backlog” due to the abrupt cross section
transitions, and thus to an increased pressure loss. With this restriction,
reliable measurements of the viscosity for (long) glass fiber reinforced
polymer melts were not possible. Zhang [9] recommends in her work a
conical inlet and outlet of the capillary in order to avoid the fiber
jamming and ensure a constant flow of glass fiber reinforced poly-
propylene melt. Thomasset et al. [10] also use a capillary rheometer
with conical inlets to measure the viscosity of long glass fiber reinforced
polypropylene melt. The authors conclude that the shear viscosity of
long fiber reinforced melt is slightly higher than that of neat poly-
propylene melt.

Special injection molds were designed by several authors to measure
the viscosity of different polymers inside the mold [11,12]. For ex-
ample, Claviera et al. [12] designed a special spiral mold to generate
viscosity data for non-conventional circumstances in injection molding.
In all cases, simultaneous manufacturing of a molded part is not pos-
sible.

1.2. Dependencies of viscosity

Pressure differences of several hundred bar, as typically occur in
thermoplastic injection molding, lead to significant changes in visc-
osity, depending on the type of polymer. Early findings on the pressure
dependence of viscosity were made by Maxwell and Jung [13], who
showed in their work an increase in the viscosity of polymer melts of
one to two magnitudes in the range of 0–1500 bar. An overview of
different methods for determining the pressure dependence of the
viscosity is given by Goubert et al. [14]. With an enhanced exit pressure
technique, the pressure dependence coefficient β could be determined
with a resulting error of 10%.

Increasing the pressure has the same effect as decreasing the tem-
perature, i.e. an increase of viscosity, as the free volume decreases.
Krebs [15], Aho and Syrjälä [16] and Cogswell and McGowan [17]
described consistently that a pressure increase of 1000 bar for polymer
melts has the same effect on viscosity as a temperature reduction of
approx. 40 °C.

If the pressure dependence of the shear viscosity of polypropylene is
specifically considered, it can be determined that, in the range of up to
150 bar and at shear rates relevant in the injection molding process of
5000–90000 s−1 and temperatures above 200 °C, a low dependency is
detected [18,19]. Raps et al. [20] describes that a 50% increase in
pressure at different temperatures between 180 till 220 °C leads to an
increase in shear viscosity of 13%.

Examining the influence of gas on the viscosity the solved gas re-
duces the friction between polymer chains and upraises the free vo-
lume, which leads to a decrease in viscosity. A CO2 concentration of
6 wt.% in a melt of 180 °C PP has the same influence on the flow be-
havior of neat PP as an increase in temperature of 40 °C [21].

A number of studies show that the average length of glass fibers is
reduced during the injection molding process. Thomasset et al. [10]
describe a reduction of the average fiber length by 60% already within
the injection molding unit and a further reduction by 50% within a
3mm diameter capillary. However, the reduction of the fiber length
only has an slight influence on shear viscosity, while the fiber length
has a large influence on the elongational viscosity of the melt [22]. To

reduce fiber breakage, a physical blowing agent could be added to the
melt [23]. Additionally, an increased fiber content and lower tem-
peratures lead to reduced fiber breakage in the flow channel [24].

1.3. Motivation

So far there has been no technical possibility to measure the visc-
osity of gas-laden and long glass fiber reinforced polymer melts inline
while simultaneously producing an integral foam part. Due to this, an
inline high pressure capillary rheometer was designed to measure the
viscosity in the second cavity of the injection mold. The rheometer was
built directly into the injection mold after the hot runner, which allows
the elimination of influencing factors like fiber breakage inside the hot
runner, leading to realistic results. In addition to this, measurements of
the viscosity with long glass fibers and gas-laden melt were enabled due
to modular outlet capillary dies. Within this work, rheological studies
were made on gas-laden and long glass fiber reinforced polypropylene
through this inline high pressure capillary rheometer in the injection
molding process.

2. Experimental

2.1. Materials

The experiments were conducted with polypropylene (PP) dis-
tributed by Easicomp® as neat material as well as in combination with
long glass fibers and N2 as blowing agent. The material has a high Melt
Flow Rate (MFR) of 120 g/10min. The long glass fiber pellets were
provided by Easicomp® with 60wt.% fiber content and fiber length of
11mm as pultruded and consolidated rod-shaped pellets infiltrated
with polypropylene matrix. Mixed in a ratio of 1:2 with the neat PP,
fiber content of 40 wt.% was realized.

2.2. Equipment

The experiments were carried out on an injection molding machine
ENGEL® duo 700 pico combi M compounder at the Fraunhofer ICT,
Pfinztal, Germany. An injection molding unit with a special, fiber pre-
serving screw and an integrated MuCell® gas injection unit was used
throughout this trials.

A specially equipped mold for investigations on long fiber re-
inforced foam injection molded parts with a secondary cavity for
rheological measurements was used. Details of the mold itself are de-
scribed in Ref. [25], the specifications of the inline rheology measure-
ment device designed by the authors are described in the following. On
the basis of the findings on the capillary rheometer described by Zhang
[9], an inline high pressure capillary rheometer (IHCR) was designed
and build in a defined assembly space directly in the injection mold.
The theory in Ref. [9] suggested, but never realized, that capillary dies
for long glass fiber reinforced polymers were adapted inside the injec-
tion molding mold. Therefore the melt undergoes the same thermal
history, fiber breakage and shear stress as the final molded part. The
design of the IHCR is illustrated in Fig. 1.

The capillary had a diameter of 4mm and entrance slopes of either
0° or 30°. The conical entrance slope ensure a constant flow of fiber
reinforced polymer melt, as recommended by Zhang [9]. Different ca-
pillary lengths of 30mm and 20mm were available. In the case of en-
trance slope of 30°, the effective capillary length is reduced to 16mm
and 6mm, respectively. To ensure that the back pressure is always
about the gas solution pressure of 34 bar, a counter pressure chamber
with modular outlet capillary dies was installed.

To measure the pressure at the entrance and exit of the capillary die,
two melt pressure sensors, Kistler® 4021B, were applied. Integrated
temperature sensors enabled monitoring the temperature profile along
the capillary die.

As offline high pressure capillary viscometer (HCV) the Göttfert®
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Rheograph 20 was used to generate comparative values.

2.3. Procedure

2.3.1. Simulation
In order to investigate the flow of the melt in the hot runner of the

injection mold and to validate the experimental measured viscosity, the
injection process was simulated in Autodesk Moldflow®.

For simulation of injection into the open, a cuboidal volume was
designed at the outlet of the IHCR, as shown in Fig. 2.

The pressure values during the filling of the mold - which corre-
spond to a constant flow through the capillary – were listed and ana-
lyzed. As the material used in the shown trials was not implemented in
the software, Borealis® HK060AE with an MFR of 125 g/10min was
used as surrogate. The melt and capillary die temperature was set to
220 °C and five injection volume rates (3 cm³/s, 6 cm³/s, 13 cm³/s,
141 cm³/s and 408 cm³/s) were simulated.

2.3.2. Experimental procedure with HCV (offline) and IHCR (inline)
The measurements of the viscosity were carried out at different melt

and hot runner temperatures of 200 °C, 220 °C and 240 °C with the HCV
(offline measurement) and with the IHCR (inline measurement).

In addition to this study which shows the feasibility of the in-line
system in comparison to simulated and experimental (offline) data,
measurements using the IHCR with 40wt.% long glass fiber reinforced
polypropylene at 240 °C were carried out. Finally, 0.3 wt.% N2 was
added to the neat and long glass fiber reinforced polymer melt at 240 °C
and the viscosity was measured using the inline system. As stated be-
fore, the known offline systems are not able to measure viscosity of gas
laden, fiber reinforced polymer melts at shear rates appearing in in-
jection molding.

To determine the viscosity at different shear rates, the melt was
injected with different injection volume rates listed in Table 1. Every
injection volume rate was performed three times to verify the re-
producibility. The average of the three injections was used for the de-
termination of viscosity data.

The true viscosity was calculated from measured values with Bagley
[26] (Formula (1)) and Weissenberg-Rabinowitch [27] (Formula (2))
correction.

Fig. 1. Drawing of the inline high pressure capillary rheometer. Noted components include: (1) injection nozzle; (2) melt pressure and temperature sensors; (3)
modular capillary dies of different length; (4) outlet capillary die; counter pressure chamber (5).

Fig. 2. Drawing of simulation model of the hot runner with injection point (1), open injection nozzle (2), position of melt pressure sensors P1 (3) and P2 (4), plus the
cuboidal volume (5).
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For the Bagley correction, the correction pressure pk was de-
termined by using a linear Bagley plot, which is described in ISO 11443
[28]. Coefficients for the derivation

dlogγ

dlogτ

˙ap were also determined gra-
phically.

To reduce the influence of pressure dependence of the viscosity,
different outlet capillary dies with various length and diameters were
used to keep the pressure of p7 in a range between 40 and 100 bar. At
high shear rates and this pressure difference, the pressure dependence
of the viscosity can be neglected, as described by various authors
[4,16,29].

The melt was injected into the air with an open mold.

3. Result and discussion

3.1. Simulation

Fig. 3 shows the corrected viscosity resulting from the simulation of
the IHCR with the Borealis® HK060AE material with an MFR of 125 g/
10min as the PP distributed by Easicomp® was not implemented in the
simulation software. The viscosity was calculated from the pressure
difference of the sensors and correction methods mentioned above.
Viscosity was 15% lower than the viscosity of the HCV and IHCR, which
can be explained by the different materials used for simulation and
experimental trials. With these results, a first validation of viscosity
measurements with the IHCR was made. In comparison with the pre-
liminary work of Zhang [9], the results also show good accordance.

To generate comparative values, viscosity measurements with the
HCV were carried out. True viscosities at 200 °C, 220 °C, and 240 °C are
shown in Fig. 3. From 200 °C to 240 °C, at shear rates of 6000 s−1 the
viscosity decreased by 20%.

3.2. Experiments

To validate the fundamental suitability of the IHCR, measurements
at different temperatures 200 °C and 240 °C were carried out. The
measured pressure drops Δp are listed in Table 2. It can be seen that a
lower temperature leads to a higher pressure drop along the capillary
die, as expected.

Measurements with 40 wt.% long glass fiber reinforced poly-
propylene at 240 °C show a significant higher pressure drop compared
to neat PP. The correction of the viscosity cannot be carried out because
of fluctuations in temperature, which lead to unusable WR-plots.
Nevertheless, apparent viscosity curves of 40% long glass fiber re-
inforced polypropylene suggest that the experimental setup is suitable
to determine viscosity data of gas-laden long glass fiber reinforced
polypropylene at high shear rates. As shown in Fig. 4, the apparent
viscosity of PP LGF40 is 3 times higher than that of neat PP. It is im-
portant to note that the inlet pressure loss through the glass fibers will

Table 1
Adjusted volume flow and resulting apparent shear rate.

Adjusted volume flow
QA [cm3/s]

Effective volume flow Q [cm3/s] Apparent shear rate
γ̇ap [1/s]

13 18 2865
31 35 5570
63 67 10663
126 128 20372
251 252 40107

Fig. 3. Corrected viscosity over corrected shear rate at 220 °C.

Table 2
Pressure drops of different materials at different temperatures, measured with
the IHCR.

Material Temperature [°C] Apparent Shear
rate [1/s]

Δp=P1-P2 [bar]

L/D=1,54 L/D=4,04

PP-Easi 200 °C 2865 16.86 21.51
5570 21.33 27.86
10504 26.98 35.26
20213 34.32 43.71
39470 47.46 57.78

240 °C 2865 7.71 14.76
5570 11.34 20.32
10504 15.77 25.67
20213 22.37 34.81
39470 29.29 46.40

PP-LGF40% 240 °C 5411 37.09 49.89
10265 45.28 60.44
20054 64.45 79.06
39470 79.11 95.43

Fig. 4. Apparent viscosity over apparent shear rate for different temperatures
and materials, measured at capillary die with L/D=4.04.
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be higher than with neat PP and, therefore, the true viscosity will be
higher by a lower factor.

Comparing inline measurements at 240 °C to offline measurements
at the same temperature, viscosity data shows good accordance with
the measurements conducted under laboratory conditions (Fig. 5). With
an offline rheometer, viscosity data can only be determined to shear
rates of 5000s−1, whereas measurements in the IHCR cover a wider
range of shear rates.

In addition to this, Fig. 5 presents viscosity data of 0.3 wt.% N2

laden polypropylene melt. In comparison to neat PP, the viscosity is
20% lower when 0.3 wt.% N2 is added to the melt. The differing shear
rates can be explained by the correction methods.

4. Conclusions

A method to obtain rheological data of gas-laden and long glass
fiber reinforced polymer melt inline in an injection molding machine
with the possibility of simultaneous production of a molded part has
been developed. The inline high pressure capillary rheometer was va-
lidated by simulation and by comparison measurements with an offline
capillary rheometer. Measurements of true viscosity with poly-
propylene at 240 °C show good agreement with offline data. It could be
proven that, by adding N2 to the melt, the viscosity could be reduced by
20%. Comparing apparent viscosity measurements of long glass fiber
reinforced PP with neat PP, long glass fibers lead to an increase ap-
parent viscosity of up to three times. The knowledge of the rheology of
polymer melts makes it possible to take an optimized material and
process selection for the production of light and thin molded reinforced
parts. The aim of further studies is viscosity measurements of different
polymer/fiber compositions with improved temperature control and
additional L/D ratios.

Data availability

The raw/processed data required to reproduce these findings cannot
be shared at this time as the data also forms part of an ongoing study.
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