In: ANTEC® 2019 - Proceedings of the Technical Conference & Exhibition, Detroit, MI, March 18-21, 2019. Society of Plastics Engineers,
2019, EISBN: 978-1-59124-974-0

THE INFLUENCE OF DIFFERENT DIE GEOMETRIES ON
THE EXTRUSION PROCESS OF HIGH-CONSISTENCY SILICONE RUBBER

Fabian Verheyen M.Sc., Polymer Application Center UNIpace;

Institute of Material Engineering- Plastic Engineering, University of Kassel, Germany
Dr.-Ing. Ralf-Urs Giesen and Prof. Dr.-Ing. Hans-Peter Heim,

Institute of Material Engineering- Plastic Engineering, University of Kassel, Germany

Abstract

Silicone Rubber and especially High-Consistency Silicone
Rubber (=HCR), are typically processed in the extrusion
process. Due to the high requirements in terms of the ma-
terial properties and the geometric dimensions, a funda-
mental knowledge of the whole process including experi-
ences in tool design are essential.

In this study, HCR with different Shore-hardnesses are
extruded on a vertical silicone extrusion line with various
breaker plates with different length to diameter ratios
(=L/D-ratio) in order to analyze the influence on the
whole extrusion process.

It has been shown that soft materials, regardless of die
geometry, achieve higher throughputs compared to harder
compounds. Increasing counter pressure, e.g. due to long-
er die lengths, reduces the volume flow rate per revolution
and reduces the throughput. Tools with a small L/D ratio
achieve the highest throughput. With regard to die design,
it can be seen that dies with a smaller L/D ratio have clear
advantages: due to their short length, they represent a
smaller pressure consumer. As a result, the dwell time in
the extruder is shorter and the risk of scorch is reduced.
The absolute value of the swelling behavior is larger, but
can be predicted with high accuracy. Shorter tools also
show less flow instabilities.

Introduction

Rubbers are an often amorphous polymer which cross-
links to an elastomer by chemical crosslinking. Rubbers
are divided into natural rubber and synthetic rubber [1, 2].
Silicone rubber belongs to the group of synthetic rubbers
and, due to its unique property profile, offers broad appli-
cation possibilities in a large number of industrial sectors.
Silicone rubbers are usually processed by injection mould-
ing, pressing or extrusion [3, 4]. In terms of volume, ex-
trusion accounts for the largest share [5, 6]. Silicone rub-
ber is used as a sealant or adhesive in the construction
industry. In the electronics industry, the high thermal and
chemical resistance of many components has an effect. In
the medical technology, automotive or food industries,
silicone rubbers are often used as media-promoting com-
ponents in the form of hoses or profiles [7 to 10]. All ap-
plications have in common that high demands are made

on the material as well as on the geometric dimensions
and thus on the processing process.

Rauwendaal et al [11] stated that despite the growing in-
dustrial importance of silicone rubber, little literature can
be found on the basic understanding of the extrusion pro-
cess.

Lehnen [12] diagnosed that "problems™ during processing
are not solved by optimizing the process, but primarily by
modifying the recipe. Depending on the branch of indus-
try, changes in the material recipe can have far-reaching
consequences, for example with regard to compliance
with legal regulations. In contrast, the optimization of the
manufacturing process requires less time and money. In
addition, a material change usually implies a tool adapta-
tion or complete redesign. This in turn represents an addi-
tional expense.

Objectives

A profound understanding of the extrusion process, in-
cluding experience in tool design, helps to reduce rejects
in the field of high-consistency silicone rubber (=HCR)
extrusion due to optimized and thus timely improvement
processes. In the field of tool design, the running-in effort
can be minimized by reducing iterations. "Problems" dur-
ing processing can be solved promptly and without mate-
rial changes by adjusting the process parameters with the
help of a profound understanding of the process. As a
result, ecological and economic resources are conserved.
The goal of this study is the analysis of the influence of
different materials and tool designs on the extrusion pro-
cess of HCR. In addition to the analysis of the pressure-
throughput characteristics as a function of different die
geometries, the scorch risk is to be evaluated on the basis
of the dwell times determined. The influence of the tools
on the swelling behavior will also be examined.

Experimental

All extrusion tests were carried out on a vertical silicone
extrusion line EEK 32.12 S - 4/90SIR of Rubicon Gum-
mitechnik und Maschinenbau GmbH/Germany. As shown
in Figure 1, the silicone extruder stands elevated on a
platform and enables vertical extrusion from top to bot-
tom with the aid of a deflection tool. The advantage of
this arrangement is that the not yet cured material does



not collapse and stick together after leaving the die due to
the lack of dimensional stability. This is particularly ad-
vantageous for large-volume hollow sections [4, 13].

The feed roll of this smooth-bore extruder is fed with
strip-shaped HCR. The double-flight screw with a diame-
ter of 32 mm has a constant depth. There is no compres-
sion. The extruder has a length of 12 D [14]. The extruder
and the deflection tool, which carries the actual forming
tools, are actively cooled with water. The extrudate leaves
the deflection die at an angle of 90° downwards and is
guided through an infrared tunnel (=IR tunnel). A sag
control is installed at the lower end of the tunnel, which
enables a defined sag to be set. By adjusting the sag, the
downstream conveyor belt pulls off the extrudate faster or
slower and thus controls the height of the sag. The greater
the sag, the more material - the uncured part of the extru-
date - is drawn into the length; thus reducing its outlet
cross section [4].
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Figure 1: vertical Silicone Extrusion Line from Rubicon
Gummitechnik & Maschinenbau GmbH/Germany

All extrusion tests were carried out under laboratory con-
ditions. Care was taken to ensure proper feeding of the
extruder: During the tests there was sufficient material in
the feed section - any relining was avoided. The raw data
of the extruder were checked for correctness before each
evaluation: A constant screw speed with a constant die
should also lead to a largely constant pressure above the
test batch. An overview about the dies used in this study
is shown in Figure 2.
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Figure 2: Overview of the breaker plates used incl. L/D-
ratio information

Materials

All HCRs investigated in this paper are commercially
available types from various material manufacturers.

Hardness grades between 10 and 60 Shore A were select-
ed in order to identify and quantify the influence of dif-
ferent hardness and resulting filler contents on the pro-
cessing properties. The manufacturers do not specify the
exact material composition.

Table 1. Selected properties of the employed materials

Material Hardness | Density Curing
[Shore A] [i] System [-]
:'m3
ELASTOSIL® 13 1,07 Peroxide
R 401/10
Synersil 109011 40* 1,10 Platin-
Cured
ELASTOSIL® 61 1,15 Peroxide
R 401/60

*= self-determined values

Characterization

The breaker plate is widely used in the rubber sector and
has also proven itself for processing silicone rubber [3, 13,
15]. An elementary disadvantage is a high input effort in
an iterative process paired with reworking on the tool.
Various aperture tools with different L/D ratios are used
for the analysis of suitable tool technology.

The geometric dimensions of the extrudate were measured
and recorded after leaving the die. A non-contact measur-
ing system consisting of an ODAC 33 Trio - a triaxial
measuring head from Zumbach Electronic AG/ Switzer-
land - and the ODAC Online 32 software from
IPC/Germany was used.

Results and Discussion

Tools primarily affect the design of the extrudate geome-
try. However, they also have an impact on the extrusion
process, as they influence, for example, the counterpres-
sure or the dwell time of the material in the extruder.
Therefore, the influence of dies with different L/D ratios
on the extrusion process will be identified and analysed in
the following. The following investigations refer to the
extrusion of a rotationally symmetrical full profile with
different outer diameters.

Pressure-Throughput Characteristic

Figure 3 and Figure 4 show the pressure-throughput-
characteristics of the extruder as a function of various dies
and high-consistency silicone rubbers. The solid lines
represent the so-called die characteristics and the dotted
lines the extruder characteristics [16].

The more rigid an extruder, i.e. the pressure build-up is
largely independent of the die and the resulting counter-
pressure, the more parallel the die characteristics are to
the abscissa [17]. It becomes clear that the conveying be-




haviour here depends on the back pressure. With increas-
ing Shore-hardness and green strength of the rubber, less
material is conveyed at the same screw speed. The
throughput decreases with increasing Shore-hardness (at
the same screw speed) due to increasing green strength
[15, 18]. The melt pressure was constant within the indi-
vidual batches/operating points. The high gradient of the
tool characteristics also shows that the influence of the
screw speed on the melt pressure is lower for soft materi-
als compared to harder silicone rubbers.
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Figure 3: Pressure-Throughput Characteristic of Elastosil
401-10

Across all materials it becomes clear that the melt pres-
sure increases with decreasing tool diameter. With in-
creasing die length (and same diameter) the melt pressure
decreases due to the increasing pressure consumption by
the die [19, 20]. The extruder characteristics of Elastosil
401-10 and Synersil 109011 show a high linear correla-
tion. The coefficient of determination per screw speed
stage is >97%.
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Figure 4: Pressure-Throughput Characteristic of Synersil
109011

The elementary function of extrusion according to Lehnen
[12] is to achieve the highest possible throughput while
maintaining high extrudate quality. Regardless of the ex-
trudate quality, short die lengths achieve significantly

higher throughputs due to the lower (die) counter pressure
[21]. Softer materials show higher throughputs with the
same process parameters (and same screw geometry)
compared to harder compounds [18]. The screw geometry
must be adapted for harder compounds in order to im-
prove material conveying and avoid relining. According
to [22], the influence of the screw design on the convey-
ing behaviour is greater compared to the material behav-
iour or the process parameters. According to [3, 17], deep-
cut screws are well suited to increase throughput.

Specific volumetric flow rate

The specific volume flow rate represents the specific vol-
ume per screw revolution and adjusts the often displayed
specific throughput for density. The results for different
tools for the Elastosil 401-10 are shown in Figure 5. The
Elastosil 401-10 and the Synersil 109011 clearly show
that the volume flow rate per revolution decreases with
increasing speed. However, the total throughput increases
with increasing screw speed.
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Figure 5: Specific Volume Flow Rate as a function of the
Screw Speed for Elastosil 401-10

With the same L/D ratio and increasing tool diameter, the
specific volume per revolution increases due to the in-
creasing tool back pressure. With the same diameter and
increasing tool length, the volume flow rate decreases due
to the increasing back pressure. An almost linear relation-
ship can be seen here. The Elastosil 401-60 shows a dif-
ferentiated picture (compare Figure 6): The specific vol-
ume flow rate decreases up to a screw speed of 30 rpm. It
then also increases with increasing screw speed. This in-
dicates that the screw is not completely filled due to the
highly viscous material [23]. The screw used here is not
capable of conveying harder materials sufficiently and of
constantly supplying the tool with material. Despite the
incomplete screw filling, the pressure fluctuations across
all tools for the Elastosil 401-60 are within the usual range
(<3%).
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Figure 6: Specific Volume Flow Rate as a function of the
Screw Speed for Elastosil 401-60

Dwell time and melt temperature to estimate the
risk of scorch

The average dwell time is an important factor especially
in extrusion: In the area of thermoplastic extrusion, ther-
mal damage to the material caused by excessive tempera-
tures in combination with long dwell times should be
avoided [24]. In the area of elastomer extrusion, the mate-
rial to be processed must not be cured in the extruder or in
the die [25, 26].

For this reason, the average dwell time of Elastosil 401-60
was determined by means of colour tests as an example.
For this purpose a masterbatch was added to the HCR and
the time between the material being captured by the screw
and leaving the tool was measured — similar to [27]. The
mean dwell time (see Figure 7) follows the trend of the
throughput in reverse logic. The lower the throughput, the
higher the average dwell time in the extruder [3, 22]. The
dwell time decreases as the die diameter increases. The
dwell time increases with increasing tool length. Across
all tools, the dwell time moves at a screw speed of 10 rpm
at max. 600s and at 70 rpm at approx. 100s, with an aver-
age standard deviation of 1.5%.

700 -
600 -
500 -
400 -

300

Dwell Time in [s]
Throughput in [kg/h]

200

100

0 T T T T U T T n
0 10 20 30 40 50 60 70 80

Screw Speed in [rpm]
Figure 7: Dwell Time and Throughput as a function of
Screw Speed

A well-founded estimation of the risk of scorch cannot
only be carried out via the dwell time, but must always be
carried out in combination with the corresponding melt
temperature. For this reason, the melt temperatures after
leaving the die were recorded and evaluated with the aid
of an IR camera.

As an example, Figure 8 shows the results for a short tool
(L/D ratio of 1) and Figure 9 shows the results by using
the tool with the largest L/D ratio of 10. In all tests, the
set-cooling and screw temperatures were kept constant
(20°C). With increasing screw speed, the melt tempera-
ture increases across all materials and tools due to the
dissipative heating by the screw [4, 28, 29]. The active
cooling of the barrel and screw ensures that the melt tem-
perature does not rise for all materials examined here
above approx. 36°C despite the high speed and long resi-
dence time of the rubber in the extruder. On the basis of
the values determined here for the average dwell time and
maximum melt temperature, the risk of scorch of the HCR
(with the peroxide crosslinking systems used here) in the
extruder (with switched-on cooling) is negligible.
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The effect of selected L/D-ratios on the geometric
dimensions of the extrudate

The following results show the swelling behavior as a
function of different L/D-ratios in the real extrusion pro-
cess.With increasing L/D ratio and the same die diameter,
the swelling decreases continuously. According to Mich-
aeli [19], an extension of the tool length represents an
enlargement of the parallel guide or the ironing zone,
which promotes the reduction of reversible elastic defor-
mations. The disadvantage of this design change is the
increased pressure consumption by the tool [20]. A com-
parison of different materials also shows that the strand
expansion decreases with increasing Shore hardness (and
filler content) [6]. Within the investigated materials an
almost linear correlation between strand expansion and
shear rate can be seen. In the case of soft materials (here
Elastosil 401-30 - Figure 10), the linear relationship is
more than 94%, especially for the small L/D ratios (<3).
The harder materials show comparable linearity values for
all L/D ratios — see Figure 11.
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Figure 10: Swelling behavior of Elastosil 401-30 using
dies with different L/D ratios
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Conclusions

The goal of this study is the analysis of the influence of
different materials and tool designs on the extrusion pro-
cess of HCR. It has been shown that soft materials, re-
gardless of tool geometry, achieve higher throughputs
compared to harder compounds. Increasing counter pres-
sure, e.g. due to longer tool lengths, reduces the volume
flow rate per revolution and reduces throughput. Tools
with a small L/D ratio achieve the highest throughput. The
analysis of the dwell times in connection with the melt
temperature shows that the danger of premature curing is
negligible.

With regard to die design, it can be seen that dies with a
smaller L/D ratio have clear advantages: due to their short
length, they represent a smaller pressure consumer. As a
result, the residence time in the extruder is shorter and the
risk of scorch is reduced. The absolute value of the strand
expansion is larger, but can be predicted with high accu-
racy. Shorter tools also show less flow instability.

The processing of different HCR types shows clear differ-
ences in the resulting process variables. Simple breaker
plates are highly suitable for the processing of HCR.
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