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Abstract: Besides new material solutions, innovative processing technologies are key for work-
ing towards a more sustainable future for bead foam products. Compared to standard steam
chest molding, innovative radio frequency (RF) welding shows great potential based on its direct
energy input, which results in reduced energy consumption. Thus, the present study provides
fundamental insights into the correlation of dielectric properties of expanded thermoplastic
polyurethane (ETPU) bead foams with the processing behavior. Impedance spectroscopy is
used to analyze the complex relative permittivity &, of both polymer and respective beads. The
dielectric properties of polymers are dictated by their molecular structure and hence result-
ing dipoles. Thus, significant dependency on temperature and frequency is observed due to
changes in chain flexibility and therefore alignment with the oscillating electromagnetic field.
As cellular structures, the introduction of a second air phase leads to generally attenuated
values at equal trends. Within the RF process, changes, predominantly in the imaginary part
of &y from initial starting temperatures up to welding, are directly reflected in the power curve
as process feedback. Furthermore, temperature evolution and derived heating rate within the
bead foams demonstrate excellent conformity with previous results with minor deviations due
to the thermal inertia of the fiber optic temperature sensor.
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Introduction

From packaging to sports equipment, bead foam products are integral to our daily lives. In recent
decades, the market and research landscapes have seen the emergence of numerous new materi-
als based on bio-based or recycled polymers [1]. Additionally, there has been a significant focus on
developing technical and high-performance materials to expand their application range to higher
operating temperatures. Alongside advancements in materials, new processing technologies have
been introduced. These include the welding together of individual beads to create three-dimen-
sional, durable parts in a more energy and resource efficient manner [2]. Among these innovations,
the most notable is the direct dielectric heating of beads using an external electromagnetic field in
the radio-frequency range [3]. This method generates heat through intermolecular friction within
the polymer volume itself as dipoles within the affected volume interact with the oscillating field
and undergo constant realignment [4-6]. A thorough investigation of these physical phenomena
is essential to optimize the process for maximum energy efficiency and part quality. As shown in
previous studies, the dielectric properties of these materials are key in order to understand and
predict their interaction within the electromagnetic field and consequently their heating behavior
[7]. In terms of values, the complex relative permittivity & is a material property, influenced both
by temperature and frequency [8]. Due to this superposition, changes over the length of the weld-
ing cycle starting with beads at room temperature up to the welding temperature are essential for
fundamental process knowledge [7, 9, 10]. The direct link between permittivity and heating behav-
ior is established by the volumetric power input P, in Equation (1). [5,11].

Py =2XTXfXegyXe! XEiys 1)

g, represents the permittivity of vacuum and f the frequency of the oscillating electromagnetic
field with £},,; as the root mean square (RMS) value of the peak field strength. The imaginary part
&, of the complex-valued relative permittivity & is therefore in linear dependency to the intrinsic
heating power of any material within an oscillating electromagnetic field. Despite no visible cor-
relation to the real part of the relative permittivity & within the shown Equation (1), an indirect
impact is known via the electromagnetic field strength £, .. This interaction is based on the influ-
ence of this material property on the capacity within a serial stack as well as the field displace-
ment between phases with different permittivity [12]. For the intricate multi-phase system of RF
bead foam welding, both phenomena may occur. However, their magnitude is difficult to estimate
without complex simulative approaches. Thus, the present study first analyzes the permittivity of
both bulk polymer and bead foams in order to subsequently link these material properties with the
direct process feedback during the RF welding.
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Materials and Methods

Materials

Within this study, the commercially available ETPU grade Infinergy® 32-100 U10 from BASF SE
(Ludwigshafen, Germany) was used with an average bead density of 183 kg/m? For the analysis
of the bulk polymer properties, hot pressing was utilized to compact the beads and produce solid
platelets with a diameter of 25 mm and a height of 1 mm.

Impedance Spectroscopy

The permittivity of the material was measured with RF [-V method by the E4991A RF impedance
analyzer from Keysight Technologies, Inc. (Santa Rose, USA) and an UF55plus universal oven by
Memmert GmbH + Co. KG (Schwabach, Germany). The bulk material and bead foams at defined
densities were analyzed within two specially designed measurement cells. A detailed explanation
of the setup can be found in a previous study [7].

Radio Frequency Welding

The radio frequency welding trials were conducted on a Wave Foamer C from Kurtz GmbH & Co.
KG (Kreuzwertheim, Germany). A schematic representation of the setup with active and ground
electrodes, PTFE mold, and filled beads is illustrated in Figure 1(a).

Figure 1. Schematic cross-section of the mold with beads and temperature sensor
(a), real PTFE mold with upper and lower electrode installed in the RF machine (b),
and detailed view of the temperature sensor entering the empty mold (c).
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The alternating current generator is connected to the upper active electrode, setting the poten-
tial difference to the lower ground electrode, thus resulting in an oscillating electromagnetic field
with a fixed frequency of 27.12 MHz. The maximum voltage for all trials was set to 9 kV with a
short ramp-up time of around 4 s. Durations at this maximum voltage varied between 12.5 and 25
s. The density of the plates was controlled by weight and set to a fixed 25 vol.-% of polymer with
respect to the mold volume. This results in a part density of 276 kg/m? Before demolding, a stabi-
lization time of 200 s was set in order to ensure sufficient cooling. A PTFE frame with an internal
rectangular geometry of 200 x 200 mm? was used as a mold (Figure 1[b]). PTFE isolation plates
below and above the foam beads set the height of the final foam sample to 10 mm. Since conduc-
tive materials would strongly interact with the electromagnetic field, a special fiber optic temper-
ature sensor was placed within the bead foam to measure its temperature increase. As shown in
Figure 1(c), the cable is fed through a sealed entry port on the right side of the frame. To ensure
representative results, a central positioning of the sensor within the plate was analyzed after each
trial throughout the cross-section.

Results and Discussion

Dielectric Properties of ETPU

The permittivity of polymers and their dependency on temperature and frequency is based on their
chemical structure and resulting molecular interactions across individual chains. As shown in lit-
erature, & exhibits a step down behavior over frequency [7]. Due to internal relaxation processes,
this phenomena is also visible for the investigated TPU in Figure 2.

Figure 2. Real and imaginary parts of the complex relative permittivity
&r of TPU as a function of frequency from 20 to 160°C.
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Enhanced flexibility of the polymer chains at elevated temperatures resulting in a shift of that step
to higher frequencies resulted in increased permittivity values at a constant frequency. Since the
analysis frequency range is limited by the setup from 1 to 50 MHz, the step down is only partially
visible at each temperature. A similar behavior is observed for &/'. Here, a peak is formed over
frequency, which constantly shifts upwards if the temperature is increased. The peak of &' corre-
sponds to the inverse relaxation time of the orientational polarization phenomena within the chain’s
dipoles. Elevated flexibility allows the dipoles to align up to faster alternating fields and therefore
lower their specific relaxation time. At temperatures above 60°C, the tip of the peak is out of the
observable frequency range and only the left shoulder of the peak is visible.

Since the frequency of the electromagnetic field within the RF process is fixed at 27.12 MHz for
regulatory reasons, the real and imaginary part over the temperature at individual frequencies are
shown in Figure 3.

Figure 3. Real and imaginary part of the complex relative permittivity & of TPU
as a function of temperature at frequencies of 1, 10, and 27.12 MHz.

The previously mentioned superposition of temperature and frequency is clearly observable in
&r. Over the temperature, this behavior results in a step up towards higher temperatures, visible
for 1 MHz. At higher frequencies of 10 and 27.12 MHz, this feature is less distinctive, and a more
gradual incline can be observed. This material response is based on a combination of relaxation
phenomena and an overall increased chain flexibility with increasing temperature, thus leading to
reduced intermolecular interactions [13, 14]. Similar to &, the &’ peak exhibits a shift to elevated
temperatures with an increase in analysis frequency. At the fixed frequency of 27.12 MHz, changes
in the real but primarily imaginary part of the complex relative permittivity over the welding period
must be considered. These changes will directly impact the heating of the material based on the
volumetric power input from Equation (1).
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In addition to the bulk TPU material, a second bigger measurement cell allows for direct analysis
of the complex relative permittivity of the beads at defined densities and temperatures [7]. Dielec-
tric properties of multi-phase systems are subject to complex interactions within and between the
individual materials. This causes them to deviate from a simple linear mixing rule [15-17]. Figure
4 shows a similar behavior in & and &' of the beads at a density of 15 vol.-% of the polymer at all
temperatures compared to the prior bulk TPU.

Figure 4. Real and imaginary part of the complex relative permittivity & of ETPU as
a function of frequency at a defined density of 15 vol.-% at 20, 60 and 100°C.

Despite showing a similar overall trend over the frequency, the quantity of both parts of the com-
plex relative permittivity is attenuated since the second phase air has generally lower values
(&y = 1 —0i). Thus, the average response of the material within the measurement cell is reduced.
This results in increased deviations, which is especially visible in &' at higher frequencies limited
by internal resonances.

At a fixed temperature, the ratio of polymer within the analyzed volume of beads is the determin-
ing parameter, as shown in Figure 5. As expected, the values for & and &, are in between the two
polymer and air phases, depending on the volumetric ratio with again similar trends to the bulk
TPU. During the production of parts with increased density, this will automatically lead to elevated
power input. However, a higher amount of polymer will also increase the volumetric heat capacity
of the system linearly with density. This leads to theoretically similar heating rates independent of
the density for a fixed material. Nevertheless, this only represents a highly simplified assumption.
Elements like local displacement of the electromagnetic field within the cellular structure and to
the mold is excluded as well as thermal conductivity within the bead foam and towards the PTFE
frame and isolation plates.
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Figure 5. Real and imaginary part of the complex relative permittivity & of ETPU as
a function of frequency at 20°C and defined densities of 10, 15 and 20 vol.-%.

Influence of Dielectric Properties on Radio Frequency Welding

In order to verify the connection between material properties and the RF process, multiple weld-
ing trials were conducted. The real voltage present at the active electrode is shown in Figure 6.

Figure 6. Power and voltage as a function of time for the welding trials at 9 kV with
25 vol.-% of beads for times at maximum voltage at 12.5, 15, 20, and 25 s.
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The voltage curve over time is predetermined by the operator with a linear ramp-up at the begin-
ning of 2 s until the maximum voltage of 9 kV is reached. Due to machine-related inertia within
the voltage regulation, the initial phase deviates from that specification. This results in a slight
delay in the ramp-up. A constant voltage is reached after approximately 4 s. Neglecting the only
slight changes in &, a fixed voltage results in a constant electromagnetic field strength. Based on
the plate geometry it can be assumed to be homogeneous with only minor edge effects. Thus, the
observable changes in power over the welding time may be attributed to evolving &' with increased
temperature. As expected, all curves with changing time at maximum voltage from 12.5 to 25 s
are overlapping. This indicates a high reproducibility of the process and feedback data. Within the
range of constant voltage, an initial slight increase in power up to a maximum is followed by an
elongated decline. By comparing the results of &' (Figure 3) with this behavior, the linear depen-
dency between this material property and the process feedback is clearly visible. With the peak
power at around 5 to 6 s a temperature of around 60°C can be reversely attributed.

This indirect temperature observation can be compared to the data of the fiber optic temperature
sensor placed inside the beads during the welding process (Figure 7).

Figure 7. Temperature and calculated heating rate as a function of time for the welding trials
at 9 kV with 25 vol.-% of beads for times at maximum voltage at 12.5, 15, 20, and 25 s.

A significant delay is clearly visible in the expected temperature to the measured one. Despite
the small diameter of the 1 mm sensor tip, the apparent thermal inertia must be considered when
interpreting the data. Furthermore, this phenomenon is reflected in the initial delay of around 5 s
until the temperature starts to rise. Additionally, a continuous temperature increase is observed
exceeding the time frame of applied voltage by up to 15 s. This also suggests that the maximum
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temperatures measured during the process underestimate the actual ones with a high probability.
Temperature is by far the most important parameter for the welding of the individual beads to a
final part. This deviation must therefore be considered in understanding and optimizing the process
in combination with the respective material. Additionally, the heating rate can be calculated from
the temperature curve over time. At a constant heat capacity, the heating rate is directly propor-
tional to the volumetric power input by the dielectric heating of the polymer. After an initial peak
in heating rate a slight drop is observable for all welding times. Once the voltage is switched off,
the thermal inertia still leads to positive heating rates, but with decreasing strength until cooling
occurs. Thus, by comparing all individual results, a direct correlation between the temperature-
dependent dielectric properties of the polymer and both feedback curves power and heating rate
at the RF process is visible.

Conclusion

This study provides a clear correlation between the material properties and process feedback dur-
ing the novel RF welding process. The permittivity of the TPU as bulk material shows significant
changes throughout the analyzed frequency and temperature range. For &, a step down is visible
towards higher frequency with an overall increase for elevated temperature. Within the imaginary
part &', however, a peak is formed that similarly shifts towards higher frequency at increased tem-
perature. Focusing on fixed frequencies, as in the case of the RF process at 27.12 MHz, this leads
to an initial rise in &, followed by a slow decline towards temperatures close to melting of the poly-
mer. Switching to bead foams, the inclusion of a second air phase with constant properties when
heated results in overall similar curves in permittivity, but with attenuated values in between the
two individual materials. The power consumption within the RF process is directly correlated to
material and process parameters. This behavior is clearly visible at a constant voltage after the
initial ramp-up time. Here the temperature-induced changes in power over the welding time can
be attributed to an evolving imaginary part of the relative permittivity €. Observations gained by
the fiber optic temperature sensor are again mainly consistent with these theoretical correlations.
Only a significant delay due to thermal inertia of the sensor was monitored. This indicates that an
indirect analysis of the temperature via power appears to provide feedback without time delay.
Thus, the insights gained within this study into the novel RF process for ETPU bead foams expand
to new possibilities for a more sustainable future for lightweight products.
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