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1 | INTRODUCTION

Abstract

Radio-frequency welding shows great potential for a more sustainable
manufacturing of lightweight bead foam products based on local dielectric
heating of the part. This study provides the first insight into the material-
process interactions required to enable interdiffusion between foam particles
and thus adhesion. The complex relative permittivity &} is analyzed by imped-
ance spectroscopy of the bulk polymer and foam beads using specially
designed measurement cells. Due to the increased flexibility of the polymer
chains at elevated temperatures, the relaxation mechanisms are promoted,
resulting in a shift of the & curves to higher frequencies. At a fixed frequency,
a peak in the imaginary part ¢ is observed above temperature, revealing the
superposition of these two parameters. The foamed beads show similar trends
with an attenuated signal due to the high volumetric fraction of air within the
multiphase system. The linear dependence between &/ and volumetric power
as direct process feedback due to dielectric heating was observed during weld-
ing. Compared to the delayed signals from the shielded temperature sensors,
the analysis of power consumption allows for higher quality real-time monitor-
ing throughout the process cycle. The correlation also allows prediction of
power levels at defined temperatures.
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temperature-resistant and bio-based products.” These
new materials will eventually contribute to a new era of

From packaging to sports equipment to house insulation,
a variety of products in our daily lives are based on bead
foams. Such materials consist of small particles of a cellu-
lar structure from polymer and encapsulated air." Since
their discovery in 1949, the world of bead foams has been
expanding with the latest developments moving towards

sustainable consumer goods and lightweight parts in the
transportation sector. Bead foams made from polylactide
acid (PLA) are one of the most promising materials to
replace current petro-based polystyrene (PS) in the pack-
aging industry.® The production of parts from these bio-
based and bio-degradable particles can be limited by their
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susceptibility to hydrolysis both during the autoclave
foaming and the welding process by conventional steam
chest molding.*® In addition, polymers with higher ser-
vice temperatures such as polyethersulfone (PESU), poly-
amides (PA), or polyesters (PET and PBT) recently shift
into the focus of research and industry.>” " Bead foams
made from these engineering polymers can be used in
more demanding applications in terms of mechanical
and thermal properties. However, this is accompanied by
higher temperatures required in the welding process to
bond the individual particles into a solid part. In conven-
tional steam chest molding, as state-of-the-art
manufacturing technology, the temperature is closely
related to steam pressure via the vapor pressure curve.
Since normal equipment is limited to 5 bar (160°C), high-
temperature materials with processing windows around
or above 200°C can only be welded in specialized high-
pressure machines using up to 25 bar (230°C) or super-
heated steam.”'® To circumvent these limitations, new
technologies have emerged in the field of bead foam
welding in recent years, differing mainly in the type of
heat source. For example, a dynamic variothermal mold
setup can be used, in which the foam beads are heated by
conductivity of the walls combined with IR radiation,
which is therefore limited in part thickness."' Probably
the most relevant new technology towards sustainability
was patented in 2017 by Victor Romanov at Kurtz
GmbH & Co. KG."?

At the beginning of the process, the particles are filled
in the mold with defined compression, where an oscillat-
ing voltage with a frequency of 27.12 MHz is applied to
the active electrode.'® The resulting electromagnetic field
between the electrodes can interact with the materials
inside and generate molecular vibrations."*'® Similar to
a microwave oven at home, this generates intermolecular
friction that leads to local heating of the material, which
saves energy by minimizing losses in the mold and its
surroundings. This process therefore has a high potential
to significantly reduce the carbon footprint of the entire
polymer bead foam sector.

Depending on the frequency, different types of polariza-
tion mechanisms such as electronic, atomic, hopping or
space charges can occur in materials, but orientational/dipole
polarization is present in the process-relevant region of radio-
frequency (RF welding).'”'® In polymers or other macromol-
ecules, the necessary dipole arises from different electronega-
tivities of the atoms within the structure. Polyesters possess a
dominant dipole within the ester group due to significant dif-
ferences in electronegativity of the carbon and the two
oxygen-atoms (Figure 1)."9'

Furthermore, the location of the partial charge differ-
ence is important in order to understand its behavior
within an oscillating electromagnetic field. For long
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FIGURE 1 Molecular repetition unit of polybutylene

terephthalate (PBT) with decisive partial charges indicated.

chain molecules like polymers, the dipole vector can be
positioned in relation to the backbone structure fixed par-
allel (A), rigidly attached on a short side group (B) or
more flexibly connected within a longer side chain
(C).**** This defines its type to A, B, or C, respectively.
Since within the ester group dipole moments occur both
in direction of the backbone as well as perpendicular in
the carbonyl group, a mixture of type A and B can be
assumed.

The location of the dipole within the chain signifi-
cantly influences its flexibility and interference with
neighboring chains. This mobility will set the ability to
reorientate at changing fields, hence the relaxation. For
most polymers, depending on temperature and fre-
quency, three types of relaxation processes a, f and nor-
mal mode can be present.”>***> However, normal mode
relaxation is only visible in type A polymers at high tem-
peratures, which is related to fluctuations of the end-
to-end dipole vector and increases with molecular
weight.”**” « and B on the other hand, denoted as princi-
pal relaxation types, exist in both amorphous and semi-
crystalline polymeric macromolecules. Towards low
frequencies and/or high temperatures, a-relaxation pro-
cesses emerge, which can be referred to as dynamic glass
transition.”®?° The second principal p-relaxation origi-
nates mainly in localized rotational fluctuations via side
groups.” This process can be seen a generic feature of
every glass-forming molecule, which was described by
Goidstein and Johari.*** In comparison to the a type,
this relaxation occurs at high frequencies and/or low
temperatures and its temperature dependency can be
described by an Arrhenius law with defined activation
energy.”>** Towards higher temperatures both principal
relaxation types can merge together, forming the aff pro-
cess. This phenomena is only visible at temperatures
above the splitting region, which depends on the molecu-
lar structure and frequency.** Dielectric properties and
their change with temperature therefore depend signifi-
cantly on the type of relaxation.

To understand the properties of cellular structures,
the matrix is only one component. In addition, the inclu-
sion, normal air, must be considered as well as their
interactions. In the presence of a second phase within the

85U8017 SUOWWOD BAIe.D 3(gedldde ay) Aq pausenob afe sejoie YO ‘8sn JO S9N 10} AIq1T BUIUO A8]IAA UO (SUOIPUCD-PUE-SWLB}W00 A8 |1 Afe.d1|BulUoy/:Sdny) SUONIPUOD pue swie 1 8y} 88S *[202/£0/50] Uo Akeiqiauliuo A&(1Mm ‘Yneiheg eersioniun Aq 886vS dde/z00T 0T/10p/woo A8 1M Alelqpuljuo//Sdiy wolj pepeojumod ‘8 ‘¥20z ‘829v.60T



DIPPOLD ET AL.

analyzed volume, more complex phenomena occur due to
different interactions of the materials with the electromag-
netic field. Therefore Bruggeman developed the effective
medium approach in order to describe a mixture of multiple
phases.*>?® This theory is mainly influenced by the relative
permittivity of the phases, shape, and distribution of the
inclusions and volumetric ratio.*”*® In summary, the dielec-
tric property of a multiphase system is way more complex
than a linear volumetric dependency and hard to accurately
describe by formulas.* Existing mathematical approaches
are continuously optimized for conductive inclusions
and/or low ratio of fillers. For polymer foams, the inclusion
consists of isolating air and normal densities are between
20-400 kg/ma, so the inclusion is the predominant fraction.
Thus, no mathematical models for polymer foams are pre-
sent in literature.

The contribution of all these phenomena can be
quantified by impedance spectroscopy. As a result, the
complex relative permittivity &} of the bulk polymers and
foamed beads, as effective medium, is obtained over a fre-
quency range at a defined temperature. Due to the
frequency-dependent analysis, relative permittivity is a
complex valued material property, which is expressed in
Equation (1) for isolating materials, where electric con-
ductivity can be neglected.

e =¢, +ie). (1)

Similar to dynamic mechanical analysis, the real part
of relative permittivity ¢, is a measure for reversibly
stored energy in the system by orientation of dipoles per
period. The imaginary part &/ therefore reflects the
energy loss inside the material due to molecular friction
during continuous reorientation. With increasing fre-
quency, at a certain point, the flexibility of the dipoles is
limited, and complete orientation cannot be achieved
within the oscillation cycle. Thus, the proportion corre-
sponding to respective relaxation mechanisms is no lon-
ger contributing to the overall real part ¢.*° In this
transition phase, the dipoles lag behind in orientation to
the external electromagnetic field so maximum field
strength is simultaneously present with considerable
lever to introduce maximum torque into the dipoles. This
phenomena results in a peak in imaginary part of the rel-
ative permittivity /.*' Above a certain frequency, dipoles
can barely orientate within the fast changing electromag-
netic field, so movement and therefore friction is
absent.”>** Hence, the complex relative permittivity &/ is
an important value in the investigation of dielectric
heating.

Regarding the application in bead foam processing,
this dielectric loss is necessary to heat the polymer and
induce fusion between the interfaces. The volumetric
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power Py as heat source for welding is defined by
Equation (2).}4 1643

Py=2x7mxfxeyxel xEpys (2)

&y is the permittivity of vacuum, Erys the root mean
square (RMS) value of the field strength, and f the fre-
quency of the system. At a defined frequency, fixed by
the setup, the heat input is dependent on the imaginary
part of relative permittivity &/ to the first power and on
the electromagnetic field strength to the second power. A
change in permittivity by increased temperature can
therefore result in a direct change in heating power by
the imaginary part ¢/ and additionally indirect by varia-
tion of field strength Egrys due to previously listed phe-
nomena. For bead foams based on unpolar polymers like
expanded polypropylene (EPP) additional polar sub-
stances need to be added within the polymer matrix as
fillers or coated on the surface of the particles to induce
heating and subsequent welding.** Carbon nanotubes,
for instance, have been studied as conductive filler for
polymers in fibers and for additive manufacturing to
induce noncontact heating by electromagnetic waves.*>*

This research focused on a first investigation of
material-process interactions during the novel manufactur-
ing technology of radiofrequency welding of bead foams.
This required a detailed analysis of the dielectric properties
of polybutylene terephthalate (PBT) as bulk polymer and in
the form of foam beads by specialized measuring cells.
These characteristics were later correlated with direct pro-
cess feedback from the welding unit in terms of power con-
sumption and temperature curves. The research revealed
direct relationships, allowing real time monitoring of the
process and accurate predictions of output values.

2 | MATERIALS AND METHODS

2.1 | Materials

In this study, the PBT grade Pocan 1400 from Lanxess
AG (Cologne, Germany) was used. Properties of the raw
polymer are listed in Table 1. The granulate was pro-
cessed, as described in a previous study, by a tandem

TABLE 1 Properties of raw polymer (data from Kuhnigk et al.'%).
PBT
Material Pocan 1400

Number average molecular weight M, [g/mol] 29,500
Weight average molecular weight M [g/mol] 67,900
Polydispersity index (PDI) [Mw/My] 2.3
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FIGURE 2
[Color figure can be viewed at wileyonlinelibrary.com]

foam extrusion line from COLLIN Lab & Pilot Solutions
GmbH (Maitenbeth, Germany) with supercritical CO,
as physical blowing agent coupled with an under-water
granulator Gala LPU by Maag Germany GmbH
(Grossostheim, Germany).'® The resulting expanded PBT
beads (EPBT) had a density of 319.64 + 5.88 kg/m’®
(cross-section can be seen in Figure S1). This material
was used to identify direct correlations between polymer
and beads. With commercial bead foams, processing
additives like nucleation agents or chemical modifiers are
often used during foam production.

2.2 | Impedance spectroscopy

Depending on the investigated frequency, the evaluation
of dielectric properties can be carried out by different
types of measurement methods.”” Due to the operating
frequency of 27.12 MHz in RF welding, the RF I-V
method was used to determine the complex relative per-
mittivity €/ of the samples. The total setup consisted of
the E4991A RF impedance analyzer from Keysight Tech-
nologies, Inc. (Santa Rose, USA), an UF55plus universal
oven with entry port by Memmert GmbH+ Co. KG
(Schwabach, Germany), and two special cells for the mea-
surement of bulk polymers and their respective foamed
beads under defined compression. The connection between
the analyzer and cells was realized by the coaxial cable Air-
cell 5 (SSB-Electronic, Lippstadt, Germany) split into two
temperature-resistant 311-KAP50S-RAD Kapton cables
(Allectra GmbH, Berlin, Germany) before entering the oven
towards the two electrodes of the cells. These low-loss
cables ensure high-measurement accuracy at minimized
resonances within the LC circuit consisting of cables and
electrodes. With this setup, an upper frequency limit of

Impedance

Cable analyzer

Fixation
bar

N
AC

/

Electrode Beads

PTFE Cell

Measurement cells for polymer (a) and beads (b) with schematic cross-sections including labelling of the components.

around 50 MHz was realized with a lower limit of 1 MHz
defined by the impedance analyzer. The two self-designed
and self-manufactured cells consisting of aluminum elec-
trodes and isolation layers of polytetrafluoroethylene
(PTFE) can be seen in Figure 2 and were inspired by an ear-
lier study of Bifano et al.***

The small cell, designed with an internal diameter of
25 mm, can be used to analyze solid samples up to
10 mm in thickness. For this study, plates with 1 mm
thickness were prepared by hot pressing. Foamed beads
were analyzed by using a bigger cell with a diameter of
100 mm. The lower part of the cell and the walls are
manufactured using a single piece of PTFE. In combina-
tion with two polyether ether ketone (PEEK) bars and
adapted mounting holes, the foamed beads can be com-
pressed prior to the measurement in an external press.
Therefore, the electrodes are set to a specific height and
locked in place. This ensures both a constant electrode
distance and a defined volumetric filling of the cell with
polymer and air. To eliminate the influence of crystallin-
ity due to different thermal histories, the plates and the
foam beads were examined by differential scanning calo-
rimetry (DSC). The crystallinity of both plates (32.9
+ 0.1%) and foamed beads (31.6 + 0.8%) were on a simi-
lar level, thus can be excluded as an influencing factor.
Similarly, the moisture content was a constant level of
200 ppm for both. In order to achieve accurate results,
open/short/load compensation was performed. As load,
PTFE plates with similar geometries to the tested mate-
rials and temperature-consistent dielectric properties
(e =2.1+0.0006i) were used.** Three samples per
parameter and 10 repetitions per sample were measured.
Since the uncertainty within one sample is insignificant,
only the standard deviation between the three distinct
samples are shown for each measurement.
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FIGURE 3
of the radio frequency welding setup
including labelling of the components
(a) and exterior view of the mold

(b) with detailed look at the protective
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2.3 | Radio-frequency welding

Welding trials were carried out on the RF system Wave
Foamer C from Kurtz GmbH & Co. KG (Kreuzwertheim,
Germany) located at Neue Materialien Bayreuth GmbH
(Bayreuth, Germany). The machine was equipped with a
plate mold of PTFE with an area of 200 x 100 mm? and
25 mm height resulting in a total part volume of 500 cm®
(Figure 3).

To avoid electric breakdowns, isolation layers are
required above and below the part towards the elec-
trodes. These plates had a thickness of 16 and 11 mm and
consisted of PTFE as well. In the lower plate, two protec-
tive sleeves from PTFE were incorporated, which housed
the fiberoptic temperature sensors. Since metals would
interact with the electromagnetic field, only these types
of sensors can be used inside the electromagnetic field.
The right sensor penetrated the sample for 10 mm to
show the temperature development on the inside of the
plate while the second one placed more in the surface at
a depth of 5 mm. Due to the shielding of the sensors,
measured temperature curves showed noticeable lag and
attenuation of the signal.

Foamed beads were kept at around 25°C (tempera-
ture of the technical laboratory) before welding, and the

mold was slightly pre-heated from previous runs. After
manual filling of the foam beads, the mold was closed
and an oscillating voltage with a RMS value of 7.0 kV
was applied to the upper active electrode. A short ramp-
up of 1 s was set to avoid electrical breakthrough. The
RMS value is used since a normal average of a sinusoidal
curve oscillating around zero would cancel each other
out. The actual peak voltage present at the electrode is
+9.8 kV at a frequency of 27.12 MHz. For the trials, the
desired volume ratio of polymer inside the mold of 20 vol
% was calculated by the volume of the mold and density
of the base polymer (1.311 g/cm®). After heating, the
mold was kept close for 240 s to cool the part down and
ensure stabilization before demolding.

3 | RESULTS AND DISCUSSION

3.1 | Dielectric properties of the
polymers

The complex relative permittivity of the bulk material is
a specific dielectric property of the polymer, thus based
on its structure and molecular interactions. The results
by impedance spectroscopy can be divided into real and
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FIGURE 4 Real (a) and imaginary (b) part of complex relative permittivity &/ of PBT as a function of frequency in a temperature range
from 20 to 240°C. [Color figure can be viewed at wileyonlinelibrary.com]

imaginary part, which is shown for the bulk PBT in
Figure 4 as a function of frequency. Varying temperatures
in 20 K increments are indicated by color.

At 20°C, the real part &, is at around 3.0 with a slight
decrease towards higher frequencies. If the temperature
is increased up to 220°C, the shape of the curve changes
throughout, while apparently the overall level of ¢, rises
to just below 4.0. This behavior can be described by two
phenomena. First, at higher temperatures, chain mobility
within the polymer system is enhanced. Thus, free volume
between the molecules increases, leading to reduced inter-
molecular interactions.’®>! As a result, dipoles are less
restricted and can rotate more freely, enhancing polariza-
tion within the external field. Contrary, increased motion of
dipoles leads to less perfect orientation due to higher
temperature-induced fluctuations, reducing the average
alignment and therefore ¢.>”> Evaluating the impact of
these counteracting phenomena is hardly possible, but
the overall rise indicates a predominant effect of the
chain mobility. Second, at frequencies around relaxation
time t, the corresponding relaxation process starts to lag
behind the electromagnetic field, so average polarization
declines.'® This results in a stepwise decrease in real part
¢, with frequency, which in Figure 4a is only partially vis-
ible per temperature due to the constrained measurable
frequency range in the setup. With increased mobility of
the dipoles to align, relaxation time < is reduced at higher
temperatures, resulting in a shift of the curves towards
higher frequencies.* This shift is responsible for the
change in shape between 20 and 220°C as for the overall
increase. Difference in permittivity Ae} over this step
indicates the dielectric strength of the responsible relaxa-
tion process.”’ The melting point T of this material,
according to DSC at 10K/min heating rate, is at

224+ 0.2°C with an onset at 216 +0.1°C. This breakdown
of rigid crystalline domains allows more dipoles to fluctu-
ate and therefore interact with the electromagnetic
field.>>** Thus, enhancing overall polarizability of the
material at 240°C and therefore the real part ¢, from 3.9
to 5.8. With a value of a non-polar material at 1.0 in
mind, this results in a difference of 39%, being slightly
higher yet close to crystallinity calculated earlier by DSC
at 32.9 +0.1%. Additionally, amorphous sections in close
proximity to crystal boarders are regions of constrained
movement and thus defined as ridged amorphous
phase.>*> Both, overall enhanced mobility of dipoles and
influence of rigid amorphous phases can contribute to
this deviation.”” Due to the softening of the specimen,
electrode distance and alignment can be influenced
slightly, resulting in an increased standard deviation.

The imaginary part & (Figure 4b) shows more signifi-
cant changes throughout the temperatures. With litera-
ture in conjunction, sections of a peak are visible within
the analyzed frequency.”® Similar to the real part ¢, a
shift of the £/-curve to higher frequencies is perceived if
temperature rises, due to previously described changes in
relaxation phenomena. In addition, the amplitude of the
peak seems to increase with temperature, resulting in
overall higher levels of ¢/ up to 120°C despite the shift of
the maximum frequencies above the observable spec-
trum.”” Again, enhanced polarizability is observed due to
the facilitated mobility of the dipoles.

By plotting both parts of the complex relative permit-
tivity e; over temperature at different frequencies, similar
trends are evident through superposition of temperature-
and frequency-dependency (Figure 5).

In real part ¢, an upwards step is observed towards
increased temperatures. This step shifts to higher
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FIGURE 5 Real (a) and imaginary (b) part of complex relative permittivity €} of PBT as a function of temperature at frequencies of

27.12,10.00 and 1.00 MHz; dashed lines connecting each dataset act as visual guides based on a B-spline fit. PBT, polybutylene terephthalate.

temperatures if the frequency is increased from 1.00 MHz
up to 27.12 MHz, where the RF process is operated. The
lower limit of 1.00 MHz is defined by the impedance ana-
lyzer. On both sides of the upwards step, values for all
frequencies converge. The results indicate that the dielec-
tric strength, expressed by difference in permittivity Ae}
over the step, is constant and independent of frequency.>®
The steep increase in real part €, from 220 to 240°C, due
to melting of crystalline domains, is clearly visible, which
shows no dependency on frequency. For PBT, calorimet-
ric glass transition occurs at around 50°C.”° The peak in
imaginary part &/ is fully developed for all frequencies
and is related to the a-relaxation (Figure 5b). This process is
linked to segmental motion of the chain by micro-Brownian
movement, therefore denoted as dynamic glass transition
temperature, which is always shifted to higher temperatures
than the calorimetric one.*' The dependency shifts the peak
towards higher temperatures if frequency is increased. Due
to enhanced flexibility of dipoles and therefore alignment
with the electromagnetic field, peak height also increases at
higher frequencies. Compared to f3-relaxation, the o process
results in a broader and asymmetric &/ peak, since it is
more an intrinsic feature of the chain dynamics than a
distribution of relaxation times caused by spatial
inhomogeneities.*

By looking closer on the comparison of the results plot-
ted over frequency (Figure 4) and temperature (Figure 5),
superposition of the two parameters can be observed. For
low temperatures or high frequencies, the flexibility of the
dipoles is not sufficient to align with the oscillating field.
When either temperature increases, leading to more flexibil-
ity within the structure, or frequency is reduced, the corre-
sponding relaxation process start to contribute to the overall
polarization. This phenomena leads to an increasing real

part ¢, until a limit is reached and full dielectric strength
is present. With respect to the RF process, which operates
at a constant frequency of 27.12MHz, the change in
dielectric properties from room temperature up to the
processing range is critical to understand complex inter-
actions during bead foam welding.

3.2 | Dielectric properties of
foamed beads

As shown previously, the complex relative permittivity &
of the bulk polymer as a single phase is influenced by
multiple parameters, which have to be considered to
evaluate the behavior within an external electromagnetic
field. In bead foams with cells filled with air, a second
phase is introduced. Therefore, the three temperatures
(20, 60 and 100°C) were selected to analyze the influence
of air inside the cellular structure on the dielectric prop-
erties, which can be seen in Figure 6.

For these experiments, the EPBT beads were com-
pressed to a volumetric ratio of 20% PBT and 80% air inside
the analyzed volume between the electrodes. Since air has a
complex relative permittivity &; of 1.0+0.0i and occupies
80% of the volume, the measured values are significantly
lower compared to bulk PBT. The real part ¢, at 20°C is
at a constant level of 1.23, increasing for higher tempera-
tures. Similar to the results of bulk PBT, the shape of the
e, curve shows a slight drop over the frequency at 100°C.
Due to the high amount of air, these effects are consider-
ably more attenuated. This is even more visible in
Figure 6 on the right side where the imaginary part ¢ is
plotted over the frequency. At these low values, disturb-
ing effects from the measurement setup and internal
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at 27.12MHz as a function of temperature.

resonances are more significant, resulting in relatively
high standard deviations. These resonances are caused by
the internal LC resonant circuit consisting of capacitors
and inductors within the cables, connectors and elec-
trodes. This restricts the usable frequency range to up to
30 MHz. Despite that, overall trends of the curves are still
visible. Again, based on the results from bulk measure-
ments, the peak seems to shift to higher frequencies if
the temperature is increased. In addition, an overall
raised level of imaginary part ¢/ is caused by the
enhanced flexibility of the dipoles.

With the RF process in mind, real and imaginary part
of the relative permittivity at 27.12 MHz of bulk material
and foams are plotted in Figure 7 for comparison.

As expected, the real part of relative permittivity .
increases in a similar manner than the bulk material. If
e, of EPBT at 20°C is predicted by applying a linear mix-
ing rule from PBT (2.97) and air (1.00), a value of 1.39
results. This overestimation compared to the measured
value is consistent with literature, where all mixing rules
for multiphase systems indicate the dielectric properties
of an effective volume below the linear approximation
based on volumetric ratios.*>®" Main factor resulting in a
non-linear dependency is the disturbed electromagnetic
field inside the mixture, leading to an excess in field-
strength within the more polar phase.'”°! Besides the dis-
tortion, polarization inside the phases induces opposing
electromagnetic fields due to the dipole orientation,
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which overlay with the external field to an effective
field.?? In addition, on every interface, due to fillers or air
pockets, chain mobility can be restricted by constrained
regions within the polymer or charges can build up,
resulting in an locally changed polarizability at specific
frequencies.”>%*

The imaginary part ¢/ on the right side of Figure 7
shows a similar dependency between PBT and the
foamed state of EPBT. In both cases, ¢! increases almost
linearly with temperature. Comparing 20 to 100°C, a sig-
nificant increase of approximately 270% emerges, leading
to a drastically higher power input. Again, a linear volu-
metric estimation is overestimating the experimental
values for EPBT at all temperatures, confirming the
insufficient suitability of this mixing rule. Due to previ-
ously described reasons, no mixing rule is introduced in
literature to precisely describe the dielectric properties of
bead foams with polymer matrix and air as inclusion.
The experimental results observed here will support the
deduction of theoretical predictions by new mixing rules
in later studies.

3.3 | Influence of dielectric properties on
the radio-frequency heating process

The main objective of this study is to evaluate the
temperature-dependent dielectric properties and their
influence on process behavior in radio-frequency welding
of bead foams to a three-dimensional part. To induce
welding between the particle surfaces, the material needs
to be heated. This enhances flexibility of polymer chains,
allowing interdiffusion processes to form a sufficient
bond between the beads. For this grade of EPBT, a com-
prehensive study by Kuhnigk et al. evaluated the fusion
temperature range around 190 to 205°C.” For process
analysis, the EPBT beads were placed in the mold and
compressed to a volumetric ratio of 20%, similar to the
dielectric measurement before. The temperatures during
the process are recorded by the two sensors close to the
mold surface (5 mm) and towards the middle of the part
(10 mm) with derived heating rates from the first devia-
tion (Figure 8).

First of all, both sensors show a similar trend in the
temperature development during the process time of
200 s at an electrode voltage of 7 kV. The sensor close to
the mold surface starts approximately 5 K higher at 37°C.
This initial temperature is related to a slight heat-up of
the mold by pre-trials. Since the mold consists of PTFE
without an active cooling system, the time to cool down
to ambient temperature of around 25°C is relatively long.
After filling the mold with beads, temperature distributes
slowly by conductivity throughout the part, resulting in
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FIGURE 8 Temperature and resulting heating rate calculated
by the first derivative of the sensors in 5 mm (light gray) and
10 mm (black) depth as a function of time.

an increased start temperature also in the middle of the
part of 31°C. In addition, a measurable heating rate at
the beginning is observed, which is higher for the sensor
closer to the mold surface. Within the first 40 s, only a
minor temperature increase is detected. Subsequently,
the heating rate increases consistently up to a maximum
of 1.7 K/s in the center of the sample and 1.2 K/s closer
to the mold at around 80 s. The sensor close to the mold
has a maximum of 165°C, whereas the second one in the
middle reaches the limit of the fiberoptic sensor at 187°C
after 175 s. The second effect, both visible in temperature
as well as heating rate, is thermal inertia of the sensor
with the protective shielding made of a PTFE tube. This
results in a delayed signal of around 10 s in the beginning
and is assumed to attenuate the overall measured tem-
perature throughout the process. With these two effects
in mind, the actual temperature peak in the middle of
the part is assumed to be likely over 190°C, thus enabling
the beads to fuse together. The produced part can be seen
in Figure 9, which shows only moderate interbead adhe-
sion in the middle.

Due to the cooling effect of the mold by thermal
conductivity near the surface, temperatures are not suffi-
cient for good welding between the beads. This can be
observed by loose beads on the surface of the part.
Despite the volumetric heat input by the nature of the RF
process, this results in the emergence of an increasing
temperature gradient over the part thickness with
process time.

The RF process provides continuous data that allows
tracking the status of the real-time power output derived
from the electrode current. Material and process parame-
ters are directly linked to this power output by
Equation (2), which is observed over the process time
together with the imaginary part €/ of PBT over tempera-
ture at 27.12 MHz (Figure 10).
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For this trial, the process parameter of electromagnetic
field strength Erys, defined by electrode voltage was kept
constant over the process cycle. Thus, the resulting power
output is linearly related to the imaginary part ¢/ of the
material within the electromagnetic field. This direct cor-
relation is clearly visible in Figure 10 with similar curve
shapes. Initially, low power input is observed when beads
are at around 30 to 40°C, caused by the low imaginary
part /. Subsequently, the material heats up by the power
input, resulting in a maximum in power of around 700 W
shortly after 50s. The peak can be directly linked to the
maximum in &/ of PBT at 120°C, thus allowing an indi-
rect analysis of the temperatures inside the bead foam
part without any delays by sensor structures. A difference
in comparing the time at maximum heating rate in
Figure 8 with the maximum power in Figure 10a is
observed, which in theory should line up. In reality, the
signal gathered by the fiber optical sensor shows a

FIGURE 9
produced by RF welding out of EPBT at a volumetric density of

Final plate (left) and fracture surface (right)

20 vol%. [Color figure can be viewed at wileyonlinelibrary.com]
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significant shift of 30s, thus underestimating the actual
temperature inside the part throughout the process. After
the peak is exceeded, power starts to decline and con-
verges towards a plateau at around 250 W. This overall
trend is in conformity with the imaginary part ¢/. How-
ever, the initial power level is lower compared to at the
end of the process, while ¢/ shows a similar level on both
ends of the temperature range. This difference arises due
to the temperature gradient in the plate increasing with
over the process cycle. The otherwise homogeneous volu-
metric heating of the beads by the electromagnetic field
is disturbed by conductive losses into the cold PTFE
mold. Thus, resulting in a mixture of beads at different
temperatures and therefore varying dielectric properties,
increasing the power input at the end of the process. As
Campos discussed in his study, the dependency of ¢/ on
temperature is crucial for a homogenous heating.*' If the
material shows an upwards trend in &/, local hotspots
due to material variations or disturbed fields absorb even
more energy amplifying the inhomogeneity. In contrast,
a downwards trend helps to counteract this phenomenon.
This behavior is of a great importance in the welding of
bead foams, since a certain temperature range limits the
process for good fusion.

In addition, the power is predictable vice versa by the
dielectric properties if all process parameters and geome-
tries are known at defined temperatures. The electromag-
netic field strength Egrys has to be calculated by
estimation of three capacitors in series (PTFE mold—
bead foam part—PTFE mold). Here, the complex relative
permittivity &} of the bead foams as effective volume has
to be considered and interpolated to the respective tem-
perature. At 35°C as average starting temperature, the
field strength is approximately 1.71x 107 %, which in
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Power input as a function of time with PBT beads at a volumetric density of 20 vol% (a) and imaginary part ¢ of PBT as a

function of temperature at 27.12 MHz (b); dashed line connecting each dataset in ¢, acts as visual guide based on a B-spline fit.
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theory results in a power of 199 W. This is slightly higher
than the measured power at the beginning. Towards the
maximum of &/ at 120°C, the field strength is calculated
to be around 1.69 x 10°Z leading to a power of 606 W,
close to the measured maximum of approx. 700 W. In
summary, the approach is an important tool for under-
standing material-process interactions, within the RF
molding of bead foams. Two variables must be consid-
ered for accurate predictions. First, a homogeneous tem-
perature is necessary to calculate the dielectric
properties, which can be accurately defined only at the
beginning of the heating process. Second, the foam struc-
ture inside the beads interferes with the local field, which
can lead to an underestimation inside the polymer cell
walls. Since this effect is hardly predictable, the field with
respect to the effective volume approach is the best avail-
able approximation.

4 | CONCLUSION

This study provides the first scientific analysis of the novel
technology of radio-frequency based welding of polymer
bead foams. The dielectric properties of polymers are deter-
mined by permanent dipoles in their molecular structure
and resulting relaxation mechanisms. For PBT, the
a-relaxation process was observed within the analyzed tem-
perature and frequency range. When the temperature is
increased, the decrease of ¢, as well as the peak of ¢/ shifts
towards higher frequencies, which is due to the increased
flexibility of the dipoles aligning with the oscillating elec-
tromagnetic field. At 240°C, the crystalline domains melt,
increasing the number of flexible chains, leading to a
steep increase in ¢,. At fixed frequencies, the peak of ¢,
corresponding to the dynamic glass transition, shifts to
higher temperatures as the frequency is increased.

The analysis of the foam beads at a defined compression
to 20 vol% shows similar trends compared to the base poly-
mers. Because of the high air content within the volume, the
overall values are significantly damped, leading to increased
deviations. Nevertheless, both parts of the complex relative
permittivity e} tend to increase at higher temperatures.

During the RF welding process, constant real-time feed-
back from the machine is returned in the form of power.
Since the volumetric heat input scales linearly with the
imaginary part ¢, the temperature can be estimated. A
comparison between the heating rate and the power
input shows a significant lag in the sensor values due to
the thermal isolation provided by the protective sheath-
ing. Therefore, this relationship can be used to estimate
the temperatures of the material more accurately and
also predict the power at different temperatures.

For future research, multiphysics simulation tools are
of great interest to gain detailed and local insight into the

developments over process time. However, these simula-
tions require accurate material and process models,
which can be derived from this study.
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